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Abstract

Multiple biomolecular condensates coexist at the pre- and post- synapse to enable vesicle dynamics and
controlled neurotransmitter release in the brain. In pre-synapses, intrinsically disordered regions (IDRs) of
synaptic proteins are drivers of condensation that enable clustering of synaptic vesicles (SVs). Using com-
putational analysis, we show that the IDRs of SV proteins feature evolutionarily conserved non-random
compositional biases and sequence patterns. Synapsin-1 is essential for condensation of SVs, and its
C-terminal IDR has been shown to be a key driver of condensation. Focusing on this IDR, we dissected
the contributions of two conserved features namely the segregation of polar and proline residues along the
linear sequence, and the compositional preference for arginine over lysine. Scrambling the blocks of polar
and proline residues weakens the driving forces for forming micron-scale condensates. However, the
extent of clustering in subsaturated solutions remains equivalent to that of the wild-type synapsin-1. In
contrast, substituting arginine with lysine significantly weakens both the driving forces for condensation
and the extent of clustering in subsaturated solutions. Co-expression of the scrambled variant of
synapsin-1 with synaptophysin results in a gain-of-function phenotype in cells, whereas arginine to lysine
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substitutions eliminate condensation in cells. We report an emergent consequence of synapsin-1 conden-
sation, which is the generation of interphase pH gradients that is realized via differential partitioning of pro-
tons between coexisting phases. This pH gradient is likely to be directly relevant for vesicular ATPase
functions and the loading of neurotransmitters. Our studies highlight how conserved IDR grammars serve

as drivers of synapsin-1 condensation.

© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-

tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Functional neurotransmission relies on repeated
cycles of synaptic vesicle (SV) exocytosis and
endocytosis at the synapse. As part of this cycle,
hundreds of SVs are clustered at the pre-synapse,
forming distinct biomolecular condensates driven
by highly abundant synaptic proteins including
synapsins.'® Synapsin-SV condensates enable
reversible sequestration and maintenance of sol-
uble synaptic protelns that are essential for distinct
steps of SV cycles.*® Pre-synapses appear to be
complex emulsions defined by multiple coexisting
phases composed of synapsins, synaptoghysin,
synucleins, and other pre-synaptic proteins.

The C-terminal intrinsically disordered region
(IDR) in synapsin-1 is requwed for driving phase
separation in cells and in vitro." Additionally, anti-
body binding to '(hIS IDR disperses SV clusters at
lamprey synapses.” In cells, co-expression of
synapsin-1 with synaptophysin (SYP), a resident
SV membrane protein, is required for condensa-
tion.® Interactions between the cytosolic tail of
SYP and the C-terminal IDR of synapsin-1 drive
condensation.® The working hypothesis is that com-
plementary electrostatic interactions contrlbute to
co-condensation of SYP and synapsin-1.° The
synapsin-1 IDR can also interact with SH3
domain-containing proteins, including intersectin,
to drive condensation in wtro and regulate nanos-
cale organization in cells.” Taken together, the
extant data suggest that both IDR-IDR and IDR-
structured domain interactions are important for
the formation and regulation of synapsin-SV
condensates.

Here, we report that pre-synaptic proteins feature
IDRs defined by distinct molecular grammars.
Molecular grammars refer to the non-random
compositional biases and binary sequence patterns
within an IDR.'®'* Our computational analysis is
suggestive of the molecular grammars within IDRs
of SV proteins enabling complementary interactions
among IDRs that make up SVs. Mutations to the
synapsin-1 IDR that perturb its molecular grammars
can abolish SV condensation in vitro and in cells.
Using microfluidics-based scanning to measure
phase boundaries and microfluidic resistive pulse
sensmg (MRPS) to quantify S|ze dlstrlbutlons of clus-
ters in subsaturated solutions,'®'® we characterized
the differential effects of molecular grammars on the

assembly of synapsin-1 condensates. This helps
show how certain features such as amino acid com-
position affect both clustering and phase separation,
whereas other features such as sequence pattern-
ing, without changes to compositions, affect phase
separation but do not affect clustering. Finally, using
pH-sensitive fluorescence dyes, we demonstrate
that protons partition preferentially into dense
phases of synapsin-1 condensates, thus generating
a distinct chemical environment.

Results

IDRs of SV proteins are defined by distinct and
complementary molecular grammars

Previous studies have shown that IDRs of
proteins that make up condensates are defined b
condensate-specific molecular grammars.'%""*
We f|nd that approximately 50% of reS|dent SV pro-
teins®® and SV-accessory proteins®® contain IDRs.
To assess if distinct molecular grammars exist
within the IDRs of resident SV proteins and soluble
SV-accessory proteins, we deployed NARDINI+,
which calculates the z-scores of 90 sequence fea-
tures for each SV protein.'"1219:23

The z-scores carry specific interpretations: If the
feature in question quantifies a compositional bias,
then the z-score quantifies the extent to which the
feature is enriched or depleted when compared to
the human IDRome. Positive z-scores signify
enrichment, whereas negative z-scores signify
depletion. If the feature in question is the degree
of mixing or segregation of a pair of residue types,
then a positive z-score implies a linear sequence
segregation of the residue types, whereas a
negative z-score implies that the residue types are
well-mixed in the linear sequence. The
magnitudes of these patterning z-scores quantify
the extent of non-random segregation or mixing
and this is calibrated against an ensemble of
randomly shuffled sequences, where the
composition is identical to the sequence of
interest.’ The 90 features that were analyzed for
each sequence quantify compositional biases and
non-random patterning.

We find that IDR grammars of resident SV
proteins and accessory proteins are distinct from
one another and IDRs of proteins that belong to
other condensates (Figure 1A). Compositionally,
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Figure 1. IDRs of proteins that make up synaptic condensates feature distinct molecular grammars. A.
NARDINI+ analysis shows that IDR grammars of SV proteins are distinct from those of IDRs in other condensates. P-

values were calculated using the two-sample Kolmogorov-

Smirnov test between the distribution of z-scores for IDRs

in each condensate versus the distribution of z-scores for all remaining IDRs of length > 30 in the human proteome B.
NARDINI+ analysis of main SV proteins. Compositions and sequence patterns of IDRs of pre-synaptic proteins fall
into distinct clusters denoted by dendrograms and different colors of the protein names. Here, * denotes SV resident
proteins. C. Schematic illustrating the chemical complementarity across IDRs within proteins that are a part of SV

clusters.

IDRs of resident SV proteins are enriched in
negatively charged and aromatic residues when
compared to the human IDRome (Figure 1A).
Archetypes of these IDRs include the cytoplasmic
tails of SYP and synaptogyrin-1 (SYNGR1), which
are enriched in aromatic residues, and the
cytoplasmic tails of the vesicular glutamate
transporters (VGLUTs) and the synaptic vesicle
glycoproteins (SV2s) which are enriched in both
negatively charged and aromatic residues
(Figure 1B). In contrast, soluble SV-accessory
proteins are enriched in proline and blocks of
polar and proline residues that are non-randomly
segregated from one another along the linear
sequence (Figure 1A). Additionally, many of the
IDRs in the SV proteins are positively charged
with a clear preference for arginine over lysine
residues, and this includes the synapsins (SYNs)
(Figure 1B).

The molecular grammars of IDRs in resident
transmembrane and accessory SV proteins are
conserved across metazoans from lampreys, the
oldest vertebrate predecessor, to humans (Sl
Appendix Figure S1). The distinct IDR grammars
enriched in the resident and accessory SV
proteins are suggestive of chemical
complementarity that likely mediates the formation
and regulation of SV condensates. Chemical
complementarity is important for driving of
homotypic (between pairs of the same IDR) and
heterotypic (between different pairs of IDRs)
interactions. Signature of chemical
complementarity include the presence of:
oppositely charged residues, aromatic residues,
proline and aromatic residues, as well as cationic

and pi residues, especially arginine and aromatic
residues (Figure 1C).5**

In cell and in vitro assessments of the effects
of distinct molecular grammars

To assess the impact of distinct molecular
grammars on SV condensation, we focused on
synapsin-1, which is a key protein that drives the
assembly of SV condensates.' Synapsin-1 has an
N-terminal IDR, a substrate binding domain, and a
C-terminal IDR (S| Appendix Figure S2A). The C-
terminal IDR is enriched in blocks of polar and pro-
line residues that are segregated from one another.
This IDR also shows a clear preference for arginine
over lysine (Figure 2).

To test the impacts of these distinctive grammars
on synapsin-1 phase separation, we designed two
variants of synapsin-1 where the designs focused
on the C-terminal IDR. In the SCR variant, we
scrambled the sequence of the IDR to disrupt
proline/polar blocks while keeping the overall amino
acid composition fixed (Figures 2, 3A, Sl Appendix
Figure S2B). In the RtoK variant, arginine residues
within the IDR were substituted with lysine (Figures
2, 3B, Sl Appendix Figure S2B). This mutant was
designed to alter the chemical complementarity
while maintaining the basic nature of the residues
and their patterning within the sequence.

In cells, co-expression of SYP is necessary for
synapsin-1 condensation.® SYP is an integral SV
membrane protein that is responsible for the gener-
ation of small vesicles.>®> SYP contains a cytoplas-
mic IDR enriched in aromatic residues (Figures
1B, 2, Sl Appendix Figure S2C). We hypothesized
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Figure 2. Cluster map of NARDINI+ z-score vectors of SYP IDR, SYN1 IDR1, SYN1 IDR2, and the SYN1 IDR2
variants examined in this study. Only features in which at least one |z-scorel>1 are shown.

that the distinct grammars of the C-terminal IDR of
synapsin-1 and the SYP IDR should enable com-
plementary networks of cation-pi-pi interactions.”*
We tested this hypothesis by co-expressing WT
synapsin-1 and the synapsin-1 variants with SYP
in cells.

Consistent with previous results, we find that co-
expression of mCherry-tagged WT synapsin-1 with
SYP leads to co-condensation in cells, whereas
synapsin-1 remains soluble in the absence of SYP
(Figure 3E, SI Appendix Figure S3).° In contrast,
condensates failed to form when we co-expressed
the SCR variant of synapsin-1. Instead, this variant
showed a gain-of-function phenotype characterized
by co-localization with cytoskeleton elements (Fig-
ure 3F-G). This localization pattern was maintained
even in the absence of SYP (S| Appendix Fig-
ure S3). Together, these results suggest that the
non-random and conserved patterning of polar and
proline residues mediates the synapsin-1 interaction
network.

The substitution of arginine with lysine in the
synapsin-1 IDR abrogated co-condensation with
SYP in cells (Figure 3E). Therefore, even though
lysine and arginine are basic residues, arginine
and lysine are not interoperable in the context of
the C-terminal IDR of synapsin-1. It appears that
the interactions between SYP and synapsin-1 are
dominated by complementary  cation-pi-pi
interactions rather than complementary
electrostatic interactions alone.® Overall, disrupting
the distinct molecular grammars in the synapsin-1
IDR change the interaction network and phase sep-
aration of synapsin-1 in cells.

Previous studies showed that the synapsin-1 C-
terminal IDR is sufficient for phase separation
in vitro in the presence of crowders. This result
suggests that although homotypic interactions do
not drive phase separation in cells, homotypic,
depletion-mediated® synapsin-1 interactions likely
still contribute to the overall in cell phase behavior.
Thus, it is important to understand the effects of
modulating molecular grammars on synapsin-1
homotypic phase behavior. To accomplish this, we

turned to in vitro characterizations of phase behav-
iors, where we cloned, expressed, and purified WT
synapsin-1 and the two variants. All proteins have
an EGFP fluorescent tag (Figure 3C, Sl Appendix
Figure S4). In the presence of 3% PEG 8000 we
used microscopy to characterize the micron-scale
assembles formed by 8 uM of each of the three pro-
teins in 25 mM Tris-HCI (pH 7.4), 0.5 mM TCEP,
and 150 mM NaCl. The WT and the two variants
showed stark differences in their ability to form con-
densates. WT synapsin-1 readily formed conden-
sates of 2-3 um in diameter, whereas the SCR
variant formed smaller condensates of up to
~1 pum in diameter. These micron-scale conden-
sates were not observed for the RtoK mutant con-
struct under identical solution conditions
(Figure 3D). It is clear that substitution of arginine
to lysine weakens depletion-mediated homotypic
interactions that abolish the formation of micron-
scale assemblies.””?’"%° Similar results were
observed in the presence of 10% Ficoll 400 (SI
Appendix Figure S5), suggesting that phase sepa-
ration in the presence of crowders does not depend
on the type of crowder.

Next, we turned to identifying the drivers of
synapsin-1 phase separation in the presence of
crowders. Using NARDINI+, we find that the
sequence grammar of the N-terminal IDR of
synapsin-1 shares greater similarity with the SYP
IDR when compared to the C-terminal IDR of
synapsin-1 (Figure 2). Specifically, the N-terminal
IDR is enriched in aromatic residues but to a
weaker extent than the SYP IDR. This suggests
that interactions between the N- and C-terminal
IDRs may be important for synapsin-1 phase
separation in the absence of other proteins. To test
this hypothesis, we used FINCHES, an algorithm
designed to predict IDR-mediated intermolecular
interactions.*® The prediction is that the hydrophobic
N-terminus of the N-terminal IDR of synapsin-1 pref-
erentially interacts with the WT C-terminal synapsin-
1 IDR (Sl Appendix Figure S6A). This interaction is
predicted to be similar for the SCR variant, but weak-
ened for the RtoK variant.
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Figure 3. Disruption of the conserved molecular grammars within the C-terminal IDR of synapsin-1 can
weaken or abrogate condensate formation in vitro and in cells. A. Schematic showing the synapsin-1 scrambled
IDR in which polar and proline blocks are evenly distributed to reduce their segregation along the linear sequence. B.
Schematic of the synapsin-1 IDR showing the substitution of Arg with Lys. C. Coomassie gel indicating the final
recombinant proteins used for the biophysical assays. D. Microscopy images of EGFP-synapsin-1 (8 uM) with WT,
SCR, and RtoK IDR reconstituted in 25 mM Tris-HCI (pH 7.4), 0.5 mM TCEP, 150 mM NaCl and 3% PEG 8,000.
Scale bar, 5 um. E. Images of HEK cells co-expressing mCherry-tagged synapsin-1 WT (left), scrambled IDR
(middle), or RtoK IDR (right) with untagged synaptophysin. Mutants disrupted the formation of normal synapsin
condensates. Expression of synapsin-1 designed to have its C-terminal scrambled leads to the formation of filaments
that resemble those of cytoskeleton, whereas the RtoK substitutions in this IDR completely abolished condensation.
Scale bar: 10 um. F. Image of HEK cells expressing mCherry-tagged synapsin-1 scrambled IDR (middle) co-stained
with CellMask™ Green Actin Tracking Stain (for actin, left) and SiR-tubulin (for microtubules, right). Scale bar: 10 um.
G. Magnified regions from F highlighting the colocalization of synapsin-1 scrambled IDR with actin (left, 1) and
microtubules (right, 2). Scale bar: 5 um.

Given that SCR showed differences in predicted interactions involving the synapsin-1 C-

condensation compared to WT and the C-terminal
IDR is sufficient for phase separation in vitro,
phase separation of synapsin-1 in the presence of
crowders is not likely to be just the result of
interactions between the two IDRs in synapsin-1.
Accordingly, we also used FINCHES to identify

terminal IDR alone.

The WT synapsin-1C-terminal IDR has a region
enriched in proline, glutamine, arginine, and
histidine residues that is predicted to be drive
interactions between pairs of the same IDR (SI
Appendix Figure S6B). Distributing polar and
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proline residues uniformly across the sequence, as
in the SCR variant, reduces the predicted intra- and
inter-IDR interactions involving this region. Thus,
although the chemical groups remain unchanged
between WT and SCR, the patterning of the
chemical groups gives rise to differences in
predicted intra- and inter-IDR interactions.
Furthermore, consistent with experimental results,
the predicted intra- and inter-IDR interactions are
generally repulsive for the RtoK variant.

Consistent with the in-cell data, FINCHES
predicted that heterotypic interactions between the
synapsin-1 IDRs and the SYP IDR are more
attractive than inter-IDR interactions of synapsin-1
alone (Sl Appendix Figure S6C-D). It is
noteworthy that the regions that are predicted to
be most attractive in homotypic interactions are
the same as those predicted to be most attractive
in heterotypic interactions. Lastly, we note that
synapsin-1 can form homo- and hetero-dimers
with other synapsins.®” Dimerization has the poten-
tial to enhance phase separation by increasing the
valency of regions that drive phase separation, such
as the synapsin-1 C-terminal IDR.*®
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Synapsin-1 IDR grammars directly affect
driving forces for phase separation

To obtain rigorous quantification of driving forces
for homotypic phase separation, we mapped
comparative phase boundaries for the synapsin-1
variants using a microfluidics-based “PhaseScan”
approach® (Figure 4A). Phase separation is
defined by the presence of threshold concentrations
or threshold solubility products depending on
whether homotypic versus heterotypic interactions
drive the process.*%*' Measuring phase boundaries
requires a scan in concentration space to delineate
the one- and two-phase regimes. Synapsin-1 WT,
synapsin-1 SCR, and synapsin-1 RtoK each
showed distinct phase boundaries (Figure 4B).
Scrambling the C-terminal IDR of synapsin-1 and/
or R-to-K substitutions within the IDR significantly
weakened the driving forces for phase separation.
This is clear from a rightward shift of the phase
boundaries towards higher PEG concentrations, a
decrease in the slope, and changes in the shape
of the coexistence curves (Figure 4C). The altered
shapes of phase boundaries and weakened sensi-
tivity to changes in protein and PEG concentrations
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T w10 25 w10

£ wT 2

% Scrambled %
s ftos 2.0 RioK s los

[<] [<}

oY == owarm | 5
c 0.6 1.54 boundary | < 0.6

2 S

s ©
© 0.4 1.0 © 0.4

Q o

O Q

[z 2]
|2 [}02 05 g [to0.2

© ©

= =
o Boo o0 . ; — 0 Lloo

4 6 8 10
PEG, % (w/v) PEG, % (w/v)

Figure 4. Molecular grammars of synapsin-1 IDR influence synapsin-1 condensation. A. Left: scheme of the

microfluidic chip. The insets 1, 2, and 3 are flow rates of synapsin-1, PEG and buffer. Middle: an exemplary
photograph of the chip (filled out with a colored solution to highlight the device features). Right: micrographs of
individual droplets containing either mixed (green squares) or phase separated (red squares) solution. Classification
is performed on each individual droplet as described in Methods. B. Low concentration arms of phase boundaries of
EGFP-synapsin-1 WT (left, N =29,187 points), EGFP-synapsin-1 scrambled IDR (middle, N = 13,203 data points), or
EGFP-synapsin-1 RtoK IDR (right, N = 64,675 data points). Red and blue data points correspond to individual
microdroplets classified as phase separated or homogeneous, respectively. The heatmap quantifies the phase
separation probability. C. Combined phase boundaries from A showing the low concentration arm. The boundaries
are drawn using an algorithm, that segregates the measured points that belong to the one-phase versus two-phase
regimes.
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pomt to decreased dominance of homotypic interac-
tions*® engendered by scrambling the sequence
and/or arginine to lysine substitutions.

Impact of synapsin-1 IDR grammars on
clusters formed in subsaturated solutions

Condensation combines reversible binding,
phase separation, and percolation.'*'”*7° The
formation of cluster phases, as kinetic intermedi-
ates, cannot be ruled out as contributors to conden-
sation.*® Percolation is a networking transition,
whereas phase separation is a density transition
of the entire solution.** One signature of percolation
is the formation of heterogeneous distributions of
pre- percolat|on clusters in subsaturated solu-
tions.">'®*” Subsaturated solutions refer to con-
centrations that are below the threshold for phase
separation. Note that the origins of clusters in sub-
saturated solutions are likely to be system-specific
depending on the type of physical system (associa-
tive polymers, block copolymers, branched poly-
mers, etc.) onto which the proteins of interest can
be mapped.*® Pre-percolation clusters form as the
result of encoded hierarchies of so-called sticker
versus spacer mediated interactions.'®'®*® Stick-
ers refer to cohesive domains, motifs, or residues
and spacers are interspersed between stickers that
modulate the overall solublllty of sticker-and-spacer
containing sequences.*® The average sizes of pre-
percolation clusters typically increase with increas-
ing concentrations. Furthermore, the distributions
of cluster sizes are heavy-tailed implying that the
dominant clusters are oligomers, whereas the
ultra-low likelihood species are clusters comprising
hundreds of molecules.''®

Percolation and phase separation are governed
by two different sets of interactions that can be
strongly coupled, weakly coupled, or decoupled
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from one another.***°°° The strengths of reversible
associations between stickers determine the perco-
lation threshold and the concentration-dependent
size distributions of pre-percolation clusters. These
clusters grow continuously with concentration and
become system-spanning above the percolatlon
threshold.”**° In contrast, phase separation is gov-
erned by solubility considerations, which is quantl-
fied by the Flory-Huggins y parameter A
requirement for phase separation is that y > 0.5,
and the solubility limit, which defines the saturation
concentration or solubility product is set by the mag-
nitude of .

Overall, the valence of stickers and the strengths
of attractive interactions between stickers set the
percolation threshold and the concentration-
dependent evolution of the size distributions of
pre-percolation clusters. The Flory-Huggins
parameter, which is governed jointly by the
solvation preferences of spacers that are
interspersed between stickers and sticker-sticker
interactions will determine the driving forces for
phase separation.

We depl Xed microfluidics resistive pulse sensing
(MRPS)>*** to quantify 5|ze dlstrlbutlons of clusters
in subsaturated solutions.’ In MRPS, individual
particles in a sample flow through a nano-
constriction across a potential drop in a microfluidic
cartridge. The changes to the electrical resistance
over the transit time of the particle are used to cal-
culate the particle concentration and diameter,
respectively.”* This method, which is label-free,
enables the quantification of sizes ranging from
70 nm to 10 um.

Substitution of arginine to lysine alters the size
distributions of clusters in subsaturated solutions
showing a pronounced shift toward smaller
species (Figure 5A, B). This points to weakened
intermolecular associations that weaken both
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Figure 5. Comparative assessments of cluster size distributions in subsaturated solutions. A. Cluster size
distributions in subsaturated solutions for synapsin-1 WT (green), SCR (orange), and RtoK (magenta) variants.
Measurements were performed at equivalent conditions (8 uM for each synapsin-1 variant with 3% PEG 8000 in
25 mM Tris-HCI pH 7.4, 150 mM NaCl, 0.5 mM TCEP) using a C-2000 cartridge in an nCS1 instrument. The plot
shows the counts that are normalized to the maximum value as a function of the particle diameter. B. Cumulative
counts for cluster size distributions shown in A. Error bars (shaded) represent standard errors about the mean values.
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clustering in subsaturated solutions and the driving
forces for phase separation. The latter is manifest
as increased threshold concentrations for phase
separation, requiring higher concentrations of
PEG (Figure 4A, B). In contrast, even though the
driving forces for phase separation are weakened
when the sequence of the IDR is scrambled in the
SCR variant, clustering in subsaturated solutions
is equivalent for synapsin-1 WT and synapsin-1
SCR. This implies that the driving forces for
forming pre-percolation clusters and phase
separation are decoupled by scrambling of the
proline and polar blocks. This stands to reason,
because in mean-field models, the percolation
threshold and hence the extent of clustering are
governed purely by the valence and type of
stickers that is governed by the composition,
which remains unchanged for the SCR variant.
However, the solubility limit, which sets the
threshold for density transitions,*®> which is known
to be affected by the patterning of stickers and
spacers of different types,”’*°° is altered by
scrambling polar and proline residues. This is
because the entirety of the sequence, not just the
composition, contributes to setting the sequence-
specific solubility limit. This is an important finding
because it is one of the few instances showing
how contributions to clustering in subsaturated
solutions and the driving forces for phase separa-
tion can be decoupled. It highlights that while intrin-
sic valence, and hence composition, contributes to
clustering and percolation, the overall solubility is
governed by patterning, thus emphasizing the con-
tributions of the entirety of the protein sequence.

Interphase pH gradients in synapasin-1
condensates

Biomolecular condensates are defined by two or
more coexisting phases. Chemical potentials of all
solution components are equalized across the
phase boundary, and preferential interactions of
solutes or ions such as protons with molecules in
the dense or dilute phase can generate passive
interphase potentials®® and pH gradients.”* We
asked if phase separation of synapsin-1 generates
a pH gradient. This is because maintenance of a
pH gradient is likely to be essential for vesicular
ATPase functions and loading of neurotransmitters
into SVs.%0¢"

To determine if there is an interphase pH gradient
and assess how this might be affected by designed
mutations to the IDR of synapsin-1, we employed
ratiometric pH-sensitive dyes.'* These measure-
ments are based on the use of ratiometric Semi-
naphtharhodafluor (SNARF) dyes, specifically
SNARF-1 and SNARF-4. If protons preferentially
bind to molecules in the dense phase, then at equi-
librium, there will be a passive, interphase proton
(pH) gradient making the dense phase more acidic
than the coexisting dilute phase. The converse will

be true if protons bind preferentially to molecules
in the dilute phase.

Using the ratiometric pH-sensitive dye SNARF-1
(Figure 6A—-C), we found that synapsin-1 WT,
SCR, and RtoK showed equivalent abilities to
accumulate protons in dense phases (Figure 6D).
Therefore, while molecular grammars in synapsin-
1 control driving forces for condensation, the
interphase pH gradients remain unchanged,
presumably because sequences have an identical
net charge.'*

Discussion

Our studies show that the conserved molecular
grammars within the C-terminal IDR of synapsin-1
influence condensation via homotypic interactions
in vitro and co-condensation with SYP in cells.
Computational analysis based on the FINCHES
algorithm®® shows how homotypic and heterotypic
interactions are likely to contribute to the observa-
tions in vitro and in cells. Arginine residues are nec-
essary to drive homotypic and heterotypic
interactions that cannot be accounted for purely
due to arginine being a basic residue. Instead, argi-
nine is a stronger sticker than lysine due to its pi-like
character and stronger cation-pi-pi interactions®*
that can engage with aromatic residues in
synapsin-1 and other pre-synaptic proteins.

The segregation of polar and proline residues into
distinct blocks is also necessary for homotypic
associations and for proper cellular interactions of
synapsin-1. Blocks of polar residues ma
contribute  to  homotypic interactions,'%>°
whereas proline-rich regions can contain motifs that
interact with SH3 domain containing pre-synaptic
proteins such as intersectin.’®* In contrast, the for-
mation of pre-percolated clusters in subsaturated
solutions does not depend on segregation of polar
and proline residues.

Although the focus of our study has been on the
IDR of synapsin-1, our approach can be applied to
study how interactions between various pre-
synaptic proteins modulate the formation and
regulation of SV condensates. Approximately half
of the SV resident and soluble SV accessory
proteins contain IDRs, and these two sets of pre-
synaptic proteins contain distinct  and
complementary IDR grammars (Figure 1A). We
propose that SV clustering is regulated by
interactions involving chemical complementarity
that is distributed across IDRs of different pre-
synaptic proteins. There is support for this
hypothesis given that the SV resident proteins
SYP, VGLUT1, and VAMP2 and the accessory
protein a-synuclein have all been shown to
modulate SV clustering.®>~"° Additionally, a recent
study showed that resident proteins SYP,
SYNGR1, and SYNPR can co-condense SVs with
synapsin-1.”" Our analysis shows that the cytoplas-
mic C-terminal IDRs of these three proteins cluster
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Figure 6. Synapsin-1 condensates sequester protons and lower pH. A. Representative micrographs of EGFP-
synapsin-1 condensates (8 uM protein in 3% PEG 8,000) co-incubated with the ratiometric pH-sensitive reporter
SNARF-1. SNARF-1 was excited at 561 nm and recorded at 582-586 (yellow) and 660—664 nm (red). Scale bar,
5 um. B. Carboxy SNARF-1 calibration curve for reconstitution buffer (25 mM Tris—HCI, 150 mM NaCl, 0.5 mM TCEP)
at different pH (pH 6-9) from a single plane. Data were fit to a one-phase-decay function. C. Left: Example
micrograph indicating a pH map for EGFP-synapsin-1 WT condensates calculated by applying the z-slice calibration
curve. Heatmap represents pH. Right: Magnified regions of selected condensates (dashed line) with indicated
average pH values of the dense phase. Scale bar, 5 um. D. pH analysis for the dense and dilute phases of
condensates for synapsin-1 WT (green), SCR (orange), and RtoK (magenta) variants. Average pH values are shown
in the graph with standard deviation. Violin plots with median and quartiles indicated by the dashed lines. (One-way

ANOVA, ***: p < 0.0001).

separately from the other SV condensate modulat-
ing pre-synaptic proteins due to their enrichment
in aromatic residues (Figure 1B). In contrast,
VAMP2, which houses an IDR with molecular gram-
mars that are shared with synuclein-1, cannot form
condensates with synapsin-1 in cells.® However,
VAMP2 can be recruited into co-condensates of
synuclein-1 and SYP. These results are consistent
with chemically complementary features, including
cation-nt interactions, driving SV condensation,
whereas like grammars may play more modulatory
roles.

In the context of the pre-synapse, the results
presented here and investigations of the synergies
of molecular grammars in synaptic boutons® are
likely to enable new insights into our understanding
of the neuronal transmission that is relevant in
healthy brains and in diseases characterized by
the loss of functional synapses.

Material and Methods
Analysis of IDRs using NARDINI+

Sequence grammars were analyzed using
NARDINI+.'* Briefly, NARDINI+ calculates z-
scores of compositional and patterning grammar
features previously shown to be important for IDR
conformation, interactions, and function.?® Five
additional compositional features were examined

that were not described in King et al. These include
the number of positive, negative, polar, aliphatic,
and aromatic residues, giving a readout on valence
compared to the full IDRome. For a given IDR, com-
positional z-scores are calculated by extracting the
compositional feature of the given IDR and using
the mean and standard deviations from the full
human IDRome (24508 IDRs). The human IDRome
contains all IDRs of length >30, extracted from the
UniProt human proteome (UP000005640) and
MobiDB predictions.”*”* To calculate the patterning
z-scores for a given IDR, we deployed the NARDINI
algorithm.' Here, the linear segregation versus mix-
ing of pairs of residue types in a given IDR sequence
is compared to the mean and standard deviations of
10° random sequences of the same composition.

Extraction of condensate-specific enriched
grammar features

Condensate specific protein lists were extracted
from various sources and cross-referenced with
the human IDRome to extract condensate-specific
IDRs. As described in 14, proteins localized to
nucleoli and nuclear speckles were extracted from
the Human Protein Atlas (HPA). Proteins localized
to P-bodies and stress granules were extracted
from 74 and 75, respectively. Synaptic vesicle pro-
teins were extracted from 22 using the list of “SV-
resident” proteins leading to 125 IDR sequences.
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Proteins buffered by SV proteins were extracted
from 23 (here paralogs were included) to yield 47
IDRs. To determine which features were enriched
in specific condensates, the human IDRome was
split into two sets: (1) the current condensate-
specific IDR set and (2) the remaining human
IDRome. Then, the distributions for each of the 90
different z-scores were compared using the two-
sample Kolmogorov-Smirnov test and a p-value
was calculated. The signed log,o(p-value) was cal-
culated for p-values < 0.05. Specifically, —logo(p-
value) was calculated if the condensate-specific
mean z-score value was greater than the rest of
the IDRome mean z-score value, and logo(p-
value) was calculated if the condensate-specific
mean z-score was smaller. Thus, positive values
imply the given feature is enriched or blockier in
the condensate-specific IDR set.

Extraction of IDR grammar clusters within SV
proteins

Feature z-scores were calculated using NARDINI
+ as described above for IDRs of SV proteins
including: SNCA, SNCB, SNCG, SYN1, SYN2,
SYN3, SYP, SYNPR, SYNGR1, SV2A, SV2B,
Sv2C, STX7, VAMP1, VAMP2, VGLUTI1,
VGLUT2, and VGLUT3. Figure 1B shows a
filtered set of enriched features for the four
clusters having at least 3 IDRs determined by
hierarchical clustering using the Euclidean
distance and Ward’s linkage method.”®

Evolutionary analysis of synapsin IDRs

The list of eukaryotic ortholog70us SYNT1 orthologs
were extracted from EggNOG.”” The proteomes of
12 additional species were examined for orthologs
if not included in the original EggNOG list. These
include Aptenodytes forsteri (taxid: 9233), Dory-
teuthis pealeii (taxid: 1051067), Lampetra fluviatilis
(taxid: 7748), Leptonychotes weddelli (taxid:
9713), Marmota marmota marmota (taxid: 9994),
Microcebus murinus (taxid: 30608), Octopus vul-
garis (taxid: 6645), Petromyzon marinus (taxid:
7757), Physeter macrocephalus (taxid: 9755),
Urocitellus parryii (taxid: 9999), Ursus americanus
(taxid: 9643), and Ziphius cavirostris (taxid: 9760)
whose proteomes were extracted from UniProt.
BLASTp was used to extract only the most similar
ortholog per species as compared to the full SYN1
sequence.”>’® Then, MUSCLE sequence align-
ment was utilized to align orthologous sequences.”®
From the alignments, Jalview was used to extract
the IDR regions in orthologs corresponding to resi-
dues 415-705 of human SYN1.%° Only orthologous
sequences of length > 15 and housing no unnatural
amino acids were kept. NARDINI+ was then ran on
all orthologous sequences where the human
IDRome was used as the prior to extract the z-
scores of the compositional features. Overall, 152
species were analyzed.

10

Design of the synapsin-1 scrambled variant

The scramble IDR sequence was created by
making 10° sequence scrambles where only the
positions of residues P, Q, N, S, T, C, H were
allowed to be shuffled, whereas all other residue
positions were held fixed. Then, we calculated the
polar=(Q, N, S, T, C, H) versus proline patternin%
using the pol-pro NARDINI z-score for all 10
sequence scrambles. We choose the scramble
with the lowest signed z-score. To put this in
context, the C-terminal IDR of WT synapsin-1 has
a z-score of +1.4, which points to a preference for
linear segregation of the polar and proline
residues when compared to a random patterning
of these residues. In contrast, the C-terminal IDR
in the SCR variant has a z-score of —3.5. The
negative z-score implies that the proline and polar
residues are considerably more well-mixed — by
more than three standard deviations — when
compared to the random prior, which would have
a z-score ~ 0. The ensemble of sequences that fit
the design criteria includes sequences with a wide
range of z-scores. However, as far as the degree
of mixing of polar and proline residues is
concerned, the SCR variant features a C-terminal
IDR with lowest negative value for the
corresponding z-score.

Calculation of mean net residue type profiles

Here, we consider residue types pol=(C, H, N, Q,
S, T) and pro=P. For a given sequence, the
fraction of pol residues minus the fraction of pro
residues is calculated for each sliding window of
length five. Then, the values from all sliding
windows that contain a given residue are
averaged to yield a residue specific mean net
residue type value. These values are plotted in
Figures 3A and S1C.

Prediction of IDR interactions using FINCHES

FINCHES is an algorithm that predicts the
intermolecular interaction map for a pair of IDRs
using the chemical physics encoded in a coarse-
grained forcefield.*® To deploy FINCHES, we uti-
lized the Google Collab notebook (https://colab.re-
search.google.com/drive/1WuzvCnRmOQig4nQFY-
fEeETSnrACBuv7kG?usp=sharing). The Mpipi-GG
forcefield and a window size of 31 residues were
used to extract the interaction maps between
SYN1 IDR1, SYN1 IDR2 WT, SYN1 IDR2 SCR,
SYN1 IDR2 RtoK, and SYP IDR. Then, the mean
of the interaction map was calculated for SYN1
IDR1 or SYN1 IDR2 (and its variants) to determine
which regions along the SYN1 IDRs were predicted
to be most interaction prone.

Cloning of synapsin 1 IDR variants

Human synapsin-1 coding sequence is based on
the NM_006950.3 NCBI reference Sequence. The
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complexity of the sequence, such as GC-rich
regions, was manually altered to allow efficient
gene synthesis while leaving the amino acid
sequence unchanged (NP_008881.2). An
endogenous Sacl restriction site at codons E408-
E409 (GAGCTC) was silenced by altering the
nucleotide sequence to GAGCTG. To allow for
easy subsequent exchange of the synapsin-1 IDR,
a BamH| was added at codons G389-S390 by
changing the nucleotide sequence from GGTTCC
to GGATCC. The optimized human synapsin-1
codon sequence and the variant IDR sequences
(a.a. 389-705) were created by gene synthesis
(Eurofins, HIFI DNA assembly). Subsequently,
IDR fragments starting from a.a. 389 were
subcloned using the restriction sites BamH| and
Sacdl, yielding sequences of full-length Synapsin 1
containing IDR variants. The resulting full-length
synapsin-1 sequences (WT, scrambled IDR, RtoK
IDR) were either subcloned into a pCMV
expression plasmid as a C-terminal fusion protein
to mCherry for microscopy” by Kpn2l and Sacl or
subcloned into a His14-SUMO_Eu1-EGFP-MCS
plasmid for protein purification by Bglll and Kpnl.®
All constructs were verified by Sanger sequencing.

Cell culture and transfection

HEK 293T cells were grown in Dulbecco’s
Modified Eagle’s Medium GlutaMAX supplement
(10566016, Gibco) supplemented with 10% fetal
bovine serum (12106C, Sigma), 1% MEM Non-
essential Amino Acid Solution (M7145, Sigma)
and 1% penicillin/streptomycin (15140122, Gibco)
at 37 °C and 5% CO.. For imaging, cells were
seeded on 25 mm cover glasses. Cells were
transfected with a total of 2 pg of plasmid DNA
using Lipofectamine 2000 (11668500, Invitrogen)
following the manufacturer’s instructions. In brief,
the final transfection mixture contained 3 uL of
lipofectamine with 2 pg of total plasmid DNA in
200 pL OptiMEM (31985070, Gibco). Transfection
mix was incubated for 20 min at room temperature
before adding to seeded HEK cells (confluency
~60-70%) and incubated overnight at 37 °C and
5% CO,. For protein purification experiments,
Expi293F™ suspension cultures (A14527, Gibco)
were maintained in Expi293™ Expression Medium
(A1435102, Gibco) according to the
manufacturer's protocol (37 °C, 8% CO,,
125 rpm). Transfection of suspension cultures
(30 mL) was performed with 30 pg of plasmid
DNA following the ExpiFectamine™ 293
Transfection Kit guidelines.

Protein expression and purification of
synapsin 1 IDR variants

EGFP-tagged synapsin-1 IDR variants were
expressed in EXPI cells (HEK derivative) and
purified by a two-step purification strategy
consisting of NiNTA-affinity and size-exclusion

11

chromatography followed by His-SUMO-tag
removal, as described.>®"  Briefly, His14-
SUMO_Eu1-synapsin-1 IDR variants were

expressed in Expi293F™cells (Thermo Fisher Sci-
entific) for three days following enhancement. Cells
were lysed by three cycles of freezing and thawing
in a buffer that contained 25 mM Tris-HCI (pH
7.4), 300 mM NacCl, 0.5 mM TCEP (buffer A) sup-
plemented with EDTA-free Roche Complete pro-
tease inhibitors, 15 mM imidazole, 10 pg/mL
DNasel and 1 mM MgCl.. The purification steps
were carried out at 4 °C. Lysate clearance was done
by centrifugation for 40 min at 30,000g. The soluble
supernatant was incubated with complete His-Tag
Purification resin (Roche) in a polyprep column
(Biorad) on a rotating platform for 1 h. Washing
steps were done with buffer A with 15 mM imida-
zole, and elution was performed in buffer A with
400 mM imidazole. Fractions were concentrated
using a 30 K MWCO protein concentrator (Millipore)
and applied to size exclusion chromatography
(Superdex™200 Increase 10/300, GE Healthcare)
in a buffer containing 25 mM Tris-HCI (pH 7.4),
150 mM NaCl, 0.5 mM TCEP. Fractions that con-
tained the His14-SUMO_Eu1-Synapsin 1 IDR vari-
ant were combined and subjected to tag cleavage
with SENP_EuB SUMO protease digest overnight
(protease:protein ratio of 1:50) at 4 °C. After incuba-
tion, the reaction was supplemented with imidazole
and NaCl (final concentrations: 15 mM and 300 mM,
respectively). The cleaved His-SUMO-tag and His-
tagged SENP protease were removed by passing it
three times over preequilibrated (buffer A with
15 mM imidazole) complete His-Tag Purification
resin. Proteins in the flow-through were subjected
to buffer exchange using a PD-10 column (final buf-
fer: 256 mM Tris-HCI (pH 7.4), 150 mM NaCl, 0.5 mM
TCEP) and concentrated with a 30 K MWCO pro-
tein concentrator (Millipore). Proteins were snap-
frozen in liquid nitrogen and stored at —80 °C until
use.

Microscopy and image analysis

For in vitro reconstitution of EGFP-Synapsin 1
IDR variants, 8 uM protein was coincubated with
polyethylene glycol (PEG 8,000) at a final
concentration of 3% in a buffer containing 25 mM
Tris-HCI (pH 7.4), 150 mM NaCl and 0.5 mM
TCEP. After the addition of PEG, the
condensation reaction was transferred to a glass
bottom dish (Cellvis D35-20-1.5-N). Imaging was
performed on a Nikon spinning disk confocal
CSU-X microscope, equipped with a Plan Apo A
60x Oil objective and a pco.edge camera. The
excitation wavelength was 488 nm for EGFP, and
image analysis was performed using ImageJ2
(Version: 2.9.0/1.53 1).

For live-cell confocal imaging in HEK cells an
Andor DU-888 X-9798 camera and an excitation
wavelength at 561 nm were used for mCherry-
tagged synapsin-1 IDR variants.
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The PhaseScan approach for mapping phase
diagrams

The microfluidic devices were fabricated using
standard  soft-lithography.®>®?  Devices were
designed using the AutoCAD (AutoDesk) software
and then printed on a photomask (Micro Lithogra-
phy). To obtain a master with microchannels of
approximately 50 um height, SU-8 3050 (Kayaku
Advances Materials) was poured onto a silicon
wafer (MicroChem) and spun using a spincoater
(Laurell Technologies) for 45 s at 3000 rpm. After
soft-baking at 95 °C for 25 min, the wafer with the
photomask placed on it was subjected to UV expo-
sure for 60 s. Post-exposure baking at 95 °C for
5 min was then followed by developing with propy-
lene glycol methyl ether acetate (PGMEA, Sigma-
Aldrich) and a washing step with isopropanol (IPA,
VWR Chemicals). To fabricate the devices, poly-
dimethylsiloxane (PDMS, Sylgard 184) was poured
over the master, degassed and then baked at 65 °C
for 1.5 h. Subsequently, devices were cut out, and
the corresponding holes for the inlets and outlets
were punched. A plasma oven (Diener Electronic)
was used to treat the devices and enable bonding
them to glass slides. The last step was to apply
hydrophobic surface modification to the devices
using 2% (v/v) trichloro(1H,1H,2H,2H-perfluorooc
tyl)silane (Sigma-Aldrich) in hydrofluoroether HFE-
7500 (Fluorochem).

The PhaseScan microfluidic platform was used to
map high-density phase diagrams.®® The following
three aqueous solutions were prepared to be mixed
on-chip: 6 uM stock of one of the three EGFP-
labelled synapsin-1 variants in 25 mM Tris-HCI (pH
7.4), 150 mM NaCl, 0.5 mM TCEP; solution of the
corresponding buffer and a solution of polyethylene
glycol (PEG 8000) 10% (w/v) in the same buffer,
barcoded with 2 M Alexa Fluor 647 free dye. Addi-
tionally, an oil solution of HFE-7500 (Fluorochem)
with 4% surfactant (RAN Biotechnologies) was used
for water-in-oil droplet encapsulation. The flow rates
of the three aqueous solutions were varied automat-
ically using pressure-controlled pumps (LineUp Flow
EZ, Fluigent) according to a pre-programmed flow
profile such that each microfluidic droplet contained
different concentrations of protein and PEG. The
total flow rate of the aqueous solutions was kept
constant at 60 ulL/h, while the oil flow rate was
150 upl/h, generating droplets of approximately
70 um in diameter. Droplets were incubated for
3 min before imaging in the same microfluidic chip
at two wavelengths (488 nm and 647 nm) at the
same time using an epifluorescence microscope
(Cairn Research), equipped with a 10x air objective
(Nikon CFI Plan Fluor) and a dichroic filter set (Cairn
Research). A semi-automated custom-written
Python script (Python version 3.9.7) was used to
analyze the images, i.e., to detect droplets and clas-
sify them as phase separated (1) or mixed (0) by
employing a convolution neural network (CNN).%?

12

To allow calculation of the concentration of the com-
ponents in each droplet, images of calibration dro-
plets containing only the stock solutions of protein
or PEG were recorded. A double-gaussian fit was
applied over the fluorescence intensity histograms
of the calibration droplets to correlate the intensities
back to the stock concentration.®* Hence, each
microfluidic droplet provides information for one data
point on the phase diagrams presented as scattered
plots. Phase separation probability was further
determined for each data point by averaging over
its neighboring points within a radius of 5% of the
maximum limit of each axis. The boundaries were
determined using a fitting that is based on support
vector machine-based methods.

Extracting low concentration arms of phase
boundaries

First, we generated a two-dimensional histogram
of all points that have a phase separation probability
of at least 0.55. To eliminate outliers, if there exists
at least three data points for the scramble or RtoK
sequences and five data points for the WT
sequence in a given bin, then the x and y
positions of that bin are kept. The boundary is
then drawn using these x and y positions and
calculating the convex hull with rounded corners.

Measurements of cluster distribution in the
subsaturated solutions

Microfluidic Resistive Pulse Sensing (MRPS)
measurements were performed on an nCS1
instrument (Spectradyne LLC, Signal Hill, CA,
USA). 8 uM of purified synapsin construct was
mixed with 3% PEG 8,000 in buffer (25 mM Tris-
HCI (pH 7.4), 150 mM NacCl, 0.5 mM TCEP) in an
Eppendorf tube to induce phase separation. 5 puL
of samples were measured using C-2000
cartridges, with a measurement range of 250-
2000 nm. At least three acquisitions (technical
triplicates) were collected and combined for
analysis, with each acquisition being collected
over 10 min. Control experiments were performed
with 3% PEG 8,000, where no significant
abundance of particles was detected. The particle
size distributions from the triplicate experiments
were averaged and the resulting curve was
smoothed using the LOWESS method in Prism 10
(GraphPad, Boston, MA, USA).

Analysis of pH in synapsin 1 condensates

The ratiometric pH-sensitive dye, 5-(and-6)-
Carboxy SNARF™-1 (C1270, Invitrogen), was
dissolved to a final concentration of 10 mM in
ddH,O. For calibration, 25 mM Tris-HCI, 150 mM
NaCl, and 0.5 mM TCEP buffer were prepared at
different pH values (pH 6.0-9.0, steps: 0.5 pH
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units). All calibration curves were taken on the same
day as the samples with synapsin-1 condensate
were analyzed (all in triplicates). In brief, the
calibration buffer was mixed with 20 pM final
SNARF-1 dye (5 pL final reaction volume) and
placed on a glass bottom dish (Cellvis D35-20-1.5-
N). Imaging was performed on a Nikon laser
scanning confocal AX NSPARC microscope (Ti2,
AX camera, Galvano scanner, 2x line averaging,
1024x1024 px resolution, 1.0 ps dwell time)
equipped with a Plan Apo AD 60x oil OFN25 DIC
N2 objective. Ratiometric imaging of the SNARF-1
dye was performed by excitation at 561 nm and
simultaneous readout of the two GaAsP PTMs
with different freely tunable emission bands. The
first band was set to 582-586 nm (center
wavelength: 584 nm) and the second band was
set to 660—-664 nm (center wavelength: 662 nm). A
total of 20 z-stacks were acquired from the cover
glass surface into the buffer solution with a step
size of 0.20 um (total measured relative z-height
4.0 um). Over the entire pH range, the calibration
curves were acquired for each z-stack at the same
distance from the surface of the coverglass and
fitted to a one-phase decay function using
GraphPad Prism 10.

For the pH analysis of EGFP-synapsin-1 IDR
variants, 8 uM protein was coincubated with 3%
PEG 8,000 and 20 uM SNARF-1 dye in a buffer
containing 25 mM Tris-HCI (pH 7.5), 150 mM NaCl
and 0.5 mM TCEP. Ratiometric z-stacks were
recorded from the cover glass surface with the
same step size and ratiometric imaging settings as
for the calibration curves. Transmission detection
was acquired using the 561-nm laser line.
Additionally, imaging of EGFP was performed by
excitation at 488 nm and emission at 499-551 nm.
Of note, while synapsin-1 WT and scrambled IDR
condensates formed readily within minutes,
synapsin-1 RtoK IDR variant condensate formation
was forced by extending the incubation time on
the cover glass to one hour.

For image analysis, each pixel of the 584-nm
emission image was divided by the corresponding
pixel of the 662-nm emission image for each
individual z-stack. The resulting ratio z-stack
series was converted to a pH stack by applying
the corresponding z-slice calibration curve to each
matching ratio z-slice. All measurements were
performed in three independent reconstitutions
with 10 condensates selected from each single
reconstitution. A dense phase ROl was outlined
with the segmented line tool in Imaged, and a
corresponding circular dilute phase ROI (diameter:
4.3 um) was placed 2 um away from the dense
phase. ROIs were selected on a single z-plane.
Mean pH values of both dense and dilute phases
were plotted as violin plots. One-Way ANOVA
tests (multiple comparisons, Tukey, alpha = 0.05)
were performed for statistical analysis in
GraphPad Prism 10 (GraphPad, Boston, MA, USA).
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