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Liquid—liquid phase separation is reported to enhance the catalytic
reaction rates severalfold. Herein, we explored the interactions
between a catalyst and a range of substrate concentrations to
understand the impact on the droplet phase and catalytic reaction
kinetics. We observed that the substrate above a critical concen-
tration induces phase transitions within liquid condensates and
restricts the free movement of both the substrate and products,
resulting in an overall reduction of the reaction rate, an obser-
vation not reported earlier.

Introduction

Dynamic assemblies of biopolymers (protein/nucleic acid) orche-
strated through liquid-liquid phase separation (LLPS) are referred
to as biomolecular condensates. Investigations conducted in
recent years reveal that these condensates serve as organisers for
various biochemical processes, including cell signalling, tran-
scription, stress response and enzyme catalysis. Condensates
engaged in enzyme catalysis are further subclassed as catalytic
condensates, which sequestrate catalysts inside a small volume,
leading to a significantly elevated local concentration of the
catalyst."” Consequently, the turnover of the reaction is enhanced
severalfold. For example, glycolytic enzymes in cells form catalytic
condensates (glycolytic bodies/G bodies) under hypoxic con-
ditions to increase the rate of glycolysis. Similarly, six enzymes
involved in de novo purine biosynthesis assemble in purinosomes
and increase the production of nucleotides.**

In recent years, extensive research has been dedicated to
mimicking catalytic condensates in vitro and have consistently
demonstrated improved rate kinetics.>® This enhanced rate is
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attributed to the increased proximity or local concentration of
reacting molecules in the condensate. Furthermore, the reported
enhancement in catalytic reactions is based on the single-point
concentration of the substrate and catalyst."” Importantly, the
concentration of small molecules (substrates) can significantly
alter the driving forces of LLPS (transient and non-covalent
interactions).”™** Consequently, the phase of the condensate
changes, potentially affecting its viscoelastic properties and the
dynamics of substrate channelling during the reaction.”"?
However, the present body of literature lacks comprehensive
studies elucidating the impact of substrate concentration on the
kinetics of these catalytic condensates. Herein, we systematically
vary the substrate concentration and derive the effect on catalytic
reaction kinetics in liquid condensates. We obtained a non-linear
change in the kinetics and correlated it with the phase behaviour
of liquid condensates. We opted for a low-cost, readily synthesiz-
able BSA-gold nanocluster (AuNC@BSA) as a catalyst and the oxi-
dation of pyrogallol as a model reaction.*'* Furthermore, the
catalyst exhibits the ability to undergo LLPS and has demon-
strated an enhanced reaction-rate in condensates for a particular
substrate concentration."® Overall, our findings here pave the way
to understand the effect of small biological molecules (e.g.,
nucleotides, amino acids or other metabolites) on the reaction
kinetics in the condensate phase.

Results and discussion

As reported, we synthesized AuUNC@BSA through the reduction
of Au*" ions using BSA as a reducing and stabilising agent.'®"”
The formation of AUNC@BSA was confirmed by an emission
peak at 670 nm when excited at 450 nm (Fig. 1a) as well as by
agarose gel electrophoresis (inset, Fig. 1a). We induced the
LLPS of AUNC@BSA using 5% (w/v) PEG6000 in 500 mM of
kosmotropic salt, Na,SO,. To follow the formation of liquid
droplets, we labelled 1% of BSA with Texas Red (TR) and moni-
tored fusion events under a fluorescence microscope (Fig. 1b).
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Fig. 1 Characterisation and phase separation of AUNC@BSA: (a) UV-vis
and fluorescence spectra of AUNC@BSA. Inset shows agarose gel elec-
trophoresis of BSA and AUNC@BSA loaded with Coomassie blue under
white and UV light. Colocalization of blue (from Coomassie blue) and
red (from AuNCs) suggest the presence of AuNCs with BSA, (b) fluor-
escence images of TR-labelled AuNC@BSA condensates featuring fusion
events (white double-headed arrow indicates fusing droplets). BLI
studies of (c) BSA, (d) AuNC@BSA at different concentrations of pyrogal-
lol showing high affinity of pyrogallol towards AUNC@BSA with a Kp
value of (35.1 + 3.2) x 107® M in comparison to BSA with Kp = (66.7 +
2.0)x 107> M.

Furthermore, using biolayer interferometry,'® we probed
the interaction of the substrate with the catalyst. 1 mg ml™" of
AuNC®@BSA or BSA was loaded on the activated amine reactive
second generation (AR2G) sensor and the association and dis-
sociation kinetics were recorded by immersing the receptor-
loaded sensor in different concentrations of pyrogallol and
water. We obtained dissociation constants (Kp) of (35.1 + 3.2) x
107® M for the interaction of pyrogallol-AuNC@BSA, and (66.7
+ 2.0) x 107> M for pyrogallol-BSA (Fig. 1c and d). The micro-
molar range of the dissociation constant indicates reversible
binding between the substrate and the catalyst. These inter-
action studies also indicate that in addition to the catalytic
sites on the AuNCs, the protein BSA can also harbour the sub-
strate through at orders of magnitude weaker affinity.

AuNC@BSA catalysts exhibited Michaelis—-Menten kinetics
in the dispersed phase consistent with previous reports.
However, under phase-separated conditions, the reaction rates
followed a bell-shaped curve with increasing substrate concen-
tration (Fig. 2a). We observed a notable 2 to 5-fold increase in
the reaction rate within the 100 pM to 1000 pM substrate con-
centration range, followed by a gradual decline and saturation
at 2000 uM to 3000 pM, respectively (Table S1 and Fig. 2a).
While the initial increase in the catalytic rate can be attributed
to the enhanced local concentrations of both, the substrate
and catalyst within the condensates, the subsequent decrease
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Fig. 2 (a) Kinetics of the oxidation of pyrogallol to purpurogallin cata-
lysed by the BSA-Gold nanocluster (AuNC@BSA) in the presence of high
excess H,O, (0.1 M) in dispersed and phase separated (PS) conditions,
(b) fluorescence microscopy images of Texas red labelled AUNC@BSA in
the absence (control) and presence of different concentrations (100 pM,
1000 pM, 1500 pM and 2000 pM) of pyrogallol. Images are taken after
starting the oxidation reaction by the addition of H,O,. Scale bar is
100 pm. (c) Change in fluorescence of AuNC@BSA with increasing con-
centration of pyrogallol.

in the reaction rate remains unclear. To decipher the under-
lying reason for the drop in the reaction rate, we first estimated
the partitioning of the substrate between the dispersed phase
and condensed phase. The partition coefficient remains unal-
tered with increasing substrate concentrations, indicating no
bias in the substrate uptake by the condensates (Fig. S1t).
Furthermore, we did not observe any change in the droplet
integrity and size with increasing substrate concentration
(Fig. 2b and Table S27).

Next, we probed the effect of the substrate on catalysts and
monitored the fluorescence intensity of the AuUNC@BSA at
670 nm with increasing amounts of pyrogallol. We observed a
typical sigmoidal feature, a gradual increase in the fluo-
rescence intensity with increasing pyrogallol concentration
(100-1500 puM), followed by a sudden jump above 1500 pM.
The intensity reaches a saturation above 2500 uM (Fig. 2¢). It is
known that Au-nanoclusters exhibit higher emission in non-
polar solvents compared to that in polar.’® We argue that pyro-
gallol binds with BSA and screens solvent accessibility for
AuNC@BSA, thus gradually enhancing the hydrophobicity
within the droplet and around AuNC@BSA. We already
measured a weak interaction of pyrogallol with BSA using BLI.
To understand the nature of interactions, we docked BSA (PDB
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ID 3V03) and pyrogallol using AutoDock Vina, and identified
several possible sites of interactions that may support our
argument (Fig. S21). The observed docking complexes indicate
that the hydroxyl groups of pyrogallol are engaged in hydrogen
bonding interactions with several residues in BSA (bovine
serum albumin). This interaction suggests that the hydroxyl
groups are shielded by these interactions, potentially leading
to an enhancement in hydrophobicity. This shielding effect
could arise from the formation of hydrogen bonds between
the hydroxyl groups of pyrogallol and specific amino acid resi-
dues in BSA, which might alter the overall hydrophobic charac-
ter of the system.

Furthermore, it is reported that the fluorescence intensity
of AUNC@BSA increases with the phase separation to a higher-
order aggregation.*” We too observed a step-wise increase in
fluorescence intensity beyond 1500 uM of the substrate con-
centration, followed by saturation, indicative of the phase tran-
sition. The catalytic rate also declines within this concen-
tration range. Based on these findings, we propose that the
hydrophobic environment within the droplets facilitates a
phase transition from a liquid state to a crystalline phase. This
crystalline phase could impede the efficient channelling of the
substrate and product, resulting in a decrease in reaction kine-
tics (see Fig. 2a). To test our hypothesis, we first measured the
rate of droplet formation of AuNC@BSA with and without pyro-
gallol from the turbidity assay (scattering at 700 nm). We
found that the condensate forming rate is twice in the pres-
ence of 2000 pM pyrogallol (Fig. 3a). The faster rate indicates
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Fig. 3 Effect of the substrate on the phase behaviour of AuUNC@BSA: (a)
rate of formation of the droplet monitored by measuring the change in
turbidity with respect to time at 700 nm, (b) condensates of AUNC@BSA
undergoes liquid to the solid phase transition on increasing temperature.
The phase transition was monitored by measuring turbidity at 700 nm
using a UV-vis spectrophotometer and the transition is LCST (lower criti-
cal solution temperature) type. (c) LCST of the liquid to the solid phase
transition of AUNC@BSA in the absence and presence of the substrate
(2000 pM). (d) The difference of LCST (ALCST) in the absence and pres-
ence of various concentrations of the substrate.
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that the presence of the substrate molecule facilitates faster
ageing of the condensates. Faster ageing may lead to the faster
phase separation of the liquid condensates to a solid-like
phase, a phenomenon commonly noticed in amyloids.
Secondly, we measured the lower critical solution temperature
(LCST) of the liquid condensates. For this, we gradually heated
the phase-separated mixture and monitored the temperature
above which the liquid condensates of AuNC@BSA separated
into two immiscible phases as seen in Fig. 3b.

At lower temperatures, robust solvent-solute interactions,
primarily through hydrogen bonding, yield a negative enthalpy
of mixing. Consequently, this results in an overall negative
change in the free energy mixing, thus maintaining solubility
at lower temperatures. However, upon heating beyond the
LCST, these solvent-solute interactions are disrupted. Instead,
entropically driven interactions, such as hydrophobic inter-
actions between solute molecules, become dominant. This
transition leads to phase separation, transforming the initially
miscible liquid into an immiscible solid phase.’®*" Here, we
estimated the LCST for AuUNC@BSA condensates at each pyro-
gallol concentration by measuring turbidity at 700 nm while
heating the mixture. LCST was calculated from the differential
change in turbidity with temperature (as shown in (dA,qo/dT)
vs. temperature plot in Fig. 3c). In the absence of any sub-
strate, the LCST of the droplets was 62 + 1 °C and decreased
gradually upon increasing the substrate concentration
(Fig. 3c). We measured the difference of LCST between the no-
substrate to the substrate (ALCST = LCSTno substrate
LCSTsubstrate) and plotted the change in ALCST with increasing
substrate concentration. We observed a gradual increase in the
ALCST value up to 1000 pM, followed by a sudden jump there-
after until 2000 pM and saturation (Fig. 3d). The trend ALCST
corresponds to the change in fluorescent intensity of
AuNC@BSA with the increasing substrate, and supports our
hypothesis of phase behaviour alteration within the
condensates.

Our observations suggest that once the substrate concen-
tration surpasses a critical threshold, the internal environment
within the liquid condensates undergoes changes, influencing
the dynamics of the solvent. This alteration impedes the free
movement of both substrate and products, resulting in an
overall reduction in the reaction rate.

Conclusions

This study investigated the intricate interaction dynamics
between pyrogallol and AuNC@BSA catalysts across varying
substrate concentrations. At lower concentrations, weaker
interactions limit significant phase transitions, while reaction
rates remain higher within the condensed phase. As the sub-
strate concentration increases, stronger interactions initiate
the phase transitions impacting both reaction kinetics and
ALCST values. The sigmoidal increase in the fluorescence
intensity observed from 1500 pM signifies a less sensitive
response to initial phase transitions compared to ALCST and

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4nr01402b

Published on 12 2024. Downloaded on 2025/11/1 11:41:36.

Nanoscale

reaction rate measurements. Complete phase transition at
higher substrate saturates fluorescence intensity and ALCST,
correlating with decreased reaction rates due to altered
dynamics in the condensed phase.

Our studies have revealed that catalytic reactions occurring
within liquid condensates do not adhere to the classical
Michaelis-Menten kinetics model. This departure from the tra-
ditional enzymatic kinetics underscores the unique nature of
biochemical processes within the condensed phases, where
factors such as spatial confinement and altered microenviron-
ments play significant roles in modulating reaction kinetics.
These findings emphasize the critical importance of consider-
ing the substrate concentration when studying the reaction
rates within catalytic condensates. Moreover, phase-separated
catalytic condensates demonstrate significant potential for
applications in energy,”® environment,> biotechnology
sectors,® and enhancing reaction Kkinetics. However, for
effective in vitro catalysis, modifying catalytic surfaces or sup-
plementing systems with small molecules is crucial to restrict
further phase transitions in condensates without compromis-
ing reaction rates. In sum, these findings not only advance a
fundamental understanding of reaction dynamics within con-
densates but also offer practical insights into manipulating
and emulating biological systems.
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