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The surface tension of liquid-like protein-rich biomolecular condensates is an emerging physical
principle governing the mesoscopic interior organisation of biological cells. In this study, we present a
method to evaluate the surface tension of model biomolecular condensates, through straighforward
sessile drop measurements of capillary lengths and condensate densities. Our approach bypasses the
need for characterizing condensate viscosities, which was required in previously reported techniques.
We demonstrate this method using model condensates comprising two mutants of the intrinsically
disordered protein Ddx4N. Notably, we uncover a detrimental impact of increased protein net charge on
the surface tension of Ddx4" condensates. Furthermore, we explore the application of Scheutjens—Fleer
theory, calculating condensate surface tensions through a self-consistent mean-field framework using
Flory—Huggins interaction parameters. This relatively simple theory provides semi-quantitative accuracy
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DOI: 10.1039/d3sm00820g in predicting Ddx4™ condensate surface tensions and enables the evaluation of molecular organisation

at condensate surfaces. Our findings shed light on the molecular details of fluid—fluid interfaces in bio-
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1 Introduction

Many physiological processes necessary to sustain life are asso-
ciated with liquid-like membraneless intracellular compart-
ments or ‘biomolecular condensates’.’ Interfacial phenomena,’
driven by surface tension, facilitate their intracellular localisation
through wetting,®>™® regulated coalescence’ and the formation
of multiphase condensates.'® Understanding how interactions
between chemical components of biomolecular condensates
contribute to their surface tension is, thus, necessary for
molecular interpretations of such phenomena. Biomolecular
condensates are often stabilised by weak multivalent inter-
actions between intrinsically disordered proteins, whose
sequences drive self-assembly through liquid-liquid phase-
separation,'' generating protein-rich condensates surrounded
by a protein-poor aqueous phase. Here, we seek to advance the
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physical understanding of biomolecular condensate surface
tension by studying the fluid-fluid interface of model conden-
sates formed by the intrinsically disordered protein (IDP)
Ddx4", using both experimental and theoretical approaches.

Rich in glycine, serine, aromatic and charged amino acids,
Ddx4" shares essential sequence features of many well-
characterised condensate proteins such as FUS, hnRNPA1,
PGL-3 and LAF-1,">* and is an established model biomolecu-
lar condensate system.'®?° Such model systems offer a degree
of control over experimental parameters not currently feasible
in living cells, where native biomolecular condensates comprise
tens to hundreds of unique molecular species.>* Furthermore,
physical principles governing the stability of model biomole-
cular condensates, prepared in aqueous buffer, are often mir-
rored by intracellular condensates. For example, we,'®*® and
others,”® have shown favourable electrostatic interactions
between charged amino acids of IDPs to stabilise condensates
in both idealised buffer conditions, and living cells.

The surface tension of several model biomolecular conden-
sates has been recorded, using techniques such as micropipette
aspiration,®” capillary wave analysis,>® measurement of their
coalescence rates'”'>**% and characterisation of their deformation
by gravity.'®*” Reported values lie in the range 0.1-100 uN m ™~ *,'%*?
with physical interpretations leaning on scaling arguments,
roughly characterising the energy density at the interface as
the ratio of thermal energy to the square of a characteristic
molecular dimension.'®*>?” Jawerth et al.>* showed the surface

This journal is © The Royal Society of Chemistry 2023
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tension of PGL-3 condensates (1-5 uN m~ ') decreases with
increasing salt concentration according to the Overbeek-Voorn
model, analogous to behaviour observed for complex coacervates
formed by polyelectrolytes.”® Their result emphasises the role of
electrostatic interactions between protein chains at the surfaces
of condensates in contributing to the observed surface tension.
Otherwise, there is hitherto little physical understanding of the
relationship between protein-protein interactions and the sur-
face tension of their biomolecular condensates. Building on our
previous investigations showing the detrimental effect of increased
absolute protein net charge on Ddx4" phase-separation,'® we seek
to uncover the influence of Ddx4™ net charge on it’s condensate’s
surface tension.

The phase behaviour of Ddx4™ and other phase-separating
IDPs, PGL-3%° and hnRNPA1,*® can be described by Flory-
Huggins solution theory,'®'®2%3° predicting phase diagrams
by absorbing all intermolecular interactions into a single mean-
field interaction parameter whilst assuming random mixing of
chemical components. Flory-Huggins theory alone is unsuita-
ble for modelling the interfacial region separating two phases,
which is defined by non-random gradients in solution compo-
sition across the interface. We have previously modelled the
surface tension of a demixed colloid-polymer solution, of
magnitude 1 pN m™*, by augmenting a mean-field free energy
expression with a van der Waals term accounting for gradients
in composition.*'*? Scheutjens and Fleer notably developed a
similar procedure,’** extending the Flory-Huggins theory for
polymer phase-separation,®>*°® accounting for gradients in
composition using a self-consistent numerical lattice model.
This approach has been applied to a variety of liquid-liquid
interfaces, facilitating calculation of surface tensions and com-
positional profiles normal to the interface, revealing the manifest
arrangement of molecules associated with surface tension.’”™*
Despite its utility, Scheutjens-Fleer theory has not yet been applied
to the surfaces of biomolecular condensates.

Here, we measure the surface tension of Ddx4™ model
condensates and their response to the manipulation of protein
net charge, and investigate the modelling capability of Scheutjens—
Fleer theory to the same interfaces. We work with two Ddx4™
proteins, Ddx4™ 1-229 and Ddx4" 1-231, differing in length by two
amino acids and by a unit charge in 150 mM NacCl, 20 mM Tris pH
8.0. Ddx4" 1-229 is related to Ddx4" 1-231, through a two residue
truncation at its C-terminus, with Ddx4" 1-229 lacking the terminal
EA dipeptide. Modulating the net charge in this way minimizes
disruption of the characteristic patterning of alternating tracts of
acidic and basic residues along the Ddx4™ chain (see Fig. 4(c)),
known to enhance favourable electrostatic interactions driving its
phase separation.'®*! See Sections 6.2, 6.3 and 6.4 for the
sequences of the Ddx4" proteins, details of their purification and
their characterisation protocols.

In Section 2.1 we present a straightforward procedure,
inspired by the work of Ijavi et al,”” to determine surface
tension from capillary lengths and condensate densities from
bright-field images of sessile condensates. Fundamental
aspects of Scheutjens-Fleer theory are given in Section 2.2,
with emphasis on its relationship to Flory-Huggins theory.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Soft Matter

The results of our experiments and theoretical calculations
are given in Section 3, which also includes a Scheutjens-Fleer
characterisation of the molecular arrangements of Ddx4" in the
interfacial region. In Section 4 the wider implications of our
results are discussed, with concluding remarks given in Section 5.

2 Theoretical background
2.1 Sessile drop measurement of interfacial tension

Earth’s gravitational field deforms sessile droplets resting on
flat substrates, pushing them towards a puddle-like geometry.
This deformation is accompanied by an increase in droplet
surface area, thus is counterbalanced by the droplet’s surface
tension. Balancing gravitational and surface forces gives rise to
a characteristic length scale, the capillary length, defined as

fo= & )

Here, g is gravitational acceleration (taken to be 9.81 m s 2),
Ap is the density difference between the droplet and its
surrounding fluid phase and 7 is the surface tension at the
fluid-fluid interface of the drop. Droplets with characteristic
length greater than /. exhibit gravitational deformation,
whilst the geometry of those smaller than /. are dominated
by capillary forces.**

A sessile drop exhibiting full rotational symmetry about its &
axis, parallel to a uniform gravitational field, has the following

Young-Laplace equation describing its fluid-fluid interface**™*
dy 2 h siny
Yoo L TV 2
ds Ry (2 r @

Here s is the distance along the interface from the apex, ¥ is its
angle incidence relative to the horizontal, R, is the curvature at the
apex and r is the radius at height 4, with the origin of coordinates
situated at the apex of the drop. Integration of eqn (2) over s
generates theoretical interfaces, defined by R, and /., which can
be compared with images of sessile drops (see Fig. 1), collected as
detailed in Section 6.6, enabling a measure of the capillary length.
The fitting of eqn (2) to a sessile Ddx4™ condensate is illustrated in
Fig. 1(c). If the density difference Ap is known, then the surface
tension y can be determined from the capillary length through
eqn (1). This is a standard technique used to determine the
interfacial tension of macroscopic liquid droplets*® of known
density, and more recently, the interfacial tension of microscopic
biomolecular condensates,”” whose density was determined from
sedimentation velocity measurements.

We determine the density difference Ap = pg — p,, by
considering mass and volume conservation upon the formation
of protein-rich phase B and protein-poor phase a, through
phase-separation, to give

Vg Po Po
w B A @

The total volume of the phase-separated solution and its density
are represented by v, and po. p, and v denote the density of the
protein-poor phase and total volume of the condensed protein
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Fig. 1 (a) Image showing a sessile condensate formed through centrifu-

gation of 120 pL phase-separated Ddx4" 1-231 in a PEGylated quartz glass
cuvette (see Section 6.6). (b) Image of our microscopy set up. Images in (a)
and (b) were captured using an iPhone 13 pro. (c) The fluid—fluid interface
in bright-field images of sessile condensates (Ddx4" 1-231 condensate
shown) are identified as edges (scale bar 100 um). Fitting of the Young-
Laplace equation (egn (2)) to imaged interfaces allows measurement of
condensate capillary length and volume for subsequent determination of
surface tension. Inset are diagrammatic definitions of the variables and
specific values of the fitting parameters in eqn (2). The volume of this
condensate was measured as 0.19 pl in a total solution volume of 80 pL
(vplvo = 2.38 x 1079).

phase respectively. In our system, Ddx4" phase-separation is
initiated as a sample is cooled through its transition temperature,
nucleating numerous microscopic condensates (see Section 6.6).
Inducing the coalescence of these Ddx4"™ microdroplets through
centrifugation gives a single large condensate, examples of which
are shown in Fig. 1(a) and (c), imaged using an iPhone 13 pro rear
camera and bright-field microscopy respectively. The volume v,
of the condensate is readily obtainable by fitting eqn (2) to our
cross-sectional images captured through bright-field microscopy
(see Fig. 1(b) and (c) and Sections 6.6 and 6.7). If our phase-
separated solution behaves as a binary mixture of solvent and
protein, as we have observed previously,'®'® Eqn (3) predicts a
linear relationship between vp/v, and p,, when p, is varied by
altering protein concentration only (see Section 6.5). The gradient
of this linear relationship yields 1/Ap, thus Ap may be determined
by plotting vp/v, against p, and performing linear regression.
Furthermore, the vertical-intercept is dependent on p,, which we
are able to determine through spectrophotometry (see Sections
6.4 and 6.5), allowing further verification of both eqn (3) and the
binary mixture approximation. With knowledge of the density
difference across the interface and the capillary length, conden-
sate surface tension is evaluated through eqn (1).

2.2 Scheutjens-Fleer calculation of interfacial tension

The bulk phase behaviour of phase-separating proteins, such as
Ddx4"™, may be described on a mean-field level by Flory-Huggins
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theory.'®**® This models a protein solution as homopolymer
chains and solvent distributed on a lattice, where each site is
occupied by either a monomer or solvent. For a solution compris-
ing ¢, volume fraction of freely jointed protein chains, compris-
ing N, monomers, the Flory-Huggins mixing free energy per
lattice site is

AnF = kBT{%ilnqu + (1 - ¢p) ln(l - ¢p) +x¢p(l - %)}7
)

where the logarithmic terms give the configurational entropy of
the lattice, and the terms in y characterize the mean-field
interaction between monomer and solvent sites. Scheutjens and
Fleer have extended eqn (4) to account for the gradients in
composition present in interfacial regions, allowing the evalua-
tion of surface tensions.**** The essential features of Scheutjens-
Fleer theory are now outlined, for more details see Section 6.8 and
references therein.

For a binary lattice of polymer and solvent with gradient in
¢p only along the z-axis, the mixing free energy can be
written as

A, F. = ZkBT[ NZ

+2{6(2)) (1= 6,(2)) + #,(2) 0 G(),

(2) + (1 = ¢5(2)) In(1 — ¢, (2))

(5)

where the sum is over sites along the z axis. The penultimate
term gives the mixing energy, with angular brackets denoting a
weighted average over adjacent z layers;

(9p(2)) = 2¢p(z — 1) + (1 — 24)¢p(2) + App(2 + 1).
(6)

Here, 1 is the proportion of adjacent lattice sites in the (z + 1)th
or (z — 1)th layers, which we set to 1/6 representing a cubic
lattice. The final term in eqn (5) gives the extra mixing entropy
associated with the interfacial region,** with

1—-¢,(z
66 == e[ (40= (4,0))]. @
where ¢, , denotes the volume fraction of polymer in one of the
coexisting bulk phases.

The equilibrium lattice configuration is given by the com-
positional profile ¢,(z) which minimizes eqn (5). Within the
Scheutjens-Fleer framework, this is found by considering an
initial profile ¢,(z), from which potentials u(z) are calculated
for each z slice using the Flory-Huggins field.**>° The configu-
ration is relaxed according to the Edwards diffusion equation,
ensuring the placement of freely-jointed polymer segments
adheres to the Boltzmann distribution.’””" Iteration of this
process until convergence of ¢,(z) yields the optimum inter-
facial profile, from which the surface tension is obtained by
calculating the grand potential®

Q= Asz - Eﬂiniv (8)

This journal is © The Royal Society of Chemistry 2023
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which in our system, is equal to the interfacial energy yb*. Here
b is the lattice size in metres, y; is the chemical potential of
species i and n; is the number of species i. The lattice size sets
the distance between adjacent lattice sites, which we define as
the cube root of the mean molecular volume per amino acid for
each Ddx4" protein (calculated as detailed in Section 2.1),
amounts to 5.12 A (to 3 s.f.) for both Ddx4™ proteins.

For lattice sites in either coexisting equilibrium bulk phase,
away from the interface, eqn (5) simplifies to eqn (4). According
to Flory-Huggins theory, the binodal curve relating the compo-
sitions of coexisting phases to the interaction parameter is

given by'®
1—
Lln M +1n 7(%'“
- Np d’w - ¢p~B

2(bpp — b

x ; ©)
where ¢, 5, and ¢, ,, are the coexisting volume fractions of
protein inside and outside condensates respectively, which we
calculate using our experimentally measured densities p, and
Ap (see Section 6.5). Application of eqn (9) therefore permits
the extraction of a mean-field interaction parameter describing
the phase-separation of each of our Ddx4" condensates, affording
a comparison with theoretical Scheutjens-Fleer calculations of
surface tension. We note that eqn (9) does not consider the effects
of droplet curvature on the phase equilibria. In Section 7.1 we
show that, for the typical length and energy scales in our system,
we expect the impact of curvature effects on the coexisting volume
fractions to be of order 10 °%.

3 Results

We apply the sessile drop technique to Ddx4™ model biomolecular
condensates, formed by the liquid-liquid phase-separation of
Ddx4™ 1-229 and Ddx4™ 1-231 in aqueous buffer. Fig. 2(a) shows
exemplary Young-Laplace fits to sessile condensates of both
Ddx4" proteins, whose interfaces are clearly deformed away from
spherical cap geometry by their mass. Sessile drop analysis was
repeated for 13 Ddx4" 1-229 and 11 Ddx4™ 1-231 samples, varying
sample volume and protein concentration, concomitantly altering
the sample density p,. In Fig. 2(b) we plot the ratio of condensate
volume to sample volume /1, against sample density, revealing a
strong linear correlation, allowing measurement of Ap and p,, by
comparison to eqn (3). These data, well-described by constant
values of p, and Ap as total protein concentration is varied (at
constant temperature of 22 °C), support the modelling of our
Ddx4" condensates as a phase-separated mixture of protein and
solvent - the basis for our subsequent Scheutjens-Fleer calcula-
tions. To further test the ability of eqn (3) to characterise Ddx4™
phase-separation, we directly measured protein concentration of
the protein-poor phase p,, through spectrophotometry (see Section
6.4), yielding 27 + 2 pM and 48 + 2 uM for phase-separated Ddx4"
1-229 and Ddx4™ 1-231 respectively. These values are in close
proximity to those obtained from converting the expectation value
of p, into protein concentration, 32 uM and 54 pM for Ddx4™
1-229 and Ddx4" 1-231 condensates respectively. We note that we

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Young-Laplace fits to sessile Ddx4" 1-229 and Ddx4" 1-231
condensates adjacent to the corresponding bright-field images (scale bars
100 um). (b) Measured values of the ratio of condensate to sample volume
v/ plotted against sample densities po for Ddx4N 1-229 (blue) and Ddx4N
1-231 (magenta). Solid lines indicate linear fits, with gradients related to
1/Ap through egn (3). (c) Measured capillary lengths /. plotted against
sample densities po for Ddx4™ 1-229 (blue) and Ddx4™ 1-231 condensates
(magenta). (d) Table displaying parameters obtained from sessile drop
analysis. Uncertainties in p, and Ap are calculated directly from the linear
fit to egn (3). Uncertainties in /. are taken from the respective standard
deviations calculated from our set of measurements, whilst the uncertainty
in v is propagated from Ap and /..

did not see any dependency of 1/1, on sample volume v, which
varied in the range 66-180 pL.

In Fig. 2(c) we plot the capillary lengths /. obtained from
fitting eqn (2) to condensate profiles against sample density p,.
Unlike that observed for v/v,, we see no clear dependency of /.
on p,y, which, when combined with our observed linear relation-
ships between vp/v, and p, in Fig. 2(b), supports a constant
value of y for each Ddx4™ condensate as total protein concen-
tration is varied. We take the mean and standard deviation of 7.
of each Ddx4" condensate to be good descriptors of their
measured value and uncertainty respectively, yielding 293 +
6 uM and 237 + 5 pM for DdxaN 1-229 and Ddxa™ 1-231
respectively, permitting evaluation of condensate surface ten-
sions using eqn (1) and our measured values of Ap.

The numerical values obtained from sessile drop analysis
are tabulated in Fig. 2(d). Our values for Ddx4" condensate
surface tensions, 82 + 10 uN m ' and 38 + 3 uN m ' are
comparable to those measured for other model IDP condensate
systems; PGL-3 (19.4 uN m ™ *),° FUS,67 (90 uN m™*)*” and LAF-1
RGG-RGG (159 uN m™').>* Tjavi et al.®” also report a density
difference of 135 kg m™> for FUS,s;, of similar magnitude to
our Ddx4" condensates. Varying buffer conditions reported for

Soft Matter, 2023,19, 8706-8716 | 8709
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published measurements hinder further comparisons, such as
relating differences in condensate surface tension to differences
in IDP sequence.

Our measurements reveal a decrease in absolute net charge
(and a slight decrease in length) on Ddx4" by one unit, from
—2.1e for Ddx4™ 1-231 to —1.1e for Ddx4" 1-229, roughly
doubles their condensate’s surface tension y from 38 + 3 pN m™*
to 82 & 10 uN' m™ " and increases the density difference Ap by factor
1.4 from 69 + 5 kg m ™~ to 97 & 10 kg m~>. The concentration of
protein inside Ddx4" condensates, extracted from density calcula-
tions, are 11.3 + 0.8 mM for Ddx4™ 1-231 and 15.9 & 1.8 mM for
Ddx4" 1-229. As Ap quantifies the degree of phase-separation, these
measurements are in agreement with our previous finding, where
we showed a decreasing absolute protein charge stabilises Ddx4™
condensates," showing here that the same change destabilises
their surface.

Through eqn (9), we are able to define Flory-Huggins inter-
action parameters for each Ddx4" condensate, allowing compar-
ison with theoretical values of surface tension, calculated using
Scheutjens-Fleer theory. Our experimental values of surface tension
are plotted against the interaction parameter y in Fig. 3(a) which
also displays the theoretical dependency of y on y for homopoly-
mers with length 234 and 236. Note that the difference in the two
curves is very slight, and in Fig. 3(a) the two curves essentially
overlay. Scheutjens-Fleer theory modestly overestimates the surface
tension of both condensates, by a factor of 1.4 for Ddx4™ 1-229
condensates and a factor of 1.7 for the Ddx4" 1-231 condensates.

The Scheutjens-Fleer theoretical compositional equilibrium
profiles normal to the surface of each Ddx4™ condensate, corres-
ponding to the two black points in Fig. 3(a), are plotted as densities
in Fig. 3(b). The length scale of the compositional inhomogenity
associated with these interfaces may be quantified by fitting>*

2
psp(z) = a+ btanh Tf, (10
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where w is the interfacial width and a and b are fitting parameters.
Doing so reveals interfacial widths of 3.5 nm and 4.4 nm for the
Ddx4™ 1-229 and 1-231 condensates respectively, similar to the
reported hydrodynamic radii of another Ddx4™ variant differing by
only a few amino acids (Ry; = 3 nm).'® Given the <1% difference in
length between Ddx4" 1-229 and Ddx4" 1-231, we attribute the
sharper interface for Ddx4™ 1-229 condensate to its increased
relative to Ddx4™ 1-231. In SI Fig. 5(a), the relationship between
interaction parameter and interfacial width predicted by Scheut-
jens—Fleer theory is plotted for phase-separated binary solutions of
homopolymers with varying length. The interfacial width decreases
with both increasing interaction parameter and polymer length,
which in turn, are parameters stabilising phase-separation. In SI
Fig. 5(b) we see Scheutjens-Fleer theory predicts a decreasing
interfacial width with decreasing surface tension, with only a weak
dependency on polymer chain length.

We next used Scheutjens-Fleer calculations to investigate
protein conformations at the interface, by performing calcula-
tions of interfacial profiles using homopolymers with labelled
end-segments, corresponding to the N and C termini of Ddx4™
chains. Fig. 3(c) shows interfacial compositional profiles for all
segements and end-segments, linearly rescaled to the range
[0,1]. For both theoretical Ddx4" condensate interfaces, there is
a relative migration of end-segments towards the protein-poor
phase, indicative of a conformational bias for proteins in the
interfacial region to be arranged with their tail-ends pointing
out of the condensate.

4 Discussion

Surface tension is a key thermodynamic parameter governing
nucleation, coalescence and wetting behaviour of intracellular
liquid-like biomolecular condensates.” Recent research has
focused on developing practical and computational®***> methods
to characterise the fluid-fluid interfaces in model biomolecular

. : . . ; . . : . . —~ 1LOp=—=rrm 9
(@) — SF calculations (b) T pdxav1-229]  (€) g: 08 Ddx4N 1-229
150l @ Ddx4"1-229 1100} = MM Dygh 1-231] < 0e
Ddx4M 1-231 30
1080 g o4
~ 115 uNm'* @ & 0.2
| ! o
£ A £ 1060 0.0 -
%. 100f : 1 & -5 0 5
~ 1.
= , 1040 w O Ddx4™ 1-231
o~ 66 MNI’TY1 : & Q. 08
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50p : H 1 © 0.4 .
=i ! 1000 5 o} — all segments
: < 0'0 ----- end segments
0.59 0.60 0.61 0.62 0.63 0.64 0.65 0.66 -5 0 5 ' -5 0 5
X z (nm) z (nm)

Fig. 3 (a) Measured values of Ddx4™ condensate surface tensions 7 and interaction parameters y overlaid on the theoretical relationship (SF calculations)
between y and y for homopolymers of length 234 and 236, calculated as detailed in Section 6.8. Note that the two curves exhibit only very minor
differences (<1%) over the (y,y) range displayed, not visually resolvable on the plotted range. Dashed arrows emphasise the relationship between the
interaciton parameter y, measured values (coloured circles), and calculated values (black disks). (b) Calculated interfacial profiles for Ddx4" 1-229 (blue)
and Ddx4N 1-231 (magenta), corresponding to the respective black points in (a). Solid lines indicate the fits to a hyperbolic tangent function (see text).
(c) Scheutjens—Fleer interfacial profiles normalised to 1 in the protein-rich phase and 0 in the protein-poor phase for Ddx4™ 1-229 and Ddx4" 1-231
condensates showing the distribution of all polymer segments and polymer end-segments.
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condensate systems, comprising aqueous phase-separated solu-
tions of IDPs.'***>%” Seeking to extend the toolkit for studying
biomolecular condensate surface tensions, we have presented a
straightforward experimental method for their measurement and
investigated the applicability of Scheutjens-Fleer theory for their
computation.

Combining widely accessible optical microscopy with stan-
dard measurements of protein concentration through spectro-
photometry, we evaluated the capillary lengths, densities and
surface tensions of Ddx4 model condensates. Previous mea-
surements of model condensate surface tension, through char-
acterisation of condensate coalescence events, droplet
deformation under gravity and micropipette aspiration,>*>*?”
rely on hydryodynamic modelling of condensate viscosities and
sedimentation velocities. Measurements of such properties are
complex for biomolecular condensate systems which exhibit
ageing on the scale of hours,”®”” complicating the character-
isation of their surface tension. Our method bypasses this
issue, using only static properties of condensates to determine
their surface tension and density, thus is applicable to a
broader range of model biomolecular condensates than pre-
viously reported techniques.

Application of our experimental workflow to condensates
formed by two Ddx4 proteins, differing by two amino acids and
a unit charge, revealed surface tensions similar in magnitude to
reported values for condensates formed by FUS,¢;, PGL-3 and
LAF-1-RGG-RGG IDPs, roughly characterised by the range
10-100 pN m~".>*>*” This energy scale is bordered either side
by interfaces in colloid-polymer mixtures (y ~ 1 uN m~") and
complex coacervates (y ~ 100 pN m™"),>®**> and similar to
recent surface tension measurements for native intracellular
condensates (0.1-10 uN m ™ ').”® Condensates formed by Ddx4"
1-231, with a net charge of —2.1e at pH 8.0, showed a decreased
stability and surface tension, by factors of 1.4 and 2.1 respec-
tively, relative to Ddx4™ 1-229 (net charge —1.1e). We and
others,"®* have previously rationalised the detrimental impact
of increased absolute protein charge on condensate stability as
a weakening of the mean-field interactions between proteins.
The increased sensitivity, relative to condensate stability, of
surface tension to the strength of intermolecular interactions,
is in line with critical scaling theory for phase-separated
fluids.”"®® This suggests our observed relationship between
stability, surface tension and intermolecular interactions is
a feature inherent in the phase-separated nature of Ddx4"
condensates.

Next we performed Scheutjens-Fleer calculations, obtaining
theoretical values for surface tension and condensate densities.
Interactions between polymer and solvent within our Scheut-
jens-Fleer calculations were parameterized by Flory-Huggins
interaction parameters, obtained from our experimental mea-
surements of Ddx4™ condensate densities. Theoretical surface
tensions are within a factor of two of our measured values,
overestimating surface tension in both cases. This semi-
quantitative accuracy of Scheutjens-Fleer theory in calculating
Ddx4" condensate surface tensions suggests their interfacial
phenomena, like their bulk phase behaviour, display the
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hallmarks of a phase-separated homopolymer-solvent mixture.
This is likely a result of the weak interactions between consti-
tuent amino acids of IDPs,°"®* yielding IDP configurations
dominated by chain entropy, leaning towards the random-
mixing approximation inherent in mean-field theories.

Theoretical interfacial widths for Ddx4"™ condensates on the
order of nm, obtained from Scheutjens-Fleer density profiles
normal to the interface, showed a slightly sharper interface for
the more stable Ddx4 1-229 condensate. Consistent with our
results, atomistic simulations of the phase-separation of IDPs
LAF-1 RGG and FUS LC, similar in size and sequence composi-
tion to Ddx4", by Zheng et al.,>® show interfacial widths similar
to those calculated for Ddx4", on the order of a few nm.
Scheutjens—Fleer theory and polymer scaling laws®' predict
increased surface tension, and decreasing interfacial width,
in solutions of phase-separated polymers upon strengthening
polymer—polymer interactions and increasing chain length.
In the context of biomolecular condensates, this suggests
nature may modulate their surface tension by either altering
the amino acid composition of constituent IDPs to modify the
strength of protein-protein interactions, or altering the length
of disordered regions.

Finer investigation of the predicted interfacial structure,
presented in Fig. 3(b), revealed a relative bias of polymer end-
segments towards the protein-poor phase. The Scheutjens-
Fleer framework computes molecular conformations using a
weighted walk,** with weights determined by the local mean
molecular field. Placing inner-segments in the polymer-poor
region costs relatively more free energy than end-segments, as
they necessarily have two neighbouring segments, also located
in the vicinity of an unfavourable region. Therefore end-
segments are more likely to extend towards the unfavourable
polymer-poor phase. This behaviour is similar to results
obtained for the concentration profiles of polymer solutions
in the vicinity of hard walls,**®® where end-segments exhibit
closer approach to the region devoid of polymer directly adja-
cent to the wall. Translated to biomolecular condensates
formed by IDPs, this effect, driven by chain connectivity, should
drive the exposure of terminal amino acids to the surface of
condensates. Further investigation of these phenomena are
crucial for understanding biochemical process at condensate
interfaces, such as adsorption of RNA or interface-driven redox
reactions.®**

Of current interest are the biophysical determinants of the
interfacial structure in multiphase condensates such as the
nucleolus, stress granules and P-bodies.> Modelling of such
surface tension driven biomolecular condensate phenomena
within the Scheutjens-Fleer framework is possible, provided
relevant interaction parameters are known, and our results
demonstrating its applicability to the interface in solutions of
phase-separated Ddx4", suggest it may be able to predict
relevant surface tensions with a high degree accuracy. Equiva-
lently, Scheutjens-Fleer calculations may serve as a reference
point, giving the mean-field polymeric contribution to conden-
sate interfaces, facilitating the development of further physical
theories relating molecular interactions to biomolecular
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condensate interfacial phenomena. We hope the framework
presented here will help further the distillation of the essential
physical principles applicable to biomolecular condensate
interfaces.

5 Conclusions

Our work demonstrates both a simple sessile drop technique to
measure the surface tension and densities of Ddx4™ model
biomolecular condensates, and the calculation of condensate
surface tensions from condensate density, through mean-field
Scheutjens-Fleer lattice computations. Reducing the charge of
Ddx4™ by one unit decreased its phase-separation and inter-
facial tension similar to qualitative predictions from scaling
arguments for fluid-fluid interfaces. The surface tensions
of Ddx4" condensates were reproduced by Scheutjens-Fleer
theory, taking their measured mean-field interaction para-
meters as input, with near quantitative accuracy. Our results
build on previous work demonstrating the applicability of
Flory-Huggins models to the phase-separation of condensate-
associated IDPs,'®'®?9% showing the same sets of modelling
assumptions may be used at their surfaces. These results
demonstrate the utility of mean-field polymer theory in model-
ling IDP condensate interfaces, expanding our understanding
of the key driving forces of their surface tension, and of
fundamental aspects of intracellular organisation. Future work
may focus on direct experimental interrogation of the inter-
facial structure at the surfaces of biomolecular condensate
interfaces, allowing verification of the computational predic-
tions presented here for Ddx4™ and elsewhere for other IDP
condensates.>’

6 Materials & methods

6.1 PEGylation of cuvettes

Surface passivation of the inner surface of cuvettes with PEG
gave Ddx4" condensate contact angles approaching 180°, maxi-
mising the vertical extension of sessile condensates, in the
same manner as reported by Ijavi et al.>’ for Bik1 and FUS,s;
condensates. Here, we adapt their PEGylation protocol for
coating of quartz glass cuvettes (Hellma Semi-Micro Cuvettes
AS4C-QS/QG, 10 mm path length). Quartz glass cuvettes were
treated with oxgyen plasma for 10 min to remove any surface
adsorbed organic contaminants. From a 10 mL toluene (99.8%,
anhydrous from ThermoFisher), 16 uL HCL (fuming 37%, ACS
reagent grade), 50 uL PEG silane ((3-[methoxy(polyethyleneoxy)-
propylJtrimethoxysilane, 6-9 PEG-units) bought from ABCR
GmbH) solution, 1.5 mL was added to each cuvette. Cuvettes
were sealed with their lids and scotch tape and left for 21 hin a
fume hood. The PEGylation reaction solution was then dec-
anted and cuvettes were washed with toluene and twice with
ethanol before drying with clean air. PEGylated cuvettes were
stored under vacuum until use.

8712 | Soft Matter, 2023, 19, 8706-8716

View Article Online

Paper
@) (by Ddxd" D"
1229 1-231
Ddx4" kDa
Ddx4"
100
Ddx4" 1-231 [SSEMDDGPSRRDHEMKSGFASGRNFGNRDAGESNKRDNTS
Ddx4" 1-229 |SSEMDDGPSRRDHEMKSGFASGRNFGNRDAGESNKRDNTS
50
Ddx4" 1-231
Ddx4" 1-229
30
Ddx4" 1-231 -.'
Ddx4" 1-229
179 189 199 209 20
Ddx4" 1-231 GLGSPNNDLDPDESMORTGGLFGSRRPVLSGTGNGDTSQS
Ddx4" 1-229 GL.GSPNNDLDPDESMORTGGLFGSRRPVLSGTGNGDTSOS 15
219 229 239
Ddx4" 1-231 RSGSGSERGGYKGLNEEVITGSGKNSWKSEA 10
Ddx4" 1-229 RSGSGSERGGYKGLNEEVITGSGKNSWKS]
© Ddx4"1-231
Ddx4"1-229
I © ® © e0oee® 000 ©¢ 60 G0 006 000 o0
o H
~ H
o o}
2o ® RHK
©
S ® DE
0 50 100 150 200
residue

Fig. 4 (a) Sequence alignment of the two Ddx4" proteins used in this
work, generated using JalView.”® Number labels correspond to the con-
sensus Ddx4 sequence, preceeded here by a short GAMGS sequence, an
artefact of restriction cloning used to prepare DNA plasmids for protein
expression (see text). Positions of the cysteine to serine mutation, relative
to the consensus Ddx4 sequence, are highlighted in bold font. (b) SDS-
NuPage gel of purified Ddx4™ 1-229 and Ddx4N 1-231 in adjacent lanes
(see text). (c) Predicted charge per residue at pH 8 along the sequence of
the Ddx4" sequence studied in this work. The terminal residues of Ddx4N
1-229 and Ddx4"N 1-231 are illustrated by dashed lines.

6.2 Protein sequences

The sequence of the Ddx4™ proteins used in this work is given
in Fig. 4(a). Ddx4" 1-231 contains the first 231 residues of the
consensus Ddx4 sequence, preceeded by GAMGS - an artefact
of recombinant expression, with the four native cysteine resi-
dues swapped for serine (C73S, C117S, C156S, C174S), alleviat-
ing any propensity for disulfide bond formation. Ddx4" 1-229 is
equivalent to Ddx4™ 1-231 truncated at its C-terminus by two
residues, equivalent to a 0.85% difference in length. The net
charge on the proteins was calculated using the Henderson-
Hasselbalch equation at pH 8 with the following pK, values;
C-terminus = 3.6, ASP = 4, GLU = 4.5, HIS = 6.4, N-terminus =
7.8, CYS = 8.14, TYR = 9.6, LYS = 10.4, ARG = 12.5.

6.3 Protein expression and purification

BL21(DE3) E. coli cells were transformed with IPTG inducible
pET-SUMO 2HTb plasmids encoding the Ddx4"™ sequence
(Ddx4™ 1-229 or Ddx4™ 1-231), and grown in autoinduction
media®® at 37C until reaching an optical density of 2. The
temperature was then reduced to 18C and cells were left to
express the Ddx4™ construct overnight. Cell pellets were resus-
pended in buffer (6 M guanidinium chloride, 10 mM imidazole,
20 mM sodium phosphate pH 7.4) and lysed by sonication. The
His-tagged protein was purified by affinity chromatography
using Nickel NTA Agarose Resin (Agarose Bead Technologies).
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ULP1 was then added to remove the tag, and the eluent
containing the target protein was further purified through size
exclusion chromatography, simultaneously exchanging the pro-
tein product into storage buffer (300 mM NacCl, 20 mM Tris pH
8). Ddx4" was then concentrated to a concentration stable with
respect to phase-separation at room temperature, but unstable
with respect to phase-separation when diluted 1:1 with 20 mM
Tris pH 8 at room temperature (99 uM for Ddx4" 1-229 and
160 uM for Ddx4" 1-231). Purified protein was then syringe
filtered through 0.2 pM filters before snap freezing in liquid
nitrogen and stored at —80 °C.

6.4 Protein characterisation

The purity of purified Ddx4" was assessed using sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
in 12-well precast Invitrogen™ NuPAGE™ 4-12%, Bis-Tris
polyacylamide gels (see Fig. 4(b)). Samples containing 3 pg
protein were prepared at a ratio 3:1 with Invitrogen™ NuPA-
GE™ LDS Sample Buffer (4X), before boiling at 95C for 1 min.
10 pL of samples were then loaded onto gels, along with 8 uL
PageRuIerTM Unstained Protein Ladder, serving as a standard,
before running the gel at 200 V for 35 min. Gels were stained
overnight with InstantBlue Coomassie.

The concentration of protein samples were measured using
a NanoDrop™ Lite Spectrophotometer (Thermo Fisher Scien-
tific™") by loading 1 pL sample and recording the absorbance of
at 280 nm, relative to a baseline recorded for buffer solution
containing no protein. The Beer-Lambert law®’ then relates the
absorbance to protein concentration through the molar decadic
extinction coefficient; 23 950 M ecm ™" for both Ddx4" proteins
used in this work. All concentration measurements were per-
formed at least in triplicate. The absorbance measurements
used in this work fall in the range 0.309-3.924, well within the
detection limits of the spectrophotometer (0.08-30.00).

For measurements of the protein concentration in the
protein-poor phase, 100 pL purified protein was heated to
40C and combined with 100 uL 20 mM Tris pH 8 in a 1.5 mL
Eppendorf tube and allowed to cool to room temperature for
20 min, before centrifugation at 100 g for 10 min. The phase-
separated solution was then held at 22 °C on a heating block for
15 min before 20 puL was aspirated and combined with 20 pL
300 mM NaCl 20 mM Tris pH 8. The protein concentration in
this solution, measured through spectrophotometry, was taken
to be half that of the protein concentration in the protein-
poor phase.

6.5 Density calculations

To determine the densities p, of our samples, we utilised the
following formula

p(o,) =

Siy (1= ) (1)

where m, is the molar mass of the respective protein
(25109.54 g mol™' and 25309.74 g mol*' for Ddx4" 1-229
and Ddx4™ 1-231 respectively), 7, is the molar volume of the
protein calculated using tabulated values provided by Zhao;*®
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19020.3 em® mol " and 19169.7 cm® mol " for Ddx4" 1-229 and
1-231 respectively. We determined the solvent density ps by
weighing incremental volumes of 150 mM NaCl 20 mM Tris pH
8.0, returning ps = 998.2 kg m . The protein volume fraction
¢p, is calculated from protein concentration ¢, through

(12)

Combining eqn (11) and (12) allows inter-conversion of densi-
ties, volume fractions and protein concentrations.

$p = Cplp-

6.6 Sample preparation and imaging

Recombinantly expressed and purified Ddx4"™ in 300 mM NacCl,
20 mM Tris pH 8 was removed from cryogenic storage and
allowed to heat ambiently to room temperature. Purified pro-
tein was then diluted to a concentration double that desired for
phase-separation experiments. Both purified protein and a
solution of 20 mM Tris pH 8 were heated to 40C on a heating
block and then combined 1:1 in a 1.5 mL Eppendorf tube.
66-180 pL of this solution was then added to a PEGylated
quartz glass cuvette prepared as detailed above. Ambient cool-
ing of the sample to 22 °C initiates liquid-liquid phase-
separation, forming microscopic Ddx4" condensates. 10 min
after visible phase-separation, cuvettes were centrifuged at
20 g in a benchtop centrifuge for 10 min, set to 22 °C, driving
the coalescence of microscopic condensates into a single, large
(~300 um in characteristic dimension), Ddx4™ condensate.
A control experiment, where condensate coalescence was
induced by leaving a tilted sample on the benchtop overnight,
showed the capillary length of our condensates to be unaffected
by centrifugation.

Axial symmetry of sessile condensates, required for applica-
tion of eqn (2) and (3), was checked through naked eye inspec-
tion before imaging, see Fig. 1(a) for an image of a phase-
separated sample of Ddx4" 1-231 following centrifugation
captured using a phone camera. We characterised the evapora-
tion rate of our sample setup as 10 pL every 24 h, by recording
the mass of three samples over three days. To minimize the
impact of volume changes due to evaporation, we imaged
samples within 3 h of preparation. Sessile condensates were
imaged using a Olympus BX43 microscope rotated by 90°
relative to the vertical. Before imaging, the inclination of both
the microscope and stage were checked to be horizontal using a
spirit level, and the ambient temperature was checked to be
22 °C using a red spirit filled thermometer (Brannan). Grayscale
2560 x 1920 bright-field images of sessile condensates were
captured using an Olympus SC50 camera with an Olympus PLN
4x Objective, see Fig. 1(b) for an image of our microscopy
setup. In the case of a sample containing multiple sessile con-
densates, centrifugation was repeated to drive their coalescence.

6.7 Image analysis

Mathematica 13°° was used to extract and fit profile coordi-
nates from grayscale images of sessile Ddx4™ condensates (see
Fig. 1). The image coordinates describing the fluid-fluid sur-
face of sessile condensates were extracted using the EdgeDetect
function, combining the left and right-hand side of the
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interface to give a single profile. Eqn (2) is fit to (r,4) coordi-
nates by integrating over s from 0 to spyax, Where the latter is
defined as 1.8x the total Euclidean distance between adjacent
(r,h) coordinates, with a MeanFilter of radius 5 applied to the
set of r values. This integration generates a test profile for input
values of R, and /., which are optimised using the NMinimize
function, where the best fit values minimize the total Euclidean
distance between profile coordinates and the generated profile.
To obtain condensate volumes, we recalculate s, as the first
value of s which reproduces the measured height of condensates.
The condensate volume is then obtained from the optimum (s)
profile (given by integrating eqn (2)) by integrating

(iTIS/ = —mur(s)? sini(s) (13)
from 0 to Sy, Where 1{(s) is defined by
% = cos(s). (14)

Condensate volumes were in the range 50-300 nL.

6.8 Scheutjens-Fleer calculations

The Scheujens-Fleer Self-Consistent Field (SF-SCF) computa-
tions are performed by solving the SF-SCF mean-field equations
numerically on a lattice. We follow the procedure of Scheutjens
and Fleer.*> SF-SCF basically can simulate (co-)polymeric,
colloidal and/or surfactant systems, usually in a solvent, in a
mean-field fashion. In general, SF-SCF computations can be
performed after defining the geometry, the components pre-
sent and the direct interactions between all components in the
system through Flory-Huggins parameters. Electrostatic inter-
actions can additionally be accounted for at the Gouy-Chap-
man level. Rather than explaining the details, we refer the
interested reader to excellent reviews on the method,***” and
describe herein the relevant input parameters used in this
work. All forces in the SF-SCF computations are the result of
direct interactions between all components quantified through
Flory-Huggins parameters. Each chemical entity in the SF-SCF
computations is considered as taking up a single lattice unit.
We performed the computations using the widely spread SFbox
software developed by F. A. M. Leermakers. Recently, the source
code, called namics, has been made available: https://github.
com/leermakers/Namics/. Running SFbox on a laptop computer
returned optimum compositional profiles and interfacial ten-
sion in a matter of seconds.

Within the input file for SFbox, we constructed Ddx4™ 1-229
and Ddx4" 1-231 effective homopolymers as molecules com-
prising 234 and 236 monomers respectively (see Fig. 4). Calcu-
lations were performed on a 200 layer 3-D lattice with a gradient
in one direction and mirrored boundary conditions. The lattice
was populated with 12 polymer molecules, giving a volume
fraction of 0.06 - close to the critical volume fraction of
0.061 (to 2 s.f.) predicted by Flory-Huggins theory for both
chains. For initial calculations, the interaction parameter between
polymer and solvent sites was initially set to 0.741658 and
polymers were restricted to the first 30 lattice sites. In subsequent
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calculations previous output compositional profiles were used as
initial configurations, polymers segments were unrestricted and
the interaction parameter was decreased in units of 0.005 until y
decreased below its critical value. In this series, the exact values of
7 recorded from our experiments (see Fig. 2(a)) were also present:
0.641 for Ddx4"™ 1-229 and 0.616 for Ddx4"™ 1-231 (both to 3 s.f.).
This technique ensured the generation of only one interface in
our calculations. The surface tensions of each profile were calcu-
lated using eqn (8). Interpolation was performed (using the
Interpolation function in Mathematica 13°%) allowing continuous
evaluation of y as a function of y, yielding the plots in Fig. 3(a).
Test calculations performed with larger lattices, keeping the total
volume fraction of polymer constant, showed minimal uncorre-
lated changes in surface tension. Scheutjens-Fleer lattice profiles
shown in Fig. 3 are transformed from simulation units to real
space using the lattice size b obtained from the mean volume
per amino acid calculated using standard values as detailed in
Sections 2.1 and 2.2, amounting to 5.12 A (to 3 s.f.) for each
protein.

The profiles presenting end-segment distributions shown in
Fig. 3(b) were generated from SFbox calculations using the
same technique as outlined above, except the terminal mono-
mers comprised a third species, permitting the extraction of
their compositional profile. Data in Fig. 5 were generated using
the same calculation procedure detailed above, sweeping over
increasing y for each polymer length r.

(a)
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Fig. 5 Interfacial width was a function of (a) chain length N, and inter-
action parameter y and (b) surface tension y and chain length N, obtained
from Scheutjens—Fleer calculations with 4 = 1/6 and b = 5.12 A, represent-
ing a cubic lattice populated with Ddx4"-like chains. Widths were calcu-
lated by fitting egn (10) to volume fraction profiles. Coloured blobs indicate
our calculated values for Ddx4N 1-229 and Ddx4™ 1-231 condensates.
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7 Supplementary information
7.1 Curvature effects on phase equilibria

In a binary mixture of solvent and protein, the impact of
interface curvature on the binodal may be accounted for by
considering the Laplace pressure. For a two-phase system with
a flat interface, the equilibrium constraint on the protein
volume fraction is

tp,TyPp,0sP) = Hp,p(TyPp,p,P)-

The curvature of a droplet of phase B immersed in phase o with
radius R increases the internal pressure of the droplet by®*
2y

AP =21
R

(15)

(16)

This Laplace pressure augments the chemical potential of the
protein in phase B by a factor 7,AP, where 7, is the molar
volume of the protein, yielding

_ 2y

Hp o <T7 ¢p,m’7 P> =HUpp (T7 ¢p,ﬁ7 P) + Z/Pf7 (17)

where ¢, denotes the new equilibrium volume fraction of
protein in phase a. To illustrate the impact of Laplace pressure
on the two-phase equilibria present in our Ddx4" system, we
consider a droplet with a radius of R = 200 pm and surface
tension of 100 uN m ™', Its Laplace pressure, given by eqn (16),
is equal to 1 Pa, which for a condensate formed by a Ddx4"
chain comprising 234 monomer units, with interaction para-
meter y = 0.641 and molecular volume v, = 31.6 nm?®, results
in an expected increase of ¢,, by less than 10 *% (from
6.14486 x 10~ to 6.14491 x 107 7).

Author contributions

Jack Holland: conceptualization, methodology, formal analysis,
investigation, writing - original draft, writing - review & editing.
Alfonso A. Castrejon-Pita: methodology, resources, writing —
review & editing. Remco Tuinier: software, writing - review &
editing. Dirk G. A. L. Aarts: conceptualization, methodology,
writing - review & editing, supervision, funding acquisition.
Timothy J. Nott: conceptualization, methodology, resources,
writing - review & editing, supervision, project administration,
funding acquisition.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

J. H. thanks Mark Vis for introducing them to Scheutjens-Fleer
theory. Also thanks to Clare Rees-Zimmerman and Callum Beck
for providing helpful comments during the writing process.
J. H. acknowledges the Synthetic Biology Centre for Doctoral
Training - EPSRC funding (EP/L016494/1) and Christ Church,
Oxford, for funding. T. J. N. acknowledges the Wellcome Trust

This journal is © The Royal Society of Chemistry 2023

View Article Online

Soft Matter

and the Royal Society (Grant Number 202320/Z/16/Z) for fund-
ing. A. A. C. P. gratefully acknowledges funding support from
the NSF/CBET-EPSRC via grant No. EP/W016036/1.

Notes and references

1 S. F. Banani, H. O. Lee, A. A. Hyman and M. K. Rosen, Nat.
Rev. Mol. Cell Biol., 2017, 18, 285-298.

2 B. Gouveia, Y. Kim, J. W. Shaevitz, S. Petry, H. A. Stone and
C. P. Brangwynne, Nature, 2022, 609, 255-264.

3 R. Tan, A. J. Lam, T. Tan, J. Han, D. W. Nowakowski,
M. Vershinin, S. Sim6, K. M. Ori-McKenney and R. ].
McKenney, Nat. Cell Biol., 2019, 21(9), 1078-1085.

4 M. R. King and S. Petry, Nat. Commun., 2020, 11(1), 1-13.
5 S. U. Setru, B. Gouveia, R. Alfaro-Aco, J. W. Shaevitz,
H. A. Stone and S. Petry, Nat. Phys., 2021, 17(4), 493-498.

6 W. Ma and C. Mayr, Cell, 2018, 175, 1492-1506.€19.

7 P. Li, S. Banjade, H.-C. C. Cheng, S. Kim, B. Chen, L. Guo,
M. Llaguno, J. V. Hollingsworth, D. S. King, S. F. Banani,
P. S. Russo, Q.-X. X. Jiang, B. T. Nixon and M. K. Rosen,
Nature, 2012, 483, 336-340.

8 S. Banjade and M. K. Rosen, eLife, 2014, 3, 4123.

9 A. W. Folkmann, A. Putnam, C. F. Lee and G. Seydoux,
Science, 2021, 373, 1218-1224.

10 M. Feric, N. Vaidya, T. S. Harmon, R. W. Kriwacki, R. V. Pappu,
C. P. B. Correspondence, D. M. Mitrea, L. Zhu, T. M.
Richardson and C. P. Brangwynne, Cell, 2016, 165, 1686-1697.

11 Y. Shin and C. P. Brangwynne, Science, 2017, 357, eaaf4382.

12 S. Saha, C. A. Weber, M. Nousch, O. Adame-Arana, C. Hoege,
M. Y. Hein, E. Osborne-Nishimura, J. Mahamid, M. Jahnel,
L. Jawerth, A. Pozniakovski, C. R. Eckmann, F. Jilicher and
A. A. Hyman, Cell, 2016, 166, 1572-1584.¢16.

13 J. Wang, J.-M. Choi, A. S. Holehouse, H. O. Lee, X. Zhang,
M. Jahnel, S. Maharana, R. Lemaitre, A. Pozniakovsky,
D. Drechsel, 1. Poser, R. V. Pappu, S. Alberti and
A. A. Hyman, Cell, 2018, 174, 688-699.e16.

14 E. W. Martin, A. S. Holehouse, I. Peran, M. Farag,
J. J. Incicco, A. Bremer, C. R. Grace, A. Soranno,
R. V. Pappu and T. Mittag, Science, 2020, 367, 694-699.

15 S. Elbaum-Garfinkle, Y. Kim, K. Szczepaniak, C. C.-H. Chen,
C. R. Eckmann, S. Myong and C. P. Brangwynne, Proc. Natl.
Acad. Sci. U. S. A., 2015, 112, 7189-7194.

16 T. ]J. Nott, E. Petsalaki, P. Farber, D. Jervis, E. Fussner,
A. Plochowietz, T. D. Craggs, D. P. Bazett-Jones,
T. Pawson, J. D. Forman-Kay and A. ]J. Baldwin, Mol. Cell,
2015, 57, 936-947.

17 T.]. Nott, T. D. Craggs and A. J. Baldwin, Nat. Chem., 2016,
8, 569-575.

18 J. P. Brady, P. J. Farber, A. Sekhar, Y. H. Lin, R. Huang,
A. Bah, T.]. Nott, H. S. Chan, A. J. Baldwin, J. D. Forman-Kay
and L. E. Kay, Proc. Natl Acad. Sci. U. S. A., 2017, 114,
E8194-E8203.

19 M. D. Crabtree, J. Holland, P. Kompella, L. Babl, N. Turner,
A. J. Baldwin and T. J. Nott, BioRxiv, 2020, 2020.10.
29.357863, DOI: 10.1101/2020.10.29.357863.

Soft Matter, 2023,19, 8706-8716 | 8715


https://doi.org/10.1101/2020.10.29.357863
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sm00820g

Open Access Article. Published on 20 September 2023. Downloaded on 1/23/2026 9:38:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45
46

A. Klosin, F. Oltsch, T. Harmon, A. Honigmann, F. Jilicher,
A. A. Hyman and C. Zechner, Science, 2020, 367, 464-468.
S. F. Banani, A. M. Rice, W. B. Peeples, Y. Lin, S. Jain,
R. Parker and M. K. Rosen, Cell, 2016, 166, 651-663.

H. Wang, F. M. Kelley, D. Milovanovic, B. S. Schuster and
Z. Shi, Biophys. Rep., 2021, 1, 100011.

L. M. Jawerth, M. Ijavi, M. Ruer, S. Saha, M. Jahnel,
A. A. Hyman, F. Jilicher and E. Fischer-Friedrich, Phys.
Rev. Lett., 2018, 121, 258101.

C. P. Brangwynne, C. R. Eckmann, D. S. Courson,
A. Rybarska, C. Hoege, ]J. Gharakhani, F. Jilicher and
A. A. Hyman, Science, 2009, 324, 1729-1732.

N. Taylor, S. Elbaum-Garfinkle, N. Vaidya, H. Zhang, H. A. Stone
and C. P. Brangwynne, Soft Matter, 2016, 12, 9142-9150.

C. M. Caragine, S. C. Haley and A. Zidovska, Phys. Rev. Lett.,
2018, 121, 148101.

M. Jjavi, R. W. Style, L. Emmanouilidis, A. Kumar, S. M. Meier,
A. L. Torzynski, F. H. Allain, Y. Barral, M. O. Steinmetz and
E. R. Dufresne, Soft Matter, 2021, 17, 1655-1662.

E. Spruijt, J. Sprakel, M. A. Cohen Stuart and J. Van Der
Gucht, Soft Matter, 2009, 6, 172-178.

S. Saha, C. A. Weber, M. Nousch, O. Adame-Arana, C. Hoege,
M. Y. Hein, E. Osborne-Nishimura, J. Mahamid, M. Jahnel,
L. Jawerth, A. Pozniakovski, C. R. Eckmann, F. Jilicher and
A. A. Hyman, Cell, 2016, 166, 1572-1584.e16.

D. Qian, T. C. Michaels and T. P. Knowles, J. Phys. Chem.
Lett., 2022, 13, 7853-7860.

D. G. A. L. Aarts, M. Schmidt and H. N. W. Lekkerkerker,
Science, 2004, 304, 847-850.

D. G. A. L. Aarts, R. P. Dullens, H. N. W. Lekkerkerker, D. Bonn
and R. Van Roij, J. Chem. Phys., 2004, 120, 1973-1980.

J. M. H. M. Scheutjens and G. ]. Fleer, J. Phys. Chem., 1979,
83, 1619-1635.

G. Fleer, M. A. Cohen Stuart, J. M. H. M. Scheutjens,
T. Cosgrove and B. Vincent, Polymers at interfaces, Springer
Sceince & Business Media, 1993.

P. J. Flory, J. Chem. Phys., 2004, 10, 51.

M. L. Huggins, Ann. N. Y. Acad. Sci., 1942, 43, 1-32.

G. J. Fleer, Adv. Colloid Interface Sci., 2010, 159, 99-116.

R. H. Tromp, R. Tuinier and M. Vis, Phys. Chem. Chem.
Phys., 2016, 18, 30931-30939.

M. Vis, E. M. Blokhuis, B. H. Erné, R. H. Tromp and
H. N. W. Lekkerkerker, J. Phys. Chem. B, 2018, 122,
3354-3362.

F. A. M. Leermakers, J. Chem. Phys., 1999, 110, 6560-6579.
Y.-H. Lin, J. Song, J. D. Forman-Kay and H. S. Chan, J. Mol.
Lig., 2017, 228, 176-193.

P.-G. de Gennes, F. Brochard-Wyart and D. Quéré, Capillar-
ity and Wetting Phenomena, Springer, New York, 2004.

Y. Rotenberg, L. Boruvka and A. W. Neumann, J. Colloid
Interface Sci., 1983, 93, 169-183.

J. Gaydos and A. W. Neumann, J. Colloid Interface Sci., 1987,
120, 76-86.

D. Li and A. W. Neumann, Colloids Surf., 1990, 43, 195-206.
O. 1. Del Rio and A. W. Neumann, J. Colloid Interface Sci.,
1997, 196, 136-147.

8716 | Soft Matter, 2023,19, 8706-8716

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66
67

68
69

70

View Article Online

Paper

D. Y. Kwok and A. W. Neumann, Adv. Colloid Interface Sci.,
1999, 81, 167-249.

S. M. Saad and A. W. Neumann, Adv. Colloid Interface Sci.,
2016, 238, 62-87.

G. J. Fleer, A. M. Skvortsov and R. Tuinier, Macromolecules,
2003, 36, 7857-7872.

R. Tuinier and G. J. Krooshof, J. Colloid Interface Sci., 2012,
382, 105-109.

P.-G. De Gennes, Scaling concepts in polymer physics, Cornell
University Press, 1979.

J. S. Rowlinson and B. Widom, Molecular theory of capillar-
ity, Courier Corporation, 2013.

G. A. Chapela, G. Saville, S. M. Thompson and J. S. Rowlinson,
J. Chem. Soc., Faraday Trans. 2, 1977, 73, 1133-1144.

M. Farag, S. R. Cohen, W. M. Borcherds, A. Bremer,
T. Mittag and R. V. Pappu, Nat. Commun., 2022, 13, 1-15.
W. Zheng, G. L. Dignon, N. Jovic, X. Xu, R. M. Regy,
N. L. Fawzi, Y. C. Kim, R. B. Best and ]J. Mittal, J. Phys.
Chem. B, 2020, 124, 11671-11679.

A. Patel, H. O. Lee, L. Jawerth, S. Maharana, M. Jahnel, M. Y.
Hein, S. Stoynov, J. Mahamid, S. Saha, T. M. Franzmann,
A. Pozniakovski, 1. Poser, N. Maghelli, L. A. Royer, M.
Weigert, E. W. Myers, S. Grill, D. Drechsel, A. A. Hyman and
S. Alberti, Cell, 2015, 162, 1066-1077.

L. Jawerth, E. Fischer-Friedrich, S. Saha, ]J. Wang,
T. Franzmann, X. Zhang, J. Sachweh, M. Ruer, M. Ijavi,
S. Saha, J. Mahamid, A. A. Hyman and F. Jiilicher, Science,
2020, 370, 1317-1323.

J. O. Law, C. M. Jones, T. Stevenson, T. A. Williamson,
M. S. Turner, H. Kusumaatmaja and S. N. Grellscheid, Sci.
Adpv., 2023, 9, eadg0432.

A. Bremer, M. Farag, W. M. Borcherds, I. Peran, E. W. Martin,
R. V. Pappu and T. Mittag, Nat. Chem., 2022, 14, 196-207.
J.-L. Barrat and J.-P. Hansen, Basic concepts for simple and
complex liquids, Cambridge University Press, 2003.

J. A. Joseph, A. Reinhardt, A. Aguirre, P. Y. Chew, K. O. Russell,
J. R. Espinosa, A. Garaizar and R. Collepardo-Guevara, Nat.
Comput. Sci., 2021, 1, 732-743.

R. Mammen Regy, W. Zheng and J. Mittal, Methods in
Enzymology, Academic Press, 2021, vol. 646, pp. 1-17.

P. G. Bolhuis, A. A. Louis, J. P. Hansen and E. J. Meijer,
J. Chem. Phys., 2001, 114, 4296-4311.

N. A. Erkamp, M. Farag, D. Qian, T. Sneideris, T. J. Welsh,
H. Ausserwoger, D. A. Weitz, R. V. Pappu and T. P. J.
Knowles, BioRxiv, 2023, 2023.01.12.523837, DOI: 10.1101/
2023.01.12.523837.

Y. Dai, C. F. Chamberlayne, M. S. Messina, C. ]J. Chang,
R. N. Zare, L. You and A. Chilkoti, Chem, 2023, 9, 1594-1609.
F. W. Studier, Protein Expression Purif., 2005, 41, 207-234.
D. F. Swineharf, E. The and B.-L. Law, J. Chem. Educ., 1962,
39, 333-335.

H. Zhao, Biophys. Chem., 2006, 122, 157-183.

Wolfram Research Inc., Mathematica, Version 13.0, Cham-
paign, IL, 2021.

A. M. Waterhouse, J. B. Procter, D. M. A. Martin, M. Clamp
and G. J. Barton, Bioinformatics, 2009, 25, 1189-1191.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1101/2023.01.12.523837
https://doi.org/10.1101/2023.01.12.523837
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sm00820g



