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Toward Design Principles for Biomolecular Condensates for

Metabolic Pathways

Alain A.M. André, Nikita Rehnberg, Ankush Garg, and Magnus Kjcergaard*

Biology uses membrane-less organelles or biomolecular condensates as
dynamic reaction compartments that can form or dissolve to regulate
biochemical pathways. This has led to a flurry of research aiming to design
new synthetic organelles that function as reaction crucibles for enzymes and
biomolecular cascades in biotechnology. The mechanisms by which a
condensate can enhance multistep biochemical processes including mass
action, tuning the chemical environment, scaffolding and metabolic
channelling is reviewed. These mechanisms are not inherently beneficial for
the rate of enzymatic processes but can also inhibit a reaction. Similarly, some
aspects of condensates are likely intrinsically inhibitory including retardation
of diffusion, where the net effect of a condensate will be a trade-off between
inhibitory and stimulatory effects. It is discussed which generalizable
conclusions can be drawn so far and how close it is to design principles for
condensates for enzyme cascades in microbial cell factories including which
reactions are likely to be enhanced by condensates and which type of

bounded organelles, there are an ever-
increasing number of membrane-less
bodies — occasionally referred to as
membrane-less organelles — that ex-
pand compartmentalization even fur-
ther. Membrane-less organelles form by
condensation of biomolecules and are
increasingly referred to as biomolecu-
lar condensates.[!l The condensates are
more dynamic and can form and dissolve
in response to external stimuli to act as a
switching mechanism turning biochemi-
cal processes on or off. Over the past few
years, a wide range of reviews have been
published, covering their functions,?]
physicochemical properties,®! dysregula-
tion leading to myriad diseases,!*! data-
driven approaches to studying phase-

condensate will be suited for which reaction.

1. Introduction

Cells are compartmentalized into a range of different organelles,
which allows specialization toward different subsets of cel-
lular biochemistry. In addition to the traditional membrane
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separated condensates,’! strategies for
designing novel therapeutics,[®! and engi-
neering condensates for biotechnology.!”]
These topics are summarized in Table 1.
In this review, we will explore the design principles for multi-
enzyme cascades within biomolecular condensates.

New membrane-less organelles can be created simply by over-
expressing a protein, which means that there is a straightforward
route to creating new organelles in, e.g., microbial cell factories.
Additionally, membrane-less compartments have an advantage
over membrane bounded in allowing free exchange of metabo-
lites with the rest of the cell. This hasled to a flurry of studies aim-
ing to enhance biochemical processes — typically enzyme reac-
tions or biosynthetic pathways — by targeting them to a biomolec-
ular condensate. It is now clear that this can enhance reactions
by orders of magnitude — in principle. It is equally clear that this
does not always happen as the result of targeting a pathway to a
condensate is often underwhelming.

What is a biomolecular condensate? Biomolecular condensates
have emerged as the preferred term for these structures as it —
unlike membrane-less organelle — works well both in vitro and in
cells, and it does not make any specific claims about the mech-
anism or properties of the assembly.®! The requirement for
a structure to be considered a condensate is that the assembly
is open-ended and thus non-stochiometric. This distinguishes
condensates from complexes with well-defined stoichiometries
found throughout biochemistry. The open-ended nature of the
condensate means that monomers can be added to it indefinitely
and complexes can grow to the micrometer-scale, where they are
observable by optical microscopy.
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Table 1. Recent reviews on biomolecular condensates with title, short summary and reference.

Reviews on the function and formation of biomolecular condensates

A brief guide for studies of phase-separated
biomolecular condensates

This recent all-round review provides guidelines and consideration for studying Gao et al.[22]
phase-separated condensates both in vitro and in vivo. This includes biophysical
characterizations, determining the molecular mechanisms and how to relate in
vitro results to the biological functions.
Progress has been made in understanding the functions of biomolecular Lyon et al.12}]

A framework for understanding the functions of
biomolecular condensates across scales

condensates in cells, including their roles in influencing enzymatic activities,

organizing spatial structures, and acting as sensors or switches.

RNA contributions to the form and function of
biomolecular condensates

Compartmentalization and metabolic regulation
of glycolysis

Review focuses on the latest progress of the various roles of RNA within

Current understanding focuses on G-bodies involved in glycolysis and
consequence of coalescing glycolytic machinery.

Roden et al.[>]

biomolecular condensates.

Fuller et al.[2d]

Reviews on the physicochemical properties of biomolecular condensates

Higher organization of biomolecular condensates

This review details the physical and chemical processes that shape the architecture Fare et al.l32]
of biomolecular condensates.
This review highlights how liquid-liquid phase separation regulates enzyme O’Flyn et al.Ib]

The role of liquid-liquid phase separation in
regulating enzyme activity

Liquid-liquid phase separation in crowded
environments

Unlocking the electrochemical functions of
biomolecular condensates

Review examines the influence of macromolecular crowding on the
physicochemical properties of phase-separated biomolecular condensates.

This perspective explores how biomolecular condensates create distinct

catalysis by altering the physicochemical environment, concentrating reactants
and tuning reaction rates.

André et al.[3]

Dai et al.[3d]

electrochemical environments in cells.

Reviews on biomolecular condensates in pathology

Biomolecular condensates at the nexus of cellular
stress, protein aggregation and ageing

Biomolecular condensates and cancer

An extensive review covering how dysregulation of biomolecular condensates leads

Review that summarizes key features of biomolecular condensates in oncogenesis.

Alberti and Hymanl“2]

to ageing (and protein aggregation) and various diseases.

Boija et al.[*b]

The role of biomolecular condensates in protein A recent review that explores the link between biomolecular condensates and Visserl4c]

aggregation protein aggregation in neurodegenerative diseases from a physicochemical
perspective.

Reviews on data-driven techniques for studying biomolecular condensates and designing drugs

Theoretical and data-driven approaches for Review on recent progress in using theoretical methods, physics-driven Saar et al.[53]
biomolecular condensates simulations, and data-driven machine learning approaches to study

biomolecular condensates.

Entering the next phase: predicting the biological Perspective on data-driven techniques to predict condensate-driven biological Davis!®b]
effects of biomolecular condensates outcomes.

Modulating biomolecular condensates: a novel Perspective discussing approaches to tackle and identify condensate modifying Mitreal®]
approach to drug discovery therapeutics.

Reviews on biomolecular condensates in biotechnology and engineering

Design of functional intrinsically disordered A review that explores the role of de novo design of intrinsically disordered proteins Garg et al.l72]
proteins in linkers, desiccation chaperones and constituents of biomolecular

condensates.
Engineering synthetic biomolecular condensates Comprehensive review on engineering synthetic biomolecular condensates from Dai et al.[”?]
the fundamental principles, incorporation within cells to design consideration
and applications.

Phase-separated biomolecular condensates for Review on controlling artificial biocatalytic reactions using phase separated Lim et al.l”<]
biocatalysis condensates in vitro and in vivo.

Designer protein compartments for microbial Summary of recent approaches on synthetic protein compartments to enable Fang et al.[7]

metabolic engineering

control over cellular metabolism.

The self-assembly of the condensates can be regarded as a
phase separation process, where the system separates into a
high and a low concentration phase. In combination with the
liquid-like properties of many condensates, this led to the sug-
gestion that the assembly process was liquid-liquid phase sep-
aration in analogy to the separation of mixtures of hydropho-
bic and hydrophilic solvents.®! While intuitively easy to under-
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stand, this model however fails to explain the rich variety of
properties displayed by condensates. A better theoretical frame-
work for describing biomolecular condensates is phase separa-
tion coupled to percolation, where the dense phase is a droplet-
spanning mesh of interacting proteins.'%) This framework can
explain the emergent properties of the condensates through
the underlying network architecture and the chemistry of the
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molecular constituents. Appealingly, it retains the complexity
known from structural descriptions of individual biomolecules
and extends structural biology into the mesoscale.

Biomolecular condensates can be formed by all of the main
biological macromolecules: proteins, RNA, and DNA. The
same phenomenon has long been known in the polymer field,
although condensates formed by polymers have a simpler inter-
nal structure mirroring the less complex 3D structures of the
individual chains.['"] The requirement to form condensates is not
a specific type of chemistry, but the ability to form multivalent
intra-molecular interactions. Simple protein interaction do-
mains can be engineered to form condensates by stringing them
together with disordered linkers.'?l Intrinsically disordered
proteins are also frequently involved in formation of conden-
sates, which can also be understood via the multivalency of their
interactions as described in the stickers-and-spacers model,
where the stickers are interacting chemical groups connected
by passive spacers.['3] RNA and DNA can also form multivalent
interactions leading to condensates, ] although we will focus
on protein-based condensates here. The understanding of the
forces leading to phase separation has now reached a stage,
where systems have been designed bottom-up as discussed later.

Metabolons and biomolecular condensates? Even before the dis-
covery of biomolecular condensates, it was well-recognized that
sequential enzymes in a pathway often cluster in cells, and such
structures are often referred to as metabolons.['* This prompts
the question: Are biomolecular condensates just metabolons by
another name? Metabolons are believed to enhance specificity
and flux through a pathway through substrate channeling.
Metabolons are often dynamic and can assemble in response to
external stimuli, e.g., as a protection mechanism in plants against
herbivores.['] The functional consequences of metabolons are
thus similar to those attributed to condensates. The main con-
ceptual distinction lies in the physical organization of the en-
zymes. Traditionally, metabolons were envisioned as complexes
of defined stoichiometry and often a physical organization resem-
bling the sequential flow in the pathway to facilitate substrate
channeling. Such well-defined multi-enzyme complexes would
not be considered a condensate. However, in the absence of an in
vitro reconstituted complex, it is hard to differentiate a stochio-
metric and a non-stoichiometric assembly as they look similar
in, e.g., pull-down experiments or co-localization studies using
diffraction limited microscopy. It is thus possible that some as-
semblies that are currently described as metabolons are in fact
open-ended complexes and thus condensates. The conceptual
difference between these descriptions is that the mesoscale struc-
ture of biomolecular condensates can give rise to emergent prop-
erties such as, e.g., a distinct solvent environment as discussed
below.

2. Condensates As Regulators Of Biochemical
Pathways: The Case Of Glycolysis

Glycolysis provides an illustrative example of how biomolecu-
lar condensates are used to regulate the flux through metabolic
pathways (Figure 1). Glycolysis is part of the central energy
metabolism of the cell and its flux has to be regulated in response
to different conditions. This happens in part by formation of
biomolecular condensates containing glycolysis enzyme known
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as G-bodies. Such structures are found in yeast,!'®! C. elegans,!”]

and humans,['®) which suggests enzyme condensation is an evo-
lutionarily wide-spread mechanism of metabolic regulation.

In yeast, G-bodies form in response to hypoxia containing
at least 4 glycolytic enzymes including the yeast homologues
of enolase, phosphofructokinase, aldolase and pyruvate kinase
(Figure 1).24] These condensates are highly dynamic and thus
have a liquid-like character. Under hypoxic conditions, the tricar-
boxylic cycle is downregulated, leading to a reduction in the pri-
mary ATP production process within the cell. Glycolysis becomes
the remaining ATP producing process, making it necessary to
upregulate glycolysis to match the cells metabolic flux needs.!?d!
In Saccharomyces cerevisiae, hypoxia leads to concentration of gly-
colytic enzymes, particularly the subunit, Pfk2p, a rate limiting
step in glycolysis. Formation of G-bodies are accompanied by in-
creased glucose consumption and reduced levels of glycolytic in-
termediates suggesting increased flux through the pathway.!°!

Conversely, the yeast homolog of pyruvate kinase (Cdc19)
forms inactive condensates during stress (Figure 1). The differ-
ence in effect of condensation on the catalytic efficiency is be-
lieved to be the interior structure of the condensates, where the
inactive stress condensates have amyloid structure and impede
diffusion of the enzymes.[*’l The mechanistic trigger appears
to be cytosolic acidification, which promotes the aggregation of
these proteins. Unlike amyloids formed in neurodegenerative
disorders, the amyloids formed by Cdc19- as well as its human
equivalent (PKM2) — are reversible with a pH sensitive core.!?’]
Once the stress is relieved, these amyloids can rapidly resolubi-
lize and thereby restore ATP production. Cdc19 re-solubilization
is initiated by accumulation of fructose-1,6-bisphosphate, a gly-
colytic metabolite, which directly binds Cdc19 amyloids."! Dif-
ferent types of supramolecular assemblies of glycolytic enzymes
can thus be used to regulate the flux through the pathway in oppo-
site directions in a manner that seems to depend on the absence
of dynamics in the condensate.

3. How Condensates Affect Individual Enzymatic
Reactions

Condensates can affect enzymatic reactions in several different
ways. This topic has been reviewed elsewhere recently,*>?! so
in this section we will mainly describe in vitro proof-of-principle
studies and discuss integrated applications later. The mecha-
nisms can roughly be divided into the following categories: i)
Chemical environment, which in terms affect ii) mass action, iii)
protein stability and dynamics, iv) scaffolding v) impeded diffu-
sion as illustrated in Figure 2. Depending on the system, these
mechanisms can both inhibit or accelerate an enzymatic reac-
tion.

3.1. Chemical Environment

The interior of a condensate offers a different microenvironment
that in some ways resembles a separate solvent phase and buffer-
ing system and affects both enzymatic and non-enzymatic reac-
tions. Effects can conveniently be divided into direct effects on
the transition-state of the reaction and indirect effects that work
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Figure 1. Glycolytic enzymes. Glycolysis is regulated by ten glycolytic enzymes that convert glucose to pyruvate (final product). The metabolic flux is
regulated by G-bodies, where four enzymes concentrate to enhance the flux during hypoxia. In contrast, heat shock and low pH causes Cdc19 to form

inactive amyloids reducing the flux.

via the structure and dynamics of the enzyme and substrate. En-
zymes have evolved to work in their native environment and are
adapted to this specific solvent polarity and pH. In heterologous
systems where enzymes are, e.g., transplanted into a microbial
cell factory such evolutionary adaptation is not guaranteed. It is
usually not feasible to adapt the cytosol of the cell factory, so there-
fore adaptation of an orthogonal reaction environment inside a
condensate becomes an attractive option.

Enzymatic reactions are often sensitive to pH both because
specific protonation states are required for reaction mechanisms
and because pH affects enzyme stability. Imaging using pH-
sensitive fluorophores showed that the pH inside the condensate
may vary as much as unit of pH from the dilute phase without
energy input (Figure 2A).[??l The protonation equilibrium pushes
the system toward charge neutrality such that positively scaffold
charged proteins sustain a higher pH value, and vice versa. Even
larger standing pH gradients can arise from concentrated en-
zymes whose catalysis acidifies their medium, however, such pro-
cesses require a constant input of chemical energy in the form of
substrates.[?*] pH variations can be used to enhance the efficiency
of enzymes where the cytoplasmic environment provides a sub-
optimal pH. For example, targeting of a lipase into locally acidic
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condensate shifted the pH range of the enzyme to lower values
and thus enhancing the efficiency of the reaction more at acidic
conditions than at neutral.?* This was used to optimize a cas-
cade with two enzymes with different pH optima such that one
enzyme worked in the relatively acidic dilute phase and the lipase
worked in the relatively basic dense phase.

The high density of exposed protein side chains in conden-
sate collectively becomes a different solvation environment in-
side a condensate. The hydrophobicity can be assessed, e.g.,
from the emission spectrum of a solvatochromic fluorophore
such as PRODAN, which reports a hydrophobicity of IDP
based condensates somewhere between methanol and acetoni-
trile (Figure 2B)- likely dependent on the scaffold proteins al-
though this has not been investigated systematically.[?! The po-
larity of the dense phase plays an important role in recruitment
of small molecule substrates — and thus enhancement of re-
actions through mass action. Screening of partitioning coeffi-
cients of a large panel of metabolites identified hydrophobic-
ity as the strongest predictors of partitioning of substrates to
condensates.?®] This suggests that enzymes that are poorly solu-
ble in the dilute phase have a higher potential to be enhanced
by a relatively more hydrophobic condensate. For example,
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Figure 2. Mechanisms by which condensates influence enzymatic reactions. A) Net charges of condensates influence pH variations which could affect
enzyme catalysis. B) Condensate polarity, represented by the cross section, creates unique solvation conditions favoring substrate uptake for instance.
C—F) Enhanced and retarded reaction rates due to: C) mass action, as enzymes and substrates are concentrated within the same condensate. D) Protein
stability, where the condensate milieu shifts the enzyme or substrate conformations. E) Scaffolding, where condensates facilitate enzyme-substrate
orientation. F) Diffusion within condensates, where macromolecules (enzymes) face restricted movement due to the dense environment.

phospholipids were found to be particularly enriched in conden-
sates in cells.[?’]

3.2. Mass Action

Enhancement of reaction rates by mass action is simple in
principle: Enzyme reactions are concentration dependent when
the substrate concentration does not exceed K,; by too much.
Co-concentration enzyme and substrate into the same com-
partment should enhance reaction rates (Figure 2C). Under
the assumption that rate constants do not change — we will get
back to this assumption — the degree of enhancement can be
calculated from the partitioning coefficients, the volume fraction
and the enzyme kinetic parameters. Numerical simulations
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suggest that for a given partitioning coefficient, there will be
an optimum volume fraction, which is lower for more strongly
partitioning molecules.[?8] Recent theoretical studies highlighted
that changes in reaction rates for phase separating systems
solely arise from changes in rate constants as the chemical
potential is equal across the phase boundary.[?”) However, this
only applies when the reactants are the phase separating species,
and not when they are recruited to the condensate as clients
as pointed out by Smokers et al.[?] Rate enhancement have in
many cases found to be below expectations from mass action
suggesting that there are inhibitory effects that reduce the
effect from mass action alone. Partitioning can also decrease
the rates of a reaction—, e.g., the substrate is concentrated in
the condensate and the enzyme is excluded. This can be used
productively to reduce undesired competing reactions if, e.g.,

© 2025 The Author(s). Advanced Biology published by Wiley-VCH GmbH
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competing enzymes are excluded from the metabolically active
compartment.

3.3. Protein Stability

The stability of biomolecules is affected by their solvent environ-
ment and is sensitive to both the more hydrophobic environment
and different pH inside a condensate. This is seen, e.g., for super-
oxidase dismutase 1 (SOD1), where embedment into CAPRIN
condensates shift the equilibrium toward the unfolded state.*!
Similarly, local folding propensities were mapped for the stress
granule protein Pabl using hydrogen-deuterium exchange.*!!
Formation of condensate led both to complex change in hydro-
gen exchange rates, where exchange rates increase in some re-
gions and decreased in others. This suggested that the conden-
sate causes local unfolding in some regions of the protein and
stabilization of other —, e.g., through intermolecular contacts.
Such effects are also likely to affect enzymes and can decrease
the population of the catalytically active state resulting in a de-
crease in k_,,. The condensate can also affect the equilibrium be-
tween different folded states of an enzyme with different activi-
ties (Figure 2D). This was observed in lipases, which retain high
enzymatic activity in organic solvents, and are frequently used in
solvent systems in industrial applications.32 The activity of the li-
pase BTL2 was thus accelerated by 10% methanol, likely through
a conformational change to an open state with an exposed hy-
drophobic binding site.?*] Similarly, this enzyme was accelerated
by the more hydrophobic environment of a condensate interior —
likely through an increased population of the open state.[**) How-
ever, organic solvents are detrimental to the activity of enzymes,
and such enhancement are likely to be relatively rare.

The condensate environment may also affect the structure of
macromolecular substrates. For example, a condensate can melt
double stranded DNA into single stranded RNA, which may help
making it available for, e.g., transcription.[**) While it has to our
knowledge not been shown, similar effects may apply to pro-
tein substrates that is destabilized by the condensate. Protein-
modifying enzymes such as, e.g., kinases are heavily biased to
phosphorylate disordered regions.3*] One might speculate that a
condensate may enhance a reaction by increasing the exposure
of a cryptic substrate motif by transiently unfolding the substrate
(Figure 2D).

3.4. Scaffolding

The condensate can act as an extension of the enzyme to place
and orient enzyme and substrate favorably relative to each other
(Figure 2E). The 36-fold enhancement of the SUMOylation cas-
cade observed in engineered condensates was largely attributed
to such effects,3>] which is observed as a reduction in the K.
The effect can arise when the condensate acts as a molecular
bridge between enzyme and substrate. Similar effects can be ob-
served by soluble scaffolds that tether the enzyme to the sub-
strate, thus dramatically increasing the effective concentration
of substrate.*®] In the dilute phase such enzyme tethering reac-
tions works best when the lifetime of the tethering interaction is
of moderate strength allowing processed substrates to quickly be
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replaced.l*] Scaffolding effects also operate in the dilute phase,
where several studies have found nanoclusters below the C_,,.*’!
In quantitative studies of the effect of condensates it is crucial to
account for the contribution of nanoclusters, e.g., by subtraction
of a parallel sample with dilute phase only.*! Similar to the scaf-
folding effects, an anti-scaffolding interaction can be envisioned
where the condensate structure isolates enzyme and substrate
from each other, e.g., by placing them at opposite ends of a rigid
spacer (Figure 2E).

3.5. Diffusion

Biomolecular condensates are network liquids -, i.e., dy-
namic macromolecular meshes with internal solvent channels
(Figure 2F). The diffusion of molecules within these meshes is
highly dependent on their size: Small molecules can move freely
within the solvent channel diffuse at rates similar to dilute solu-
tions. Molecules that are larger than the solvent channels diffuse
at the global macroscopic measured viscosity, which can range
from 1.000-100.000-fold higher than the viscosity of water.*] Bi-
ological macromolecules fall in the size range that spans these
two extremes, where effective viscosity increases sharply with
size.’] Additionally, interactions between a client and the scaf-
fold can slow the diffusion.3%] Systematic comparison of diffu-
sion constants, internal chain dynamics and interaction strength
showed that these parameters are inherently linked: Stronger in-
teractions within the condensate translate into slow diffusion.[*"!
Enzymes become diffusion limited when the limiting factor in a
reaction is diffusion of the substrate to the active site. This typ-
ically occurs for very rapid reactions with k, /Ky, values in the
range of 103-10° M~! s71. Only a few percent of enzymes fall
in this kinetic regime, and enzymes from secondary metabolism
are even slower.*!l In vitro studies using viscogens, have shown
partially diffusion control of reactions with k_,/K,, values in
the range 10°-107 M~!s~![*2l suggesting that the kinetic regime
where partial diffusion control might be relevant is still broader
and thus become limiting for many enzyme reactions when em-
bedded into a viscous condensate (Figure 2F).

4. How Condensates Can Affect Enzyme Cascades

Many enzymatic reactions are part of larger cascades or pathways,
where intermediates from one reaction become substrates for the
next. In these systems, the organization and compartmentaliza-
tion of enzymes could significantly influence the efficiency and
overall yield of the pathway. Condensates offer a platform where
such multi-step enzymatic reactions can be organized and regu-
lated through mechanisms that are unique to multi-enzyme re-
actions in addition to those discussed in section 3. The formation
of enzyme-rich condensates could impact multistep pathways by:
i) facilitating metabolic channeling, ii) creating multiphase con-
densates, or iii) enabling communication between condensates.

4.1. Metabolic Channeling
Akey question when designing biomolecular condensates to host
enzymatic cascades is whether spatial arrangement, or pattern-

ing, of enzymes within a condensate affects the efficiency of prod-
uct formation. While co-localization enhances enzyme-substrate
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Figure 3. Organization of enzymatic cascades in condensates. A) Schematic of a three-enzyme cascade: A substrate, [S], is converted into a product,
[P], through sequential reactions catalyzed by three enzymes also producing the intermediates [l;] and [l,]. B) Substrate channelling — Due to limited
diffusion of intermediates (I, and ,), enables rapid transfer to the next enzyme. C) Multiphase condensation — Directional transport is facilitated as each
enzyme occupies a distinct layer within a multiphase condensate, promoting sequential processing. D) Multiple condensates — Enzymes are distributed
across separate condensates, in this example intermediate |, diffusing from one condensate to the next, allowing each condensate to control a part of

an enzymatic pathway.

interactions through mass action, condensates may further en-
hance the reaction through substrate channeling.

Substrate channeling occurs when intermediates are passed
directly from one enzyme to the subsequent enzyme without dif-
fusing into the surrounding bulk.[**] This process can reduce the
loss and toxicity of intermediates, improve reaction specificity
and increase the rate of product formation (Figure 3A,B).[**"]
However, the spacing between enzymes alone is often not suf-
ficient for this effect.**?] Simulations suggest that the distance
between active sites has to be on the order of ~#1 nm or less for
this process to be effective in a single pair of enzymes, which
is defined by the relative probabilities of intermediate escape
and rebinding.[**l Weak interactions through the scaffold pro-
teins creating a more charged and hydrophobic milieu, may
create a flux that promotes substrate channeling.[??22545] This
could be interesting and important in case intermediates are
more prone to side reactions, unstable or toxic to the cells. In
the context of biomolecular condensates, substrate channeling
could potentially be facilitated by the reduced diffusion inside the
condensate.’?] Larger clusters of enzymes increase the proba-
bility of rebinding as an intermediate can bind many different
enzymes before escaping the cluster, which is referred to as clus-
ter channeling.[*®! Such effects are even more pronounced when
clusters reach the mesoscale such as condensates, where prod-
ucts of enzyme reactions — and thus intermediates — can accu-
mulate at non-equilibrium levels.[?*] In such condensates, the op-
timal efficiency enhancement that can be achieved is a compro-
mise between the efficiency of channeling and the local depletion
of substrates in the condensate.[*®]
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4.2. Multi-Phase Condensation

Multiphase compartmentalization is a feature observed in sev-
eral natural systems and could offer unique advantages for en-
gineering condensates (Figure 3C).*’] A prominent biological
example is the nucleolus, which is responsible for ribosome
biogenesis and exhibits a multiphase structure.*®] The nucle-
olus consists of three distinct phases: the fibrillar center (FC),
the dense fibrillar component (DFC), and the granular compo-
nent (GC).[*’3] Each of these phases houses different steps of
the ribosome production process. In the FC, pre-rRNA is syn-
thesized, which then moves to the DEC for processing, and fi-
nally to the GC where the rRNA is assembled with proteins to
form pre-ribosomes, which are subsequently transported to the
cytosol.

This type of organization demonstrates how multiphase con-
densates can spatially organize different biochemical reactions,
enabling them to occur in a sequential and controlled manner.
Ribosome biogenesis is likely not the only process that could ben-
efit from such compartmentalization. Simulations suggest that
the optimal enzyme distribution of a two-enzyme cascade reac-
tion is a core where the first enzyme is concentrated surrounded
by a halo of the second enzyme.[*®] Applying this concept in syn-
thetic biology could potentially optimize enzymatic output by
organizing different reactions into separate yet closely interact-
ing phases. Recent advances have already demonstrated success-
ful assembly of multiphase condensates both in vitrol*! and in
cells,>® paving the way for further exploration in synthetic biol-
ogy by functionalization with enzymes.
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Figure 4. Effect of condensates toward substrate uptake. A) Schematic representation of partitioning coefficients of small molecule substrates compared
to macromolecular substrates. The left panel shows small molecules span a narrower range of partitioning (based on lysate and extract studies men-
tioned by Thody et all?6l) while macromolecules span a wider range of partitioning. Middle panel shows the factors affecting partitioning of small client
molecules versus macromolecule client, where small client partitioning is dominated by the solvent chemical environment whereas macromolecule
partitioning is determined by multiple factors including solvation environment, size as well as site-specific interactions. Right panel shows how the
scaffolding creates proximity of enzyme and substrate leading to increase in reaction rate. B) Schematic representation of the apparent viscosity to the
hydrodynamic radius, where small molecules with a small hydrodynamic size experiences low viscosity compared to macromolecules characterised by
larger hydrodynamic sizes. C) Cross section depicts the effect of condensates on substrates. The left panel shows that macromolecular substrates deplete
faster in condensates than small molecules, as small molecules replenish by diffusion from the dilute phase. Similarly, for multi enzymatic reactions on
the right panel, small intermediates could diffuse out faster than the macromolecular intermediate which could accumulate due to slow diffusion.

4.3. Communication Between Condensates may involve storing enzymes in inactive condensates that can be
activated as needed, adding a layer of temporal regulation to en-
Another strategy for managing complex reaction pathways and  zymatic pathways.
minimizing off-target reactions is to localize enzymes in distinct
condensates with the possibility for crucial intermediates to

5. Substrate Size
diffuse through the system, as shown in Figure 3D. Within cells,

P-bodies and stress granules are often observed in very close
proximity and exhibit a certain degree of communication.l*!]
Although these two organelles share some proteins within
their composition, they have their own function within the cell.
P-bodies serve as mRNA storage and processing sites, while
stress granules rewire signaling by stalling the translation
initiation.[>]

To mimic communication between condensates, one needs
two immiscible phases. One example based on stabilized coacer-
vates have achieved such communication.®3] In this study client
proteins were fused to DNA to control triggered uptake and re-
lease. Applying this principle to enzyme cascades presents the
challenge of managing intermediate diffusion. Another approach

Adv. Biology 2025, 9, 2400672 2400672 (8 of 16)

So far, the effect of condensates on enzymatic reactions has
been discussed with little consideration of the size of the sub-
strate. However, there are good reasons to consider enzymes with
macromolecules and small molecules as substrates, separately.
Two fundamental differences between these types of substrates
are how they interact with a condensate scaffold and how they
diffuse inside the condensates. Both factors will affect biochemi-
cal processes and influence how condensates can be engineered
to boost a given reaction (Figure 4).

Substrate size affects how it can interact with scaffold pro-
teins and thus be recruited to condensates. Macromolecules
can form interactions with large complementary interfaces giv-
ing rise to high-affinity and site-specific interactions. Such
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interactions can drive large partitioning coefficients and provide
a straight-forward route to recruiting macromolecular substrates
into a condensate inside cells. For instance, a short peptide tag
containing the interactive motifs RIAD and RIDD has been uti-
lized to recruit the macromolecular client to the scaffold. The
small size of the peptide with strong binding affinity makes them
a good tag for client recruitment.l>*! In contrast, small molecules
like metabolites mainly form solvation-like interactions with con-
densate scaffolds, which can lead to unequal partitioning be-
tween the dense and the dilute phase. Generally, the partitioning
coefficients are smaller than for macromolecules and are gener-
ally in the range of 0.1 to 10 in lysates compared to dilute buffer
(Figure 4A).12°] For engineering purposes, it would be desirable
to be able to pick a condensate that concentrates the metabolite
of interest. This is facilitated by recent efforts aimed at devel-
oping machine learning algorithms that predict partitioning of
small molecules into condensate.?*] Currently, however, such
algorithms are based on few condensates. It is thus unclear how
well they translate into design of condensates that absorb spe-
cific metabolites. We will surely see progress in this field in the
coming years, but it is likely to remain more difficult to engineer
condensates to concentrate small molecules. Additionally, some
of the mechanisms discussed in section 3 are specific to macro-
molecules. It is difficult to imagine a metabolite being positioned
optimally near an enzyme by the scaffold. Therefore, enhance-
ment of reactions by scaffolding is likely to be unique to large
substrates.

Diffusion is likely to be a key design parameter for many en-
zymatic reactions. As discussed in section 3, condensates affect
the diffusion of molecules in a strongly size-dependent manner.
The translational diffusion of macromolecular substrates is thus
retarded much more than small molecules (Figure 4B). In turn,
this means that enzymes with macromolecular substrates are
likely to experience diffusion-limitations across a much broader
range of k_, /Ky, values. A second type of diffusion effects can
arise in condensates as concentrations of metabolites may differ
locally due to concentrated enzymatic processes. A concentrated
cluster of enzymes can locally deplete substrates when their re-
action rates exceed the rate of replenishment by diffusion.!¢]
Engineering efforts often seek to concentrate enzymes to boost
rates through mass action, however, substrate depletion means
that increased concentrations eventually become counterproduc-
tive. Lowered steady-state substrate concentration might be one
mechanism that explains why enzyme reactions are generally en-
hanced less than predicted by simple mass action. In contrast, the
efficiency of cluster channeling should increase with increased
enzyme density and condensate size. Slowly diffusing interme-
diates remain trapped in the condensate for longer for a subse-
quent enzyme to capture (Figure 4C). This suggests that small
molecules and macromolecule substrates are subject to different
effects of mass transport limitations: Macromolecules are more
likely to experience local substrate depletion, but conversely also
more likely to receive a boost from metabolic channeling. From
a design point of view, the reaction that would be ideally posi-
tioned to benefit from non-equilibrium effects on metabolic con-
densates have small substrates and large intermediates, although
this is likely quite rare.
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6. Engineered Condensates For Metabolic
Pathways

Synthetic biology has offered a range of strategies to design
biomolecular condensates for controlled metabolic processes in
cells.7#4%¢] Designs include creating a scaffold protein that drive
phase separation, recruiting the relevant enzymes specifically
within these condensates and possibly controlling the assembly
with external stimuli to turn the pathway on and off. Here, we
explore several strategies for designing condensates both natural
and bio-inspired approaches that have been applied to enzymatic
studies, either in cells, in vitro, or that hold potential for develop-
ing synthetic metabolic condensates in living systems (Figure 5,
Table 2).

6.1. Engineering Cellular Condensates Based On Bio-Inspired
Disordered Proteins

Biomolecular condensates can be engineered using a variety of
intrinsically disordered protein regions (IDRs), which can be
found in nature either by using minimal binding motifs or larger
IDR segments. Here we will discuss the use of charged linear
motifs from natural condensate protein scaffolds and more syn-
thetic bio-inspired approaches, such as elastin-like and resilin-
like polypeptides that have been optimized for phase separation
and enzyme recruitment (Figure 5A).

6.1.1. Low Complexity Domains

Scaffold proteins involved in biomolecular condensates com-
monly contain IDRs that promote phase separation. These
regions often harbor low complexity domains enriched with
charged residues, such as the RGG muotifs found in the IDRs of
LAF1 and Ddx4 (Figure 5A). For example, the catalytic DEAD-
box ATPase domain of Ddx4 has been substituted with a yellow
fluorescent protein (YFP), while retaining the disordered IDRs
containing the RGG motifs at the termini allowing the protein to
still form condensates.*3%”] Similarly, LAF1, a key component of
yeast P-granules, contains RGG motifs at the N-terminus which
has been used to design condensates in various constructs.[245-38]
This strategy can be extended by creating tandem repeats of
LAF1’s RGG-domain that have a stronger propensity to phase
separation.[®] These IDRs can directly be fused to the enzyme of
interest, which was used to show that fluid condensates retained
a high activity of adenylate kinase whereas aggregation of the con-
densate proteins caused reduced enzyme activity.**! However in
a chimera of Dhh1 and chlorocatechol 1,2-dioxygenase from Psu-
domonas putida, the enzyme remained active even in aggregated
condensates.[*"]

6.1.2. IDR Fused Enzymes

Enzyme recruitment within condensates was optimized by fus-
ing adenylate kinase between the two IDR termini (Figure 5C),
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Figure 5. Engineering biomolecular condensates. A) Condensation governed by intrinsically disordered regions (IDRs). Natural IDRs — Phase separation
is driven by IDR fragments, such as the RGG domain from DEAD-box helicase proteins, where the structured helicase domain can be substituted with a
fluorescent protein (e.g., GFP), or repeated to enhance condensation. Elastin- and resilin-like proteins — Repetitive short motifs, such as the five-amino-
acid elastin-like protein repeat (where X is any natural amino acid) or the minimal octa-repeat inspired by resilin, promote phase separation, with “5”
indicating the repeat number. B) Structural elements to drive and modulate condensate properties: Linear stickers — Specific binding domains, like the
SH3-PRM system or coiled-coil motifs, increase specificity. Structural elements — These domains can be tuned to adjust condensate properties, such
as fluidity. For example, the POP-tag has several helices that can be adjusted in number, on top of that it includes an N-terminal binding domain
which can be used for recruiting clients. consensus-designed tetratricopeptide repeat (CTPR) has a similar structure of a few helical domains, Here
the N- and C-terminal IDRs are derived from Dhh1 and Dbp1. Client recruitment via specific protein binding is achieved through the loops between
its helices. Multimerization — Increasing multivalency, a key driver of condensation, is achieved through dimerization, oligomerization (e.g., tetramers),
or light-responsive tags (hv), which can induce controlled condensation. C) Enzyme recruitment: Enzymes can be recruited to condensates by fusion
to structural domains or intrinsically disordered regions (IDRs). Structural binding domains fused to both the enzyme and scaffold protein improve
recruitment specificity. IDR fusion also enhances enzyme recruitment by leveraging interactions with scaffold IDRs, although typically with lower affinity

compared to structural binding domains.

which increased the enzyme uptake by a 140-fold, and improved
activity by fivefold.[?5] Furthermore, their results indicated that
the condensate micro-environment was about half the polarity of
water, and the polarity was matching more that of methanol. This
suggests that the combination of enzyme recruitment, high con-
centration, with the local micro-environment within condensates
are crucial for enzyme functionality. For instance, the NADH
oxidase enzyme fused to different IDRs from LAF1, Ddx4, and
Dbpl, showed varied activity depending on the charge distri-
bution of the condensate.[*”! In contrast to their previous study
with adenylate kinase, NADH oxidase was only fused to one IDR
(Figure 5C) and showed that ~70% of the enzyme is located in
the condensates regardless of the net charge. Dbpl condensates
with a net positive charge exhibited the highest catalytic activity
compared to LAF1 and Ddx4, which could be explained to the par-
titioning of the substrates NADH and co-factor FAD. While the
enzyme concentrations were similar, the concentration of sub-
strates was highest for Dbp1 condensates, highlighting the im-
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portance of the condensate’s internal environment for enzymatic
reactions.

6.1.3. Elastin-Like Disordered Proteins

Another promising strategy for develop intrinsically disordered
proteins repeat proteins, where a short peptide of 5-8 residues
is repeated up to 80 times. Compared to native IDRs, repeat
proteins allow more controlled variation of sequence properties
and may thus represent a blank canvas for functionalization.[”?!
A prominent example are the elastin-like polypeptides,®!) which
consist of a repetitive sequence [VPGXG]y, where X could be any
amino acid except for proline, and | represents the number of
repeats (Figure 5A). Charged based condensates can be formed
when X is a lysine or arginine, then these elastin-like protein
condensate with negatively charged nucleic acids (e.g., RNA
or DNA)."™™<] Many of these elastin-like polypeptides have

© 2025 The Author(s). Advanced Biology published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advanced-bio.com

ADVANCED

SCIENCE NEWS

www.advancedsciencenews.com

ADVANCED
BIOLOGY

Table 2. Overview of design principles to recruit enzymes in condensates.

www.advanced-bio.com

Design Recruitment Motif Enzyme Scaffold Enhancement In Vitro or In Vivo References
Factor
IDR fragment from LAF1 Adenylate kinase LAF1 5-fold In vitro [25,59]
scaffold condensate Dbp1, Dhh1, Dhh1, Dbp1 n.d. In vitro
Dhh1 Chlorocatechol Dhh1 n.d. In vitro [60]
1,2-dioxygenase
LAF1, Ddx4. Dbp1 NADH oxidase LAF1, Ddx4. Dbp1 3-fold In vitro [45]
Bio-orthogonal residue Bio-orthogonal azide B-galactosidase [GRGDSPYS|N 2.5-7.5 fold In vivo [63a]
incorporation residue in E.coli
resilin-polypeptide
Site specific RIAD-RIDD Idi and IspA RGG-LAF1 ~3 fold In vivo [64]
protein-protein (terpene synthesis) E. coli
interactions RIAD-RIDD ManB, ManC, Gmd, WcaG RGG-LAF1 ~1.5 fold In vivo 165]
(2’-fucosyllactose synthesis) E. coli
20[RGYGSPDG] ~2 fold In vivo [54b]
FUS B. subtilis
3[RGG]
RIAD-RIDD VioA/B/E/C [RGYGSPDG]20 2.23-fold In vivo [54b]
(deoxyviolacein synthesis) B. subtilis
De novo designed tryptophanase, and HERD 6-fold In vivo [70]
coiled-coil flavin-containing E. coli
monooxygenase
Nano-bodies Not applicable nanoPOP N.A. In vivo [72]
Caulobacter, U20S
LC3-interactive motif + Not applicable CTPR N.A. In vitro [73]
LC3 protein
Chemical Induced FK506 and FRB binding SUMOylation E1 (SAE1/2), polySH3-polyPRM 36-fold In vitro [35]
Interaction proteins and E2 (Ubc9)
Optical recruitment PixE, PixD (PixELL) VioE and VioC FUS 6-fold In vivo yeast [74c]
(deoxyviolacein synthesis)
Cry2-domain VioE and VioC FUS 2-fold In vivo yeast [74d]

(deoxyviolacein synthesis)

shown to either have an upper critical - or lower critical solution
temperature by which condensates are formed by hydrophobic
interactions.[®?] A related class, resilin-like polypeptides (RLPs) are
inspired by the fruit fly elastomeric protein rec-1 resilin.[5663]
The Rec-1 protein sequence could be simplified to the octa-repeat
motif [GRGDSPYS], where  is the number of repeats, which
exhibits strong upper critical solution temperature behavior.[®%]
This repeat sequence allows customization in repeat length and
sequence composition.[®3] To introduce functional capabilities,
bio-orthogonal azide groups were incorporated into RLPs, en-
abling click chemistry for attaching molecules or proteins with
high specificity.[®*] In their enzymatic assays, f-galactosidase
was fused to the RLPs, and the cleavage of fluorescein
di-g-D-galactopyranoside (FDG) was tracked by the release
of fluorescent fluorescein.[*?] This confirmed the successful
recruitment and activity of the enzyme within the condensates.

6.1.4. Structured Binding Motifs for Recruiting Enzymes
To enhance enzyme recruitment into biomolecular condensates,

structured binding motifs can be incorporated into intrinsically
disordered regions. This approach was further advanced by fus-
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ing the RIAD-RIDD binding partners to scaffold proteins and
enzymes.[®*] RIDD represents the initial N-terminal residues of
the docking and dimerization domain of the PKA R subunit.
RIAD, derived from the amphipathic helix of the anchor domain
of AKAP, specifically binds to RIDD.P*] The RGG-motif scaf-
fold was fused to RIAD from cAMP kinase, while the enzymes
involved in terpene biosynthesis (Idi and IspA) were fused to
the RIDD motif from A-kinase anchoring proteins.[® This strat-
egy successfully recruited the enzymes into the RGG-based con-
densates, leading to enhanced a-farnesene production. Another
study optimized the design by fusing the RGG-motif directly to
RIDD, as this motif tends to form homodimers, increasing the
valency and promoting phase separation.[®] They then recruited
four enzymes (ManB, ManC, Gmd, WcaG) into the condensates,
which increased the biosynthesis of 2'-fucosyllactose (2’-FL) by
95% compared to having the enzymes dispersed in the cell.

In a related study, a synthetic condensate based on the re-
peat [GRYGSPDG] was developed for enzymatic reactions.>*!
This condensate is highly similar to the RLP sequence
(IGRGDSPYS]y) but interestingly exhibited lower critical solu-
tion temperature behavior, with droplets forming at elevated
temperature, unlike RLPs that exhibit upper critical solution
temperature.l***%3] Minor sequence changes, such as omitting
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the arginine residue, rendered the protein soluble, while tyro-
sine residues proved essential for droplet stability due to their
role in pi-pi and cation-pi interactions. Replacing tyrosine with
threonine led to immobile droplets, and adding extra tyrosine
caused aggregation. To facilitate enzyme co-localization into the
condensates, they fused RIAD motifs to disordered protein do-
mains and RIDD motifs to enzymes.®®! In one experiment,
they used this system to co-localize three enzymes (VioABE)
involved in deoxyviolacein biosynthesis, which resulted in the
formation of prodeoxyviolacein (PDV). When the full enzyme
cascade (VioABEC) was recruited, deoxyviolacein (DV) was pro-
duced, with artificial condensates boosting PDV production by
135% in Bacillus subtilis. They extended their study with another
biosynthesis, namely of 2'-fucosyllactose (2'-FL) in B. subtilis.>*]
They observed a twofold increase in 2’-FL production when all
five required enzymes were localized within the engineered con-
densates.

6.2. Structural Domains In Scaffold Proteins Drive Condensation
And Recruit Enzymes

A variety of structural motifs can be engineered into scaffold pro-
teins to promote or regulate phase separation and to recruit en-
zymes. In this section, we highlight the recent progress in the
field of engineering condensates based on well-structured do-
mains. From one of the first models using poly-SH3 interacting
with proline rich motifs (PRMs), to multimers, coiled-coils and
other helical structures (Figure 5B).

6.2.1. PolySH3 — polyPRM Condensates

The two component system consists of a polySH3 and polyPRM
was a crucial demonstration of the role of multivalency for phase
separation!!?] but have since also been used as a model system
for enzymatic studies. The system consists of repeats of SRC-
homology 3 (SH3) motifs linked by disordered regions, which
interact with a second protein containing proline rich motifs
(PRMs) as illustrated in Figure 5B. This system was recently
used to condense two important enzymes for SUMOylation E1
(SAE1/2 heterodimer), and E2 (Ubc9) using the FK506 binding
protein for recruitment.!*] The substrate derived from the PML
protein was actively recruited by inducing the system with ra-
pamycin. Although only E2 and substrate were actively recruited
into the condensates, weak partitioning of E1 was observed due
to its interaction with E2. Their results demonstrated an almost
sevenfold increase in SUMOylation activity within condensates.

6.2.2. Condensation Through Multimerization

Rather than designing multivalent binding sites along a disor-
dered sequence, Heidenreich and co-workers designed a system
based on multimeric domains.[%® This network for phase separa-
tion was built using two proteins linked to specific binding mo-
tifs, one being able to form homodimers, and the other forming
tetramers (Figure 5B). By adjusting linker length and via point
mutation in the multimerization domain, leading to change in
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affinity, condensate properties could be modulated. As a proof of
concept for specific recruitment into the condensates, the dimer
construct was expended with a red fluorescent protein, and the
tetramer-forming construct with a yellow fluorescent protein to
show co-localization. This approach offers flexibility to replace or
add enzymes or recognition motifs to the scaffold for targeted
recruitment.

6.2.3. Coiled-Coil Motif to Drive Condensate Formation in Cells

Coiled-coil motifs are short helical protein structures that often
exhibit strong and specific interactions. These motifs are also
found in natural condensates as binders to drive phase separa-
tion, such as coiled-coil protein SPD5 in centrosomes.!®’] Two
groups have engineered specific coiled-coils to induce conden-
sate formation both in vitro and in cells (Figure 5B). A series of
bio-orthogonal coiled coils!®®! was used these to design polypep-
tides to form condensates in mammalian cells.[®”) Condensate
properties were regulated through the number of coiled coils,
strength of the coiled-coil pairs and the linkers.[*”] Too strong in-
teractions and more rigid linkers would lead to immobile con-
densates. Furthermore, their modular approach offers to design
orthogonal co-existing condensates, making this system an in-
teresting candidate for enzymatic pathways and study the trans-
fer of molecules between condensates as proposed in section 4
(Figure 3C). Another coiled-coils based condensate used point
mutations to tune the properties of condensation.l’! This con-
densate design relied on two helices with a flexible linker. In ad-
dition to fluorescent proteins, two enzymes (tryptophanase, and
flavin-containing monooxygenase) were fused to this construct to
synthesize indigo from tryptophan. Interestingly, replacing GFP
with the flavin-containing monooxygenase enzyme resulted in a
clear solution. This enzyme has a much higher negative charge,
hence a combination of enzyme-fused protein with GFP-fused
protein was used.

Overall, coiled-coil motifs offer a versatile route to incor-
porate specific protein-protein interactions. This approach is
not limited to sticker approach for condensate formation, as
indicated in section 5.1.3. these motifs have also been used
to recruit enzymes into condensates. Hence the above ex-
amples could easily be extended by such method to recruit
enzymes.!’!]

6.2.4. Structural Elements Tune Condensate Properties

Achieving control over condensation and material properties
is an important feature for creating functional metabolic con-
densates. A system called nanoPOP (Figure 5B) was developed
inspired by the polar organizing protein Z (PopZ) from Caulobac-
ter crescentus.”?) Natural PopZ contains three key elements: a
N-terminal helix for protein binding, a disordered charged
region and a C-terminal oligomerization domain driven by three
a-helices. In nanoPOP, the N-terminal binder is used to recruit
a protein of interest, while the linker and C-terminal helices
are adjusted to tune the material properties of the condensate.
Since PopZ is unique to a-proteobacteria, the nanoPOP conden-
sates, nanoPOP condensates represent an orthogonal system in
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mammalian cells, offering a promising platform for engineering
condensates.

A recent preprint used a related approach, where an IDR de-
rived from Dhh1 and Dbp1 was fused to a consensus-designed
tetratricopeptide repeat (Figure 5B).I73! Tetratricopeptide repeats
consists of helix-loop-helix structures, typically containing 3-16
helices. By altering the number of helices, the propensity to phase
separate was altered. The loop regions generally harbor short
linear motifs for protein-protein interactions, allowing specific
client recruitment. As proof of concept, the LC3-interactive mo-
tif was incorporated into the loop and they successfully achieved
recruiting fluorescent labelled LC3-protein.

6.3. Light Regulated Condensates

Controlling the timing of condensate formation provides a pow-
erful tool for engineering dynamic biochemical environments.
By incorporating inducible activation domains, phase separation
can be triggered by external stimuli, raising potential for more
precise spatiotemporal control over enzymatic activity. One par-
ticularly effective external stimulus is light, which minimally dis-
rupts cellular functions.

A promising approach is to use light-activated oligomeriza-
tion domains to drive phase separation in living cells.”* Several
IDPs have been fused to the light-sensitive protein domain Cry2,
which oligomerizes upon exposure to blue light (405 nm).”#!
These “OptoDroplets” form under illumination as the multiva-
lency of fused proteins is increased (Figure 5C). Conversely, the
PixELL system utilizes the proteins PixE and PixD, which dis-
sociate under light and oligomerize in darkness, allowing re-
versible control of condensation.[””] This optical control system
offers great promise in synthetic biology, enabling manipulation
of enzymatic reactions with high spatiotemporal precision. Such
systems are especially valuable to disentangle the effects of phase
separation from other unspecific effects of overexpressing the
scaffold proteins.

Both OptoDroplets and PixELL systems have been used
to study metabolic flux in the deoxyviolacein biosynthesis
pathway.”*! The N-terminal disordered region from the FUS
protein was used as the scaffold, fused to the Cry2 light-
responsive domain. By tethering enzymes to the FUSN-Cry2 scaf-
fold, they achieved a sixfold increase in final product formation
within these light-activated condensates. Interestingly, the posi-
tioning of the enzymes relative to the Cry2 domain was critical.
Enzymes linked to the C-terminal domain of Cry2 resulted in in-
active condensates, while N-terminal positioning of the scaffold
protein led to active condensate formation.

These light-activated systems provide precise control over the
formation of condensates, enabling dynamic and reversible re-
cruitment of enzymes. By tuning the oligomerization domain,
researchers can achieve temporal control over enzyme localiza-
tion and reaction rates, making this an invaluable strategy for
metabolic engineering and synthetic biology applications.

7. Outlook

There has been a lot of excitement biomolecular condensates in
the past years — critics would say that there has been a lot of hype.
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Papers are coming out at a rapid pace, and we have many proof-
of-concept studies suggesting that many beneficial effects on en-
zymatic reactions in vitro. For many applications, the final im-
plementation of a designer condensate would be in a cell factory.
Enhancements do not reach quite the same folds as in vitro; how-
ever respectable enhancements have been achieved. However, we
should keep in mind that there is a potential for a publication
bias — studies that do not show enhancement of a reaction are
less likely to get published. Nevertheless, we are thus starting to
see the contour of biotechnological applications of condensates
as microreactors. The degree to which generalizable conclusions
can be drawn is limited by very large parameter space: Studies are
often different in many ways at the same time, which limits the
extent where different design suggestions can be compared. A
meaningful step forward is thus to study reactions in condensates
not just in one favorable set of conditions that enhance rates, but
across systematic variations in condensate design. While the field
has not crystallized into design principles yet, we can tentatively
draw some conclusions about which types of reactions can pro-
ductively be targeted to a condensate:

7.1. Condensates Enhance Slow Enzyme Reactions Most

Many of the inhibitory mechanisms discussed here mainly apply
to fast enzyme reactions:, e.g., diffusion-limitations for enzymes
with high kinetic rate constants and substrate depletion for abun-
dant enzymes. Similarly, mass action is less likely to enhance re-
actions with abundant substates as these will eventually saturate
the enzyme when concentrated. If an enzymatic reaction is slow,
the boost from mass action is more likely to out-weigh the in-
hibitory effects.

7.2. Condensates are Suited for Pathways with Hydrophobic
Substrates and Intermediates

The dense of a condensate is more hydrophobic than the dilute
cytosol, and hydrophobicity is the strongest predictor of parti-
tioning into a condensate by small molecules. This suggests that
condensates have a niche where the solubility of substrates in
cytosol becomes a bottleneck for the pathways. Such reactions
might likely be productively targeted to a condensate.

7.3. Maintaining High Diffusion is Key

Condensates can both act as biochemically arrested compart-
ments that shut reactions down and as stimulatory reaction cru-
cibles. Perhaps, the most general observation across studies is
that dyna—mics condensates seem to maintain higher biochemi-
cal activities than static or solid condensates. One of the principal
design aims may thus emerge to be to prevent coarsening of con-
densates over time.
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