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We discover that biomolecular condensates, formed by intrinsically

disordered proteins without inherent chemical activity, can spontaneously
drive nonenzymatic reductive amination. These condensates facilitate
reactions between amines and aldehydes or ketones, yielding imines,
which are subsequently hydrogenated to form alkylated amines leading to
C-Nbond formation. Our experiments show that condensates modulate
the reductive amination of diverse types of metabolite containing
carbonyl groups. Using combinatorial metabolomics, we found that
condensates generate previously unknown metabolites through the
dimerization of natural amines with ketones and aldehydes. Metabolomics
inliving cells confirms that the ability of condensates in mediating C-N
bond formation enables the synthesis of new metabolites and regulates
cellular pathways. These findings uncover a previously unrecognized
inherent function of biomolecular condensates, redefining their roles in
metabolism. This further highlights the broader influence of condensates
on chemical homeostasis and biochemical regulation in biological and
prebiotic chemistry.

Phase transitions of biomacromolecules'?, which lead to the forma-
tion of biomolecular condensates®, have transformed our under-
standing of how living systems regulate diverse cellular processes in
aspatiotemporal manner. Current understanding of the functions of
biomolecular condensates primarily stems from the sequestration and
enrichment effects generated by phase separation*, However, such
understanding does not fully justify the necessity of anew phase, asthe
same functional effects can similarly be achieved through the formation
of stoichiometric complexes’™ and the creation and maintenance of
adistinct new phase is thermodynamically costly>"™,

Recent research has shown that phase separation, albeit driven
by the phase transition of intrinsically disordered proteins (IDPs), is
adensity transition of the whole solution system"°, The asymmetric
nature of this transition process, which can be driven by various factors,
including hydrophobicity, charge fraction, interaction pairsand chain

flexibility’>* >, mediates the density gradients of biomacromolecules,
ions and water molecules between condensates and the coexisting
phases, which collectively define a Galvanic electric potential”?%>***,
This electric potential gradient manifests as an interfacial electric
potential at the surface of the condensate, generating an interfacial
electric field>”», Similarly, because of the existence of large surfaces of
condensatesin the solution®, these surfaces exert forces in the solvent
environment and break the homogeneous nature of solvent molecules,
creating a liquid-liquid interface with aligned dipole moments (for
example, by oriented water molecules), which encodes their noncen-
trosymmetric property’>”. Such noncentrosymmetric surfaces, no
matter their own surface electrostatic charges, can generate asurface
dipolefield***®, whichis also part of the contribution to the interfacial
electricfield””. These properties can alter bond ionicity and modulate
local water activity”***°, which changes the reaction free energy of the
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chemicals®*~*?, providing the electrochemical and chemical environ-

mental basis for the observed spontaneous redox activities and the
inherent catalytic behaviors of condensates™'”***"3¢ These recent
discoveries suggest that condensates are electrochemically active
and may have broad, nonspecificbiochemical functions, operating at
scales larger than the molecular level’*”*®, These inherent functions of
condensates, which are distinct from the molecular functions encoded
inthe specific constituents of condensates, highlight the importance
of establishing a second liquid phase for cellular biochemistry. How-
ever, the breadth of the biochemical functions of condensates remains
largely unexplored.

A fundamental chemistry essential for cellular biochemical
functions is the formation of C-N bonds**°. C-N bond formation is
critical for synthesizing key biomolecules, including amino acids,
nucleotides and nitrogen-containing saccharides, which participatein
processes such as the urea cycle, amino acid metabolism, cellular sign-
alingand nucleotide biosynthesis*.. This processis typically driven by
enzymes®*’, includingimine reductases, transaminases, nitrogenase
and S-adenosylmethionine-dependent methyltransferases. The under-
lying functioning mechanism of these enzymes depends on the capabil-
ity of the catalytic center to align the dipole moments of the reactants,
thereby lowering their activation free energy through the internal
electric field within the catalytic center and facilitating electrophilic
attack between the reactants*> *, These features are consistent with
the fundamental electrochemical properties of condensates™""**%,
which are also similar to diverse electrochemically active liquid-air,
liquid-liquid and liquid-solid interfaces®****>2, As such, we wondered
whether biomolecular condensates may promote nonenzymatic C-N
bond formation on aglobal scale.

Inthis study, we demonstrate that biomolecular condensates facil-
itate spontaneous C-Nbond formation through nonenzymatic reduc-
tiveamination. Throughin vitro reconstitutions of condensate-based
reactions and metabolomicsinliving cells, we show that condensates
canmediate the reductive amination and alkylated modification reac-
tions between 18 amines and 10 carbonyl metabolites, producing
previously unreported metabolites with structural diversity through
cross-reactions. Metabolomic analyses in living cells further suggest
that condensates facilitate novel metabolic pathways and may regulate
cellular reactions. Our discovery suggests that the distinct physical
scale of condensates, compared to their molecular constituents, gives
rise to emergent functions. The capability of condensates to mediate
nonenzymatic chemistry underscores their essential roles in maintain-
ing chemical homeostasis and metabolic regulationin cells.

Results

Biomolecular condensates enable C-N bond formation

To explore the potential chemical activities of condensates, we first
used amodel biomolecular condensate formed by the wild-type resilin-
like polypeptide (RLP)****. RLP shares similar sequence features with
many phase-separating IDPs, such as FUS and DDX4 (refs. 55-58) and
candrive an asymmetric phase transition, setting up an interphase
electric potential and a strong interfacial field?°*°. The RLP conden-
sate candrive spontaneous redox reactions (for example, production
of reactive oxygen species®) and catalyze hydrolysis reactions (for
example, decomposition of ATP?) on the basis of its interfacial field
andinternal chemical environments. Thus, these electrochemical prop-
erties make the RLP condensate an excellent system for studying the
inherent nonenzymatic biochemical functions of condensates.

We hypothesized that the unique condensate solvent envi-
ronment, the polarity difference between the phases and the
interfacial electric field on condensate surface could favorably con-
tribute to the solvation and enrichment of substrates and align their
dipoles'*»2%5%60 promoting the nucleophilic attack by amines on
carbonyl compounds to form imine. Additionally, the redox activity
attheinterfacialfield could facilitate the reduction of unstable imines

toalkylated amines™*. This process can potentially lead to C-N bond
formation by condensates (Fig. 1a).

We first implemented a common substrate pair, guanine and
acetone (Fig. 1b), which respectively provide an amine group and
a carbonyl group, to assess the ability of condensates to link them
together through C-N bond formation by using nanoelectrospray
ionization mass spectrometry (nESI-MS) and liquid chromatography
(LC)-MS. We used a solution without condensates (containing RLP
below its saturated concentration c,,) as the control group (with-
out condensates) and a solution with condensates (containing RLP
above its c,,) as the test group (with condensates). Compared to the
control group, after 3 h of incubation at room temperature, in the
condensate group, we identified a tenfold increase in the product,
N-isopropylguanine (Fig. 1c). We further analyzed the same reaction
using LC-MS to exclude the possibility of in-source reaction caused by
microdropletsinthe nESI-MS. We found a clear separationin retention
times among the substrate, imine intermediate and the N-isopropyl
product.Inthe condensate group, we observed a substantial decrease
in the substrate and significant increases for the intermediate and
the product (Fig. 1d). Lastly, to confirm that this reaction capability is
condensate dependent, we evaluated the initial reaction ratein an RLP
concentration-dependent manner (Fig. 1e). We found that the reaction
rate rose exponentially once the RLP concentration surpassed its c,,,
confirming that this reaction is phase separation dependent®. These
results collectively confirm the capability of the condensate solution
on mediating C-N bond formation.

Interfacial effect of condensates on driving C-N reactions
Toenable the study of C-Nbond formationatanindividual condensate
level, we designed a fluorogenic assay (Fig. 2a), in which the forma-
tion of C-Nbond canalter the fluorescence emission of the reactants.
Specifically, by scanning the shift of fluorescence emission with an
excitation laser set at 405 nm, we identified that the C-N formation
reaction between N,N-dimethyl-6-propionyl-2-naphthylamine and
4-amino-1,8-naphthalimide canlead to asubstantial decrease in emis-
sion at ~450 nm while causing an increase in emission at ~560 nm
(Fig. 2b), allowing us to directly track the reaction of individual con-
densates through confocal microscopy.

We first verified the C-N bond formation between the two sub-
strates in the condensate group using high-resolution MS (HR-MS)
(Fig. 2¢). Using confocal microscopy, by comparing the fluorescence
distribution profiles of the substrate and the product between the
diluteand the dense phases, we found a noticeable decrease in fluores-
cencesignal of the substrate at theinterface of the condensate (Fig. 2d).
This observation provides direct evidence that the electrochemical
environment of condensate interface can potentially contribute to
thisreaction.

To further analyze the role of interface on modulating this reac-
tion, we setout to perturb the interfacial electrochemical environment
oftheRLP condensates usingarecently demonstrated surfactant-based
approach®. We added sodium dodecyl sulfate (SDS) and cetyltrimeth-
ylammonium bromide (CTAB), which are surfactants with opposite
terminal charges, into the condensate solution, thereby altering the
interfacial electrochemical environments of the condensate®. We
verified that the zeta potentials of condensates with and without SDS
or CTABaredifferent (Supplementary Fig.1a). Specifically, condensates
modified with SDS showed the most negative zeta potential, suggest-
ing that the highest surface charge density®?, which corresponds to the
strongest interfacial electric field*°. Then, using the ratiometric signal
between the product and the substrate obtained fromthe fluorescence
reaction assay, we compared the reaction capability of different types
of condensates with similar size (Supplementary Fig. 1b). We found
that aligning with the trends of zeta potential, the condensates with
SDS showed the strongest ability on driving the C-N bond formation
under the samereaction conditions. These observations suggest that
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Fig.1| Biomolecular condensate spontaneously drives C-N bond formation.
a, Schematic representation of condensate-mediated C-N bond formation.
Phase separation of IDPs defines a solvent gradient between phases, which
generates a unique solvation environment in the dense phase and an interphase
electric potential gradient. The solvation environment can alter the properties
ofthe substrates. The interphase electric potential gradient sets up an interfacial
electric double layer, serving as an electric field to mediate polarity-dependent
reductive amination reaction. Inset: graph showing the confocal differential
interference contrast images of control solution (c,,s < C,,) and condensate
solution (c;pp > Cy,)- Scale bar, 5 um. b, Reductive amination of guanine and

acetone forms anintermediate imine and a final product N-isopropylguanine.

¢, nESI-MS analysis of the reaction using solution with or without condensates.
d, LC-MS analysis of the reaction using solution with or without condensates.
Data points represent the mean * s.d. (n =3 replicates). Statistical analysis

was performed using a two-tailed F-test: P=0.0001 (substrate), 0.0066
(intermediate) and 0.0004 (product). RT, retention time. e, IDP concentration-
dependent initial rate of the reaction shows that this reaction is phase separation
dependent. Inset: figures showing the solutions containing the reactants and
different concentrations of RLPs. Scale bar, 5 um. Data points represent the
mean +s.d. (n=3replicates).

interfacial electrochemical environments can be a key contributor to
the chemical function of condensates (‘Discussion’).

Reductive amination of aldehydes, ketones and ketoacids

We next expanded the chemical reaction landscape and assessed the
reductive amination of native ketoacids withammoniumions by con-
densates. When ammonium hydroxide is added into water, it com-
pletely dissolves to produce NH, " ions. NH," in the presence of water
acts asaweak acid and itis in equilibrium with NH; and H,0" with a K,
of about 5.6 x10™ at 298 K (ref. 63), generating NH, as the reagent for
reductive amination. Ketoacids are major precursors for amino acid
biosynthesis, typically requiring enzymaticimine reductases to gener-
ate stable amines®*. With the further addition of only ammonium ion

into solutions, we evaluated the relative abundance of each product
ion compared to the sum of asubstrate ion and a production. We sur-
prisingly detected the generation of aspartate (15%), 3-aminobutyrate
(3%), alanine (4%) and glutamate (3%) from oxaloacetate, acetoacetate,
pyruvic acid and a-ketoglutarate, respectively (Fig. 3a). In contrast, no
correspondent amino acids were successfully detected in the control
groups. The negative detection results were also observed fromanother
additional condensate group with the absence of ammonia, indicating
that the RLP is not the ammonia source for the reductive amination
(Supplementary Fig. 2).

To confirm the involvement of ammonium ions and rule out
false positive results caused by the presence of protein, we used
isotope-labeled ammonium chloride (**NH,CI) to perform the
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Fig. 2| Confocal fluorescence microscopy verification of the C-Nbond
formation by condensates. a, Diagram of C-N bond formation between two
selected substrates. b, HR-MS analysis of fluorogenic reactions using the
solution with condensates. ¢, Evaluation of the emission spectrum of fluorogenic
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chemicals before and after C-N bond formation. d, Confocal fluorescence
imaging analysis of condensates with fluorogenic reactions. The fluorescence
distribution profiles show that the reactant is depleted at the interface of
condensates. A similar result was acquired from n = 3independent experiments.

condensate-mediated reductive amination. We examined the reduc-
tive amination reactions using aldehyde and ketone substrates,
including acetaldehyde, glyceraldehyde, glyoxylic acid and acetone
to react with ammonium ions (Fig. 3b), and found the formation
of ethylamine (94% relative abundance), 3-amino-1,2-propanediol
(26% relative abundance), glycine (9% relative abundance) and iso-
propylamine (14% relative abundance) only in solutions contain-
ing condensates. The successful detection of the “N-labeled amino
acids in the condensate-containing solution verified the validity
of these reactions (Supplementary Fig. 3). These results confirm
that condensates can mediate reductive amination of ketones and
aldehydes nonenzymatically.

Alkylation of amine-containing metabolites

We next evaluated the ability of condensatesin C-Nbond formation by
expanding the substrate scope to amine metabolites, specifically glu-
cosamine, lysine, sphingosine, cytosine, spermidine and thiamine, to
represent the six major categories of amine-containing species, includ-
ingamino acids, lipids, nucleic acids, polyamines and vitamins*. These
reactants are highly diverse in chemical structures. We introduced
formaldehyde, acetaldehyde and acetone into the solution contain-
ing condensates and the selected amine metabolites. We found that
methylation, ethylation and isopropylation occurred on the amine
group of each model metabolite with asubstantial increase inrelative
abundance varied from 1% to 98% comparedto the control group (Fig.3c
and Supplementary Figs. 4-6). These results confirm that conden-
sates can afford C-Nbond formation using diverse substrates and can
tune the structural diversity and complexity of the substrate, similar
to naturally occurring N-acetylation and N-methylation of metabo-
lites®. This observation suggests a role of condensates in increasing
the chemical complexity, providing the chemical basis for evolving
biological functions*°.

One-pot de novo synthesis of polyamines

With the ability of condensates to mediate C-N bond formation, we
next tested whether they could drive one-pot de novo synthesis of
polyamines. Polyamines, which are mainly produced from ornithine
through decarboxylation, have a critical rolein cell proliferation and

differentiation and biomacromolecular synthesis in living cells®”°5,

They consist of 3-5 carbon units and more than one primary or sec-
ondary amine group®, linking each other through C-N bonding. Thus,
we wondered whether condensates can directly link multiple metabo-
lites based on saturated dialdehydes together to form polyamines. We
fed ammonia, malondialdehyde, succinaldehyde and glutaraldehyde
asthestarting synthons for the one-pot de novo synthesis of four typi-
cal polyamines. By feeding the condensate solution with these start-
ing materials at distinct molar ratios shown in Fig. 3d, we observed
the production of these four polyamines with a relative abundance
around 9% for spermidine, 18% for spermine, 47% for cadaverine
and 74% for putrescine (Fig. 3d and Supplementary Figs. 7-10).
These results demonstrate an alternative, nonenzymatic route for
polyamine synthesis®®.

Generality of condensate-dependent C-N bond formation
Next, we implemented four distinct native proteins that are known
to serve as phase transition drivers, including EWS RNA-binding pro-
tein (EWSR), DDX4 low-complexity domain (LCD), fused in sarcoma
(FUS) and TATA-binding protein-associated factor 15 (TAF15)""". We
used established protocols to reconstitute condensates to evaluate
their capabilities on driving C-N bond formation using three distinct
reactions’®”! (Supplementary Fig.11a). Compared to their subsaturated
conditions, the solutions containing condensates showed different
abilities to mediate the C-Nbond formation (Supplementary Fig.11b,c).
Notably, for the reactions between serotonin and pyruvic acid, all
the condensate groups demonstrated substantial enhancement of
the production formation (Supplementary Fig. 11d). These observa-
tions suggest that the electrochemical properties of condensates are
sequence dependent and the solvation properties of distinct chemicals
in different types of condensate solvent environment can modulate
condensate reaction selectivity (‘Discussion’).

Combinatorial metabolomics

To explore the scope of condensate-mediated metabolite formation,
we conducted a combinatorial metabolomics screen to investigate
whetheranew metabolite canbe generated simply by linking two known
ones that carry amine and carbonyl group by condensates (Fig. 4a).
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Fig. 3| Biomolecular condensates enable reductive amination of diverse
substrates. a, Reductive amination of ketoacids with ammonium. b, Reductive
amination of ketone and aldehyde metabolites. Ammonium hydroxide can be
incorporated into those carbonyl compounds to form corresponding primary
amine metabolites after incubating with condensate solution. "NH,Cl was
externally spiked for confirmation. ¢, Alkylation of six major types of amine-
containing species in body, which are building blocks of proteins, saccharides,

lipids, nucleic acids, vitamins and polyamines. Alkylation includes methylation
(Me), ethylation (Et) and isopropionylation (Pr). d, De novo synthesis of
polyamines by one-pot strategy driven by condensates. Four typical polyamines
(spermine, spermidine, cadaverine and putrescine) can be constructed by
C-Nbond linking between different amounts of ammonium, glutaraldehyde,
succinaldehyde and malondialdehyde at stoichiometric ratio.

Using 18 amines (A,, where x =1-18) and 10 carbonyl compounds
(K,,y=1-10), we found that condensates facilitate C-N bond forma-
tion with high abundances (>60%) for carbonyl compounds with
alength of 1-3 carbon units (for example, acetone, acetaldehyde,
pyruvicacid and glyceraldehyde) and amines with flexible backbones
(for example, glycine and sphingosine). It is apparent that the C-N
coupling by condensates favors metabolites that have high basicity,
high solubility and a flexible carbon backbone, which can achieve
arelative abundance higher than 50%. In contrast, molecules with
poor solubility and a rigid planar structure, such as corticosterone,
adenine, guanine, cytosine and folic acid, show arelative abundance
lower than 20% (Fig. 4b).

Intotal, 78 of the 180 condensate-generated metabolites reported
inour study (mass tolerance: +0.005 Da, relative error: <5.0 ppm) were
not found on PubChem and the human metabolome database (HMDB).
These new metabolites can be considered as heterodimers of two
known metabolites linking by a C-Nbond. They share structural simi-
larity with known ones, while possessing their own unique structural
features (Fig. 4c). We verified these compounds with collision-induced
dissociation (CID) MS/MS analysis by matching fragmentation patterns
with synthetic standards (Fig. 4d). For example, the precursor ion
m/z186.1231 (a) generated fragments at m/z168.1138 (b) and 150.1022
(d) by consecutively losing one or two water molecules, correlating
with the existence of two hydroxyl groups onthe glyceraldehyde part.
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Fig. 4| Condensate-dependent expansion of metabolite diversity by
combinatory strategy. a, Diagram of the combinatorial strategy to create new
compounds linked by C-N bond to generate metabolite structural diversity.
Atotal of 18 amine-containing metabolite species and 10 different endogenous
ketones and aldehydes were used for the combinatorial metabolomics study.
b, Yields of different metabolites generated by C-N bond coupling, which

are presented in a heat map. ¢, Demonstration of generated new metabolites
structure linked by the C-N bond. From the point of amine modification, it can
be the alkyl group, alkane-containing carboxylic group or even bulky steroid
alkane-containing hydroxyl group. From the point of ketone amination,

amine species also have highly structural variability. Generally, amines with
strong basicity, polarized dipoles and solubility tend to achieve higher yields.
Carbonyl groupsinarigid planar structure with low solubility tend to have
relatively poor yields. d, Identification of representative metabolites composed
of histamine and glyoxylic acid. CID-MS/MS was conducted on samples
containing condensates and the expected compounds obtained through
organic synthesis and purification. Their spectra are in high agreement with each
other. Most fragment ions can be rationally assigned to local moieties from the
expected metabolite structure.

The formation of the C-Nlinkage was verified by the detection of frag-
ment ions at m/z 95.0601 (i) and 92.0702 (j), which directly correlate
withthe structures of histamine and 3-amino-1,2-propanediol, as found
by searching the HMDB. Adding up the molecular weights of these two

fragments plus one proton gives the precursor ion at m/z186.1231,
suggesting that these two structures are complementary parts of the
target structure. The diverse chemistry driven by condensates further
supports their role in facilitating global chemical processes.
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Validation of C-N bond formation by condensates in

living cells

To assess whether the ability to mediate C-N bond formation by
condensates is valid in living cells, we implemented our previously
demonstrated strategy to generate Escherichia coli cells with or with-
out the model condensates®*’?, which was verified through confocal
microscopy (Supplementary Fig.12a). We then subjected the samples
for untargeted metabolomics by nESI-MS (Supplementary Fig.12b,c).
Principal component analysis (PCA) was conducted to analyze the
differential metabolic profiles for cells with and without condensates
(Fig.5a). We found distinct metabolic profiles between groups, which
suggests the aberrant regulation of certain known metabolites or even
the presence of new metabolites (Fig. 5b).

Compared to cells without condensates, there were 36 upregu-
lated and 35 downregulated metabolites in the cell with condensates
(Supplementary Table 1). Apart from these well-known metabolites,
we also discovered that 23 metabolites specifically existed in the cells
with condensates with statistical significance compared to the control
group (Supplementary Table 2). We found that the combined new
metabolites mainly derived from glucosamine (A16), glycine (A17),
anthranilicacid (A15) and the addition of ammoniumion (A1) (Fig. 5c).
Using the combinatorial strategy, we also predicted the existence
of alkylated putrescine (A19) and 5-aminopentanoic acid (A20). The
alkylation modification group could originate fromnearly every type
of ketone or aldehyde metabolite we previously investigated, except
for corticosterone (Fig. 5d). This finding strongly agrees with our
in vitro results. To confirm that these changes in metabolic profiles
were not caused by induced protein expression, we evaluated the global
metabolism of the same cell type with induced expression of a green
fluorescent protein (GFP) from the same backbone of RLP at the same
exponential growth phase (Supplementary Fig. 12d). We observed
highly similar metabolic profiles between cells with induced GFP
expression and cells without condensates (Supplementary Fig. 12e),
which confirms that the global change of metabolic profiles is not
related to overexpression.

Itisworthnoting that the levels of aspartate (A1K4), alanine (A1K5)
and glucosamine were significantly increasedin cells with condensates.
Although these were not new metabolites, we speculate that their
increases should be highly associated with the condensate-facilitated
amination reaction from the corresponding ketones (that is,
oxaloaceticacid, glyoxylic acid and glucose, respectively). In addition,
we found two pairs of conversions that involve metabolite substrates
and products in the opposite trends of changes, putrescine/N- car-
boxymethyl putrescine (A19K9) and 5-aminopentanoic acid/N-ethyl
5-aminopentanoicacid (A20K8). These two pairs of conversions might
support the ongoing C-N coupling process or imply the coupling
between the positive or negative feedback regulated by condensates
and endogenous cellular pathways of living cells to realize cellular
chemical homeostasis. Another interesting discovery is the decrease
inreduced glutathione, which may suggest its role as a proton donor
for reductive amination (Fig. 5e). These diverse chemical functions
of condensates in living cells confirm their roles in regulating global
chemical homeostasis.

To specifically study the intracellular capability of condensates
to drive C-N formation, we generated E. coli strains with single-gene
knockouts, AalaA and AargD. The alaA gene encodes a glutamate-
pyruvate aminotransferase, which catalyzes the reductive amina-
tion of pyruvate to form alanine, whereas argD encodes an arginine
aminotransferase, which catalyzes the amination for arginine forma-
tion”. We first cultured the knockout strains in minimum medium
containing casamino acids to ensure faithful generation of condensates
(Supplementary Fig.13a). Then, we subjected the knockout strains for
targeted metabolomics and found that, compared to cells without
condensates, the cells containing condensates significantly restored
the synthesis of alanine and arginine in their corresponding knockout

strains (Supplementary Fig.13b). These experiments further confirm
that the role of condensates in driving C-N bond formation is valid in
living cells.

Lastly, to evaluate the generality of this function, we analyzed the
change of global metabolism by comparing wild-type E. coli MG1655
with or without stress-induced condensates™. We found that a sub-
stantially differentiated metabolism profile was observed between
thetwo types of cells (Supplementary Fig.14). Notably, the categories
ofthe upregulated metabolites align with our observationsinthe cells
containing the RLP condensates. This observation implies that the
capability of condensates driving C-N bond formation in living cells
isaglobal cellular effect and likely to be generalizable (‘Discussion’).

Areshaped global metabolism

Togaininsightinto how condensates may reshape the global metabo-
lism, abioinformatic analysis was conducted by summarizingall those
differentially generated metabolites onthe basis of metabolic pathways
and function enrichment procedure” (Supplementary Table 3). Specifi-
cally, we found that a wide array of nitrogen metabolism pathways was
influenced, such as metabolic pathways involving arginine, glycine,
alanine, aspartate, glutamate and glutathione (Supplementary Fig. 15).
The cells with condensates also showed notable differencesin pathways
associated with energy-dependent carbon metabolism and nitrogen
metabolism by the urea cycle, ammonia recycling, the glucose-ala-
nine cycle and aspartate shuttle (Supplementary Fig. 16). Specifically,
upregulation of glucose and glucose 6-phosphate and downregulation
of maltose and glyceraldehyde-3-phosphate indicated the boost of
aerobic glycolysis for the energy fueling and diminished gluconeo-
genesis. Meanwhile, anaerobic glycolysis seems to be retained, which
could be explained by the decrease in lactate production. Nonethe-
less, we noted that these energy-associated changes may be attrib-
uted to the fact that IPTG, the gene expression inducer, was added to
enable condensate formation. As such, despite our analysis of the cells
with or without condensates at their exponential growth stages™, for
condensate-forming cells, the gene expression process might also
contribute to the consumption of cellular energy.

Interestingly, bioinformatics analysis showed the impact of con-
densates on interconnecting the carbon and nitrogen metabolism
subregions across the whole network according to the changesin glyox-
ylate, pyruvate, oxaloacetate, glycine, aspartate and glutamate, which
areeither substrates or products of reductive aminationinitiated by the
proposed condensate-mediated C-N coupling (Supplementary Fig.17).
Although the analysis of specific pathways supports the capability of
condensates on mediating C-N bond formation, the notable altera-
tions of global metabolism by condensates further imply the breadth
of chemistry that can be affected by condensates, which emphasizes
theimportant functional roles of establishing coexisting phasesin liv-
ing cells. These findings demonstrate that condensates extend beyond
molecular recognition, acting as key regulators of biochemical activity
atagloballevel.

Discussion

Understanding of cellular functions has traditionally relied on inter-
preting specific intermolecular interactions at the nanoscale. From
an evolutionary standpoint, where simplicity and thermodynamic
efficiency are largely appreciated, if the functions can be encoded
at asmaller physical length scale, why would establishing coexisting
phases at amicron scale be necessary for a cell, such as in the case of
biomolecular condensates? Our study demonstrates that biomolecular
condensates, formed by constituents lacking enzymatic activity, can
serve as electrochemical reactors that can drive spontaneous C-N
bond formation, a fundamental chemistry involved in diverse bio-
chemical reactions. Unlike molecular enzymes, which typically exhibit
substrate specificity because of the functions that are encoded at the
nanoscale, condensates, whose enzymatic capability is defined by their
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Fig. 5| Living cell validation of condensate-dependent generation of new
metabolites with metabolomics. a, Score plot of PCA showing the metabolic
profile distribution of cells with or without condensate groups. b, Volcano plot
displaying significantly changed metabolites. Metabolites generated froma
combination of different metabolites are highlighted. Statistical analysis was
performed using a two-tailed ¢-test. The FDR was calculated using the Benjamini-
Hochberg procedure to reduce the false positives. ¢, Heat map of the significantly
changed metabolites in cells with condensates compared with cells without
condensates. Cell with or without condensates were collected at different
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time points in the exponential growth stage for further analysis. The scale bar
represents the log-transformed, standardized intensity of each metabolite ion
incells. d, Structures of representative amine metabolites and their alkylated
modifications contributed by native ketone or aldehyde metabolites. e, Box plots
oftypical metabolites that were upregulated or downregulated by condensate
formationin E. coli, where 100% represents the ion intensity normalized with

the maximum value of each group. Data points represent themean +s.d. (n=3
biological replicates). Statistical analysis was performed using a two-tailed ¢-test.

electrochemical environments at the micron scale, can facilitate the
transformation of substrates across awide range of chemical structures.
Thus, the formation of condensates likely triggers shifts in the global
cellular physiology by modulating theintracellular chemical landscape.

Our study reveals the feasibility of condensate-mediated non-
enzymatic C-N coupling to generate new metabolite in cells. This
phenomenon canbe attributed to the reactive interfacial environment
and unique chemical and electrochemical environment of condensates.

Fromanelectrochemistry aspect, theinterphase possesses a differen-
tial potential on the order of tens of millivolts defined by the ion gradi-
entbetween phases'®*, which was recently explicitly verified through
electrochemical potentiometry®. Given that the width of such electric
double layer is typically 5-50 nm (refs. 44,77), the oriented external
electricfield across the condensate interface can reach magnitudes of
10’-10° V m™. Given the fluctuating nature of the electric field strength,
suchafieldis sufficient to align molecular dipoles, polarize molecules
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and redistribute electron density*>”. From a solvent aspect, phase
transitionresultsinaunique water environment withinthe dense phase
and at the interface'>*’%, which can alter the solvation properties of
substrates on the basis of their polarity. Consequently, these factors
facilitate nucleophilic attack by amines onto carbonyl groups, leading
toimine formation, the first step in reductive amination.

For the follow-up imine hydrogenation, our previous studies
demonstrated that condensates are able to reduce resazurin through
water oxidation-dependent electron transfer>"?°, generating H,0,
as a byproduct™?**, This suggests that condensates are capable of
providing a solvated electron to drive reduction reaction, such as
imine hydrogenation. In living cells, the availability of H donors such
as the reduced forms of nicotinamide adenine dinucleotide phos-
phate (NADPH"), flavin adenine dinucleotide (FADH") and glutathione
(GSH) may further support this reduction process. Furthermore, the
strong electric field can make the system more susceptible to reduc-
tion reaction by lowering the thermodynamic barrier and enhancing
the efficiency of the electron transfer process®-***"3,

Asymmetry in phase transitionis critical to define the potential
gradient, which serves as the thermodynamic factor enabling the
chemical activity of condensates***, It is easy to understand that
the charge condition of the biomacromolecule is critical to con-
trol such asymmetry. However, in theory, such asymmetry can be
encodedin various factors, including chain flexibility, hydrophobic-
ity, water density, water activity and stoichiometry of electrostatic
interactions. Considering an extreme case that the phase transition
protein element is neutral and mediated through hydrophobicity,
such a phase transition leads to a water concentration gradient
between the dilute and the dense phases, causing different spatial
water activities because of the different hydrophobicity of amino
acid compositions and backbones. Then, under suchanenvironment,
different types of ions possess different free energies of solvation”
and will partition differently into the dilute and the dense phases®.
This simple process will directly induce an electric potential gradi-
entbetween phases, evenifthe phase-separation-driving proteinis
charge neutral.

Another key feature that can be critical to set up an electrochemi-
cally active environmentis the interfacial field. Toillustrate the general-
ity of theinterfacialfield, let us consider another extreme case, namely
that of aninsulator in a water tank. The presence of an additional sur-
faceinthe water tank alters the homogeneous and isotropic nature of
water molecules and forces them to align their dipoles onto the sur-
face of theinsulator®. Therefore, even without any charged elements
on the surface, an oriented dipole field is established because of the
asymmetric nature of the solvent at the surface®>®, This dipole field,
which s a part of the electric field of an interface, can also induce ion
alignment, thereby mediating a double-layer structure serving as the
electrostatic field. Therefore, from the basic physical chemistry aspect
of phase transition and a surface”, the fundamental electrochemical
properties of a phase-separated system containing a defined liquid-
liquid interface should be generalizable but the exact molecular rules
and mechanisms are still largely unknown.

The metabolome consists of thousands of small organic metabo-
lites with molecular weight less than 1,000 Da (ref. 84). However,
the diversity and complexity of the human metabolome make it
challenging to identify and characterize every metabolite. Many
metabolites have identical molecular formulas but differ in struc-
ture, functional group positioning or stereochemistry, complicating
accurateidentification. Furthermore, existing metabolite databases,
although continuously expanding, remainincomplete, which creates
difficulties in assigning definitive structures to new metabolites.
Our study sheds light on these challenges by demonstrating that
condensates canserve as an electrochemical reactor powering reac-
tions between various substrates. This suggests a possible forma-
tion mechanism of those unexplored metabolites in humans, which

could account for the many unexplored or unannotated molecules
in metabolomic databases.

The ability of condensates to mediate C-Nbond formation across
diverse substrates—ranging from endogenous metabolites such as
ketones, aldehydes and amines to exogenous chemicals, demon-
strates a nonenzymatic strategy for modulating anabolic reactions.
This discovery suggests that, depending on the coupling between
the chemical substrates and the condensate microenvironment, the
inherent chemical activity of condensates might serve asamechanism
for mediating basal-level chemical distribution, maintaining cellular
chemical homeostasis. For instance, through the ability of conden-
sates to drive catabolic reactions, such as by promoting hydrolysis
reactions?’, condensates may catalyze ATP hydrolysis to provide
cellularenergy; inthe meantime, through the ability of condensates
to synthesize nitrogen-containing and carbon-containing metabo-
lites and reduce their degradation, condensates may contribute to
nitrogen and carbon storage. These functional differences may be
defined by the chemical properties of different substrates and can
possibly be affected by the relative abundance of chemicals with
different electrochemical potentials in unique condensate solvent
environments®*°, Furthermore, condensates have been proposed
as a prebiotic model of living systems®. The discovered intrinsic
chemical reactivity of condensates might provide adirect connection
between compartmentalization chemistry and chemical reactivity,
which might largely simplify the complex requirements for prebiotic
chemistry. The existence of interfacial field at condensate surface
also matches the proposed criteria that enables the reconstruction
of metabolic origin of life*’, which can potentially expand the chemi-
cal diversity and complexity in protometabolism®®, The coupling
nature between thermodynamics and kinetics of such field-driven
reactions, in which the reaction can change the thermodynamic
equilibrium of the electric double layer, might serve as feedback
controls to sustain chemical homeostasis.

Lastly, we propose several potential biological functions of
condensate-mediated C-N formationincells. The firstis maintenance
of basal chemical activity, where condensate-dependent chemistry
may help stabilize cellular function by facilitating the synthesis of
key metabolites and minimizing their degradation. The secondis a
compensatory mechanism for loss of protein function, where protein
denaturation, aggregation or phase separation™*°°, which typically
leads to the formation of large macromolecular assemblies, often
resultsinloss of their chemical activities. Such condensate-dependent
chemistry might serve as a backup strategy developed from natural
evolution for compensating these losses by providing alternative
chemical pathways. The third is adaptive response to cellular stress,
whereby many condensates forminresponseto cellular stress. The non-
selective chemical activity of condensates may serve as aself-protective
mechanism against environmental disturbances, such as chemical
toxicants, drugs and pollutants.

Our findings suggest that condensates have acrucial rolein shap-
ingthe complexity of cellular chemistry. By driving nonenzymatic C-N
bond formation, condensates extend beyond traditional biochemical
paradigms, transforming our understanding of cellular metabolic
pathways. More broadly, our work emphasizes the importance of
micron-sized physical structures in defining the chemical capabilities
of living cells. These insights open new avenues for studying cellular
biochemistry, particularly the interplay between biomolecular con-
densates and nonenzymatic metabolic regulation.
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Methods

Protein purification of RLP

E. coli BL21 (DE3) cells were transformed with the RLP,,; gene** and
selected on kanamycin plates. A single colony was picked and cultured
overnightin4 mlof 2xYT medium containing 50 pg ml” kanamycin and
2% glucose at 37 °C with shaking at 250 rpm. The overnight culture was
thendilutedinto1L of 2xYT medium containing 50 pg ml™kanamycin
andincubated at 37 °C with shaking at 250 rpm for 3 h. Induction of pro-
tein expression was achieved by adding IPTG to a final concentration
of 0.5 mM, followed by overnightincubationat 37 °C with continuous
shaking. Then, 800 ml of cells were harvested by centrifugation at
3,500gfor 10 minat4 °C (Eppendorf High-Speed Centrifuge, CR22N).
Thecell pellet was then resuspended in 35 ml of lysis buffer (50 mM Tris
pH7.5). Cellsolutions were lysed by sonication onice (2 min of sonica-
tionwith1sonand2 soffat30% intensity). After centrifuging the cell
lysate at15,000g for 30 min at 4 °Cto separate the soluble and insoluble
fractions, theinsoluble pellet was reconstituted in 10 ml of urea buffer
(50 mM Tris, 500 mM NaCland 4 M urea, pH7.5) and treated with 500 U
of Benzonase nuclease (MilliporeSigma) in a water bath at 40 °C fora
minimumof2 h. The protein sample was subsequently heated to 40 °C
and centrifuged again at 15,000g for 30 min at 40 °C. The resulting
supernatant was collected and subjected to dialysis against 50 mM
Tris buffer pH 7.5 for 3 h. Following dialysis, the solution underwent
centrifugationat15,000gfor 30 minat4 °C. The pellet, containing the
RLP protein, was redissolved in buffer (50 mM Tris, 500 mM NaCl and
4 Murea, pH7.5)and incubated for 2 hat 40 °C. After this, the dissolved
proteinwas centrifuged at15,000g for 30 min at40 °C. The supernatant
wasthendialyzed once moreinto 50 mM Tris buffer pH7.5for3 h.The
soluble and insoluble phases within the dialysis bag were harvested
and subsequently centrifuged at15,000g for 30 min at4 °C. The pellet
was redissolved in ureabuffer (50 mM Tris, 500 mM NaCland 4 Murea,
pH 7.5) and incubated at 40 °C for 2 h. The solution was centrifuged
at15,000g for 30 min at 40 °C and the purity of the supernatant was
evaluated using SDS-PAGE with Bio-Rad’s any kD Mini-PROTEAN TGX
precast protein gels. This procedure concluded one cycle of purifica-
tion for upper critical solution temperature proteins. One additional
cycle of temperature-dependent purification was carried out before
the proteinwas further purified using the AKTA Pure chromatography
system (Cytiva) equipped with a size-exclusion column (Superdex
Increase 75). The RLP protein was diluted to below 100 pM with urea
buffer and dialyzed into a buffer containing 50 mM Tris and 500 mM
NaCl (pH?7.5) atroom temperature, with the dialysis buffer exchanged
threetimes over a4-h period. Finally, the protein solution was divided
into PCR tubes and frozen at -80 °C for storage.

Incubation of biomolecular condensate with substrates

To form RLP condensates, a frozen stock of the protein was thawed
at room temperature just before use. For the condensate formation
condition, each sample consisted of 30 pl of protein stock mixed with
70 pl of dilution buffer (50 mM Tris pH7.5). The protein solutions were
then incubated at room temperature for 30 min to allow the conden-
sates to form. Thereafter, 1l of a concentrated metabolite mixture
solution (100x final concentration) was spiked into either 100 pl of
solution containing biomolecular condensates or a negative control
solution containing the buffer alone. This volume of preparation canbe
scaled aswished, with the ratio of protein, dilution buffer and reactant
at 30:70:1 (v/v/v) to allow the protein to phase-separate. The protein
stock cannot go through multiple freeze-thaw cycles and it needs tobe
used immediately after thawing. For each single-metabolite substrate,
astock solutionata concentration of 5 mMwas preparedin deionized
water (Fisher, high-performance LC grade).

Combinatorial metabolomics
We sselected a-ketobutyricacid (K1), acetone (K2), a-ketoglutaric acid
(K3), oxaloacetic acid (K4), pyruvic acid (K5), corticosterone (K6),

glyceraldehyde (K7), acetaldehyde (K8), glyoxylic acid (K9) and for-
maldehyde (K10) as representative carbonyl species. The metabolites
containinganamine group included ammonia (A1), histamine (A2), ser-
otonin (5-hydroxyltryptamine, A3), dopamine (A4), lysine (AS5), adenine
(A6), cytosine (A7), guanine (A8), thiamine (A9), taurine (A10), folic acid
(A11), sphingosine (A12), spermidine (A13), O-phosphorylethanolamine
(A14), anthranilic acid (A15), glucosamine (A16), glycine (A17) and orni-
thine (A18). Later in the nontarget cell metabolomics study, we coded
the putrescine and 5-aminopentanoic acid as A19 and A20 because
we successfully predicted existences of the alkylated metabolites
from these two amine-containing metabolites. For each metabolite,
a stock solution of 50 mM was first prepared. Then, any one of the
amine standards (A,, where x =1-18) and any one of the carbonyl spe-
cies (K,, y=1-10) was mixed with an equal volume ratio to form the
25 mM mixture. Thereafter, the mixed solutions containing the same
amine group were pooled (concentration around 2.5 mM) and 1 pl of
the combined solution was aspirated into 100 pl of buffer solution
containing biomolecular condensate for incubation and reductive
amination reaction (final concentration: 25 uM).

nESI-MS data acquisition

nESI-MS was used to conduct both target metabolite detection
and nontarget metabolomics. The nESI sprayer tip was fabricated
of borosilicate glass capillary (outer diameter, 1.5 mm; inner diam-
eter, 0.86 mm; length, 10 cm) by placing it into a micropipette puller
(Sutter P1000 Instrument). Key parameters of the pulling program were
asfollows: heat, 710; velocity, 15; pull, blank; time, 250; pressure, 700.
A microloader (K2080231, 20 pl, Eppendorf) was used to transport
7 pl of sample solution into the nESI micropipette. A stainless-steel
needle connected with a high-voltage supplier was theninserted from
the back end of the micropipette into the loaded sample solution.
The whole nESI tip was positioned in front of a MS instrument inlet
at the distance of 3.0 mm. A high-resolution linear trap quadrupole
Orbitrap Velos MS instrument (Thermo Fisher Scientific) is coupled
to the nESI for data recording detection. When a +1.8 kV high voltage
isapplied to the needle, the strong electric field on the nESI sprayer tip
willinduce the spraying process for ion signal monitoring by MS. The
MS capillary temperature was set at 300 °C, with an S-lens voltage of
55 Vand maximuminjection time setat400 ms. The MSinstrument was
calibrated before measurement usingion mass calibration solutionkits
(Pierce positive, Thermo Fisher).

Preparation of cells with or without RLP condensates
BL21(DE3) competent £. coli (New England Biolabs) was transformed
with plasmid containing the RLP,,; gene or blank plasmid (negative
control) and the transformed cells were selected by plating with
45 ng ml™ kanamycin on a 2xYT agar plate. A single colony was picked
and grown overnightin minimal M9 medium (prepared by adding M9
salts with 2 mM MgSO,, 100 uM CacCl, and 1% w/v glucose), supplied
with 45 pg ml™ kanamycin, at 37 °C with shaking at 250 rpm. Then,
40 pl of overnight cell culture was backdiluted into 4 ml of minimal
M9 medium supplied with 45 pg ml™ kanamycin. To prepare cells with
condensates, when the optical density at 600 nm (ODy,) of cell culture
reached 0.3, 0.5 mM IPTG was added into the culture to induce the
production of the protein. The cell culture was continuously incubated
at 37 °Cwith shaking at 250 rpm for an additional 3 h. To prepare cells
without condensates, the backdiluted cellswere cultured for2 hat 37 °C
without theaddition ofinducer. Theinduced cells were finally collected
by centrifugation at 2,000g for 10 min at 4 °C and flash-frozen by liquid
nitrogen and prepared for metabolism analysis.

Preparation of knockout strains

To constructa BL21(DE3) variant with genomic argD or alaA knocked
out, plasmids were constructed by inserting the corresponding guide
RNA (gRNA) sequence and the template with 500-bp homologous arms
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flanking the loci into the backbone. BL21(DE3) was transformed with
PMYF44 and grown on 2xYT agar with 45 pg ml™ kanamycin at 37 °C
overnight. Then, 3 ml of 2xYT with 45 pg mI™ kanamycin was inocu-
lated with a single colony and grown overnight at 37 °C with shaking
at 250 rpm. The overnight culture was diluted 50-fold into 25 ml of
2xYT with 45 pg ml™ kanamycin and 1% arabinose in a 250-ml shake
flask and grown at 37 °C with shaking at 250 rpm until the OD,,, was
0.35-0.4. The cells were harvested and prepared for transformation
by electroporation. Competent cells were transformed with 300 ng
of knockout plasmids and recovered in 600 pl of SOC mediumfor2 h
at37 °Cwith shaking at 250 rpm. Following recovery, cells were plated
on 2xYT agar supplied with 45 ng ml™ kanamycin and 34 pg mi™ chlo-
rophenol plates and grown overnight at 37 °C. Successful knockout
strains were confirmed by colony PCR. For plasmid curing, knockout
plasmids were cured by growing a single colony in 3 ml of 2xYT with
45 pg ml™ kanamycinand 1% rhamnose at 37 °C with shaking at 250 rpm
toinduce the expression of a gRNA targeting the pBR322 origin. That
culture was then plated onto 2xYT plates withno antibiotics and grown
at42 °Ctocureout pMYF44.

Preparation of gene-knockout cells with or without
condensates

The gene-knockout BL21 (DE3) competent E. coli was transformed
with plasmid containing the RLP gene or blank plasmid (negative
control) and the transformed cells were selected by plating with
45 pg ml™ kanamycin on a 2xYT agar plate. A single colony was
picked and grown overnight in M9 medium (M9 salts with 2 mM
MgSO0,, 100 uM CacCl,, 1% w/v glucose and 0.01% casamino acids),
supplied with 45 pg ml™ kanamycin, at 37 °C with shaking at 250 rpm.
Then, 40 pl of overnight cell culture was backdiluted into 4 ml of M9
medium supplied with 45 pg ml™ kanamycin. To prepare cells with
condensates, when the OD, of cell culture reached 0.3, 0.5 mM
IPTG was added into the culture to induce the production of the
protein. The cell culture was continuously incubated at 37 °C with
shaking at 250 rpm for an additional 3 h. To prepare cells without
condensates, the backdiluted cells were cultured for 2 h at 37 °C
without the addition of inducer. To evaluate the extent of catalytic
performance in metabolic pathways through condensate forma-
tion, BL21(DE3)-AalaA cultures were supplemented with 1 mM
a-L-pyruvate, while BL21(DE3)-AargD cultures were supplemented
with1 mM L-glutamate. The induced cells were finally collected by
centrifugationat2,000gfor 10 min at 4 °C, flash-frozen using liquid
nitrogen and prepared for metabolism analysis.

Preparation of MG1655 stress-induced condensates

A ssingle colony of MG1655 was cultured in M9 minimal medium over-
night. Overnight cultures were backdiluted 1:100 in M9 minimal
medium. For the cells without condensates, the cells were cultured
for 3 hfor characterization. For the formation of heat-stress-induced
condensates, cells were cultured for an additional 2 h and subjected
to heat shock at 48 °C for 1 h on abenchtop dry bath incubator. Cells
were pelleted and resuspended into Hanks’ balanced salt solution for
further characterization.

Untargeted metabolomics data processing

Batches of raw MS data files were first converted to cdf format using
Xcalibur software (Thermo Fisher Scientific). Then, the cdf files were
imported into MATLAB2025a (Mathworks) for further data preprocess-
ing using the in-built functions and self-programmed scripts. Briefly,
each cells sample’s average mass spectrum was constructed on the
basis of ten continuous scans in the corresponding time window. The
metabolite ion’s exact m/z value within a £0.005 Da tolerance was
defined as amass bin for peakintensity extraction. Lastly, adata matrix
composed of peak intensities from all samples was constructed for
univariate and multivariate analysis.

Statistical analysis

For multivariate analysis, SIMCA-P (Umetrics) was used for PCA of
metabolic profiles. Univariate analysis was then conducted to search
for significantly changed metabolite ions among model and control
groups using Student’s ¢-test and F-test. The P values were adjusted
with the false discovery rate (FDR) using the Benjamini-Hochberg
method. Data were visualized using GraphPad Prism and Microsoft
Excel through heat maps, box plots, volcano plots, etc.

Identification of predicted metabolites

Anion of predicted structure was searched through HMDB (http://
hmdb.ca) with the mass tolerance set at 5.0 ppm. The types of ion
adductswerelimited to[M + HJ*,[M + Na]*, [M +K]"and [M + 2Na - H]
in positive mode. The isotope distribution was also used to rule out
impossible formulasin the candidatelist provided by the searchengine.
CID-MS/MSwas conducted to get more detailed structural information.
The CID fragmentation pattern of a new metabolite detected in cell
was compared to the spectrum acquired from the organic synthesis
product. The collision energy was tuned from20to 40 eVtogetagood
MS/MS spectrum with observable precursor ion and sufficient frag-
ment ions. The maximum injection time was set at 400 ms with three
microscans to average each spectrum.

LC-MS

Reaction samples of guanine and acetone under various incubation
conditions were analyzed by LC-MS on the Waters Acquity UPLC and
Thermo Exploris 240 Orbitrap MSinstrument. The mobile phase con-
sists of water containing 0.1% formicacid (solution A) and acetonitrile
containing 0.1% formic acid (solution B). The elution gradient of solu-
tion B was as follows: (1) 0-95% within 0-5 min; (2) hold at 95% for
5-7 min; (3) decrease to 0% over 7-8 min; (4) hold at 0% until 15 min.
The flow rate was 0.2 ml min™. A hydrophilic interaction LC column
(Phenomenex Luna100-A PFP; inner diameter: 2.1 mm, length: 150 mm,
particle size: 3 pm) was used for chromatographic separation and
maintained at room temperature. The injection volume was 3 pl. Mass
spectra were collected in full-scan MS mode with polarity switching
and amass range of 40-600 Da (collecting scans alternating between
positive and negative ionization potentials). The Orbitrap mass resolu-
tionwassetat120,000. All samples went through protein precipitation
before formal LC-MS injection. Acetonitrile was used as the protein
precipitation solvent. The volume of organic solvent was 100 pl per
equal volume of raw biological sample.

Fluorescence spectroscopy

A fluorometer (HORIBA Fluorolog 3-22 system) was used to col-
lect the fluorescence emission spectra and the specific maximum
emission wavelengths of amine and ketone substrates, their imine
intermediates and final reductive amination products. The excita-
tion wavelength was set at 405 nm. The monitored range of emis-
sion wavelength was from 420 nm to 650 nm with the step width at
1nm. N,N-dimethyl-6-propionyl-2-naphthylamine (substrate A) and
4-amino-1,8-naphthalimide (substrate B) were selected as the model
amine and ketone, respectively. Substrates A and Bwere both dissolved
inwater ataconcentration of 500 pM. Equal volumes of two substrate
solutions were mixed to achieve a concentration of 250 pM. A 0.1-ml
aliquot of the reaction mixture was tested immediately using 4.9 ml
of dilution buffer (50 mM Tris pH 7.5) to achieve a final concentration
of around 5 pM. The imine intermediate’s spectrum was acquired by
using another aliquot of reactant mixture after 4 h ofincubation under
the same dilution fold. To get the spectrum of the reductive amination
product, the amine intermediate was reduced by adding 100 pl of a
sodium borohydride (2 mM) solution into 100 pl of reaction mixture
(substrates Aand Bat 250 pM) for 4 hof reduction. The maximum emis-
sion wavelengths of substrates A and B were confirmed to be 450 nm
and 530 nm, respectively. With theincubation time going, the emission
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intensity at 450 nmwas depleted and the emission at 560 nmwas gradu-
ally enhanced because of the Forster resonance energy transfer effect,
indicating occurrence of the condensation process and formation of
the imine intermediate. The maximum emission wavelength shifted
from 530 nm to 560 nm because of C-N bond formation, where the
substrate A-derived electron donor group narrowed the substrate B’s
energy gap and consequently lowered the excitation and emission
energy. Thus,450 nmand 560 nm were selected asreferencesto charac-
terize thereductive amination processinthe confocal microscopy test.

Condensate concentration-dependent reductive
amination test
The concentration of RLP stock solution was 75 uM. A dilution series of
RLP solutions was then prepared by adding 0, 2, 5,10,20,25and 30 pl
of RLP stock solutioninto 30, 28, 25,20,10, 5and O pl of control buffer
(500 mM NaCl and 50 mM Tris, pH 7.5) for a total volume of 30 pl in
each case. Thereafter, each 30-pl protein solution was mixed with 70 pl
of dilute buffer (50 mM Tris pH 7.5) and incubated for 1 h. Then, equal
volumes of guanine (2.5 pl, 200 pM) and acetone (2.5 pl, 200 pM) were
mixed and added into100 pl of protein buffer solution for a5-h reaction
before nESI-MS detection. The relative abundance and conversionrate
were estimated as follows:

2h

Relative abundance % = 100 X ————

T DONA

. Co X Y%
Conversion rate = —2 2

Here, I, and /, represent the sums of the product-related and
substrate-related ionintensities, respectively. The yield was estimated
by presumingaclose ionization efficiency between the substrate gua-
nine and product N-isopropylguanine. C,represents theinitial concen-
tration of guanine inthe protein-containing buffer solution (5 puM) and
trepresentsthe reaction time (5 h).

Purification of FUS, TAF15, EWSR1 and DDX4-LCD
The production of FUS, TAF15 and EWSRI1 followed previous established
protocols with slight modification. All constructs were expressed
in Sf9 insect cells and harvested 72 h after infection. Cells were col-
lected by centrifugation at 300g for 5 min and the resulting pellets
wereresuspended in lysis buffer (50 mM Tris, 1 MKCI, 5% glycerol and
10 mMimidazole, pH7.4). Before cell lysis, aprotease inhibitor cocktail
was supplemented, including 1 mM PMSF, 100 uM AEBSF, 0.08 uM
aprotinin, 5 uM bestatin, 1.5 pM E-64, 2 uM leupeptin and 1 pM pep-
statin A. Cells were lysed by sonication, and the crude was clarified by
centrifugation at20,000g for 20 min. The supernatant wasincubated
with Ni-NTA agarose resinfor1hat4 °C. Followingincubation, theresin
was collected by centrifugationat 300g for 5 min and transferred into
gravity flow columns. The columns were washed with three column
volumes of the lysis buffer to remove nonspecifically bound proteins.
Bound proteins were eluted using the elution buffer (50 mM Tris, 1M
KCl, 5% glyceroland 500 mMimidazole, pH 7.4). The eluted protein was
subsequently applied to anamylose resin column and the flowthrough
was collected and concentrated. Final purification was carried out by
size-exclusion chromatography, using a buffer composed of 50 mM
Tris pH 7.4 and 500 mM KCI. Peak fractions were pooled, aliquoted
into PCR tubes, flash-frozen in liquid nitrogen and stored at —80 °C.
The production of DDX4-LCD was conducted in £. coli cells follow-
ing a previously established protocol without modification’.

Formation of biomolecular condensates by FUS, TAF15, EWSR1
and DDX4-LCD

Allstock solutions of FUS, TAF15 and EWSR1were thawed at room tem-
perature before use. Toinduce biomolecular condensate formation,

3 ul of each protein stock was mixed with 14.5 pl of dilution buffer
(containing 50 mM Tris and 500 mM KCl, pH 7.4) and 2.5 pl of 20%
(w/v) dextran in a PCR tube, resulting in a final reaction volume of
20 pl. The final solution contained 50 mM Tris pH 7.4, 75 mM KCI
and 2.5% dextran. This mixture yielded a final protein concentra-
tion of 2.5 pM, which is above the saturation concentration (c,,) for
condensate formation. As a control condition, protein was added to
afinal concentration of 0.25 pM (below c,,,) under identical buffer
conditions. All samples were incubated at room temperature for
60 min to allow for condensate formation. The Ddx4 condensates
were prepared using an established protocol®**® by diluting the pro-
teinstock 1:1with a buffer containing20 mM Tris pH 8. The final Ddx4
concentrationin condensate solution was 225 uM and the final Ddx4
concentrationin solution without condensates was 45 pM. Samples
were incubated at room temperature for 60 min before adding the
reactants. Thereactions were incubated with the prepared solutions
for 1.5 h at room temperature before subjecting the samples for
nESI-MS analysis.

Fluorogenic assay for C-N bond formation
4-Amino-1,8-naphthalimide and N,N-dimethyl-6-propionyl-
2-naphthylamine were used as fluorescent probes for this assay. The
probes were first dissolved inasolution composed of 50 wt% metha-
nol and 50 wt% buffer (150 mM NaCl and 50 mM Tris, pH 7.5) to final
concentrations of 1.17 mM and 1.11 mM, respectively. The dissolved
probeswere then mixed into acondensate-containing solution (50 pM
protein, 150 mM NaCl and 50 mM Tris, pH 7.5) before characterization
using confocal microscopy (Leica Stellaris 8 Falcon). During imaging,
the excitation laser was set to 405 nm and emission was collected in
three spectral windows: 430-470 nm, 520-540 nm and 555-600 nm.
For data analysis, the reaction between 4-amino-1,8-naphthalimide
and N,N-dimethyl-6-propionyl-2-naphthylamine was monitored
by calculating the fluorescence intensity ratio of 555-600 nm to
430-470 nm.

Zeta potential characterization

Zeta potential of condensates was measured at room temperature
using a DTS1070 cell, with Henry’s function applied at f(ka) = 1.5. Con-
densates for zeta potential measurement were prepared by dialyzing
the protein stock solution (4 M urea, 500 mM NaCl and 50 mM Tris,
pH7.5) into abuffer containing 5 mM NaCland 50 mM Tris (pH7.5). To
minimize the effects of condensate aging during the dialysis process,
the formed condensates were briefly heated to 42 °C to be dissolved
and thenreturned toroom temperature toreinduce phase separation.
SDS and CTABwere added to the solutions containing condensateata
final concentration of 1 mM.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are available in the main text or Supplementary Information.
Additional data supporting the results of this study can be obtained
online (https://osf.io/pf9qn/overview). The cell metabolomics data
are stored on GitHub (https://github.com/xaviersoong/cell_metabo-
lomics_peak_extraction_code_for_condensates_study/tree/main).
Source data are provided with this paper.

Code availability

Self-programmed code was written in MATLAB (2025a version) and
used for processing cell metabolomics data saved in cdf format. It
can be accessed from GitHub (https://github.com/xaviersoong/
cell_metabolomics_peak_extraction_code_for_condensates_study/
tree/main).
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