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Abstract

Phase separation of intrinsically disordered prion-like low-complexity domains (PLCDs) derived
from RNA-binding proteins enable the formation of biomolecular condensates in cells. PLCDs have
distinct amino acid compositions, and here we decipher the physicochemical impact of conserved
compositional biases on the driving forces for phase separation. We find that tyrosine residues make for
stronger drivers of phase separation than phenylalanine. Depending on their sequence contexts, arginine
residues enhance or weaken phase separation, whereas lysine residues weaken cohesive interactions
within PLCDs. Increased net charge per residue (NCPR) weakens the driving forces for phase separation
of PLCDs and this effect can be modeled quantitatively. The effects of NCPR also weaken known
correlations between the dimensions of single chains in dilute solution and the driving forces for phase
separation. We build on experimental data to develop a coarse-grained model for accurate simulations

of phase separation that yield novel insights regarding PLCD phase behavior.
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Biomolecular condensates enable spatial and temporal organization of biochemical reactions that
control key cellular processes such as division ', signaling 2, and transcriptional regulation *. Examples
of condensates include ribonucleoprotein condensates such as stress granules that sequester naked,
unfolded RNA molecules when stress causes the termination of translation and polysomes disassemble
4, Stress granule formation and dissolution is regulated by reversible phase transitions that are regulated

by a network of heterotypic protein-RNA interactions and homotypic protein-protein interactions >5 7.

Many of the protein components of stress granules are RNA-binding proteins (RBPs) that feature
tandem RNA-binding domains and intrinsically disordered prion-like low complexity domains (PLCDs) &
°. Mutations within PLCDs can cause neurodegenerative diseases such as Amyotrophic Lateral Sclerosis
(ALS) ' " and genetic translocation events that result in the expression of PLCD fusion proteins can
cause multiple cancers > 3. Mutations appear to impact the phase behavior of PLCDs and there is
growing consensus that aberrant phase transitions underlie disease processes ' '°. Proteins that are
genetically linked to ALS include RBPs such as TIA-1, TAF15, FUS, TDP-43, EWSR1, hnRNPA1,
hnRNPA2, and hnRNPD/L. Mutations associated with ALS tend to be located within PLCDs that can
phase separate as autonomous units '* '®. In vitro investigations of PLCD phase behavior reveal that
disease-related mutations can alter the driving forces for phase separation, change material properties
of condensates, or enable the conversion from liquid-like condensates to fibrillar solids ' ' 15 |t is
therefore critical to understand how the driving forces for functional and aberrant phase separation are
encoded in PLCDs.

The stickers-and-spacers framework has proven to be useful for describing the normal and
aberrant phase behaviors of PLCDs and other multivalent protein and RNA molecules that encompass
disordered regions and folded domains '® - 18- 1% |n this framework, stickers in disordered regions are
short linear motifs or individual residues that make reversible, non-covalent crosslinks with one another.
Depending on the identities of the stickers, the physical crosslinks involve a combination of ionic,
multipolar, hydrophobic, cation-pi, and pi-pi interactions 2% 2" 222324 Accordingly, physical crosslinks
have characteristic length and energy scales ' %°. Above a concentration threshold known as the
percolation threshold, physical crosslinks can lead to the formation of a system-spanning network & 1%
% Spacers provide scaffolds for stickers, and the effective solvation volumes of spacers determine

whether percolation is aided by phase separation or if percolation arises without phase separation '* 2"
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2 Phase separation-aided percolation transitions give rise to coexisting dilute and dense phases, where

the latter are condensates that are best described as viscoelastic network fluids 82829,

In a recent study, directed toward the PLCD from isoform A of human hnRNPA1, referred to
hereafter as the WT A1-LCD or A1-LCD, aromatic residues were shown to be the primary stickers that
form reversible non-covalent crosslinks '’. Stickers are uniformly distributed along the linear sequence
and this leads to a dilution of the effects of inter-sticker crosslinks by spacers. The valence (number) of
stickers and their patterning along the linear sequence determine the phase behavior of archetypal
PLCDs such as the A1-LCD. The interplay among sticker-sticker, sticker-spacer, and spacer-spacer
interactions leads to percolated condensates with liquid-like properties that dissolve above an upper

critical solution temperature (UCST) *7.

The binary classification of PLCD residues as aromatic stickers and non-aromatic spacers
suggests that aromatic residues such as Tyr and Phe are interoperable with one another. It also suggests
that non-aromatic residues are unlikely to contribute as stickers, and that all non-aromatic residues might
be interoperable with one another as spacers. If these implications are true, then given sufficient
evolutionary drift 3 and no selection pressure on the identities of non-aromatic residues, the amino acid
compositions of PLCDs from homologous proteins should feature a conservation of the valence and
patterning of aromatic stickers and a lack of conservation of any other sequence features. To assess if
this expectation is valid, we quantified the amino acid composition of A1-LCD (Fig. 1a) and analyzed the
extent to which compositions are conserved across 848 PLCDs drawn from orthologs and paralogs
(referred to hereafter as homologs) within the hnRNPA1 family (Fig. 1b). Sequences for PLCDs of
hnRNPA1 were drawn from proteomes of unrelated organisms, and include species that diverged ~750
M years ago *. We reduced each of the 848 PLCD sequences to a 20x1 vector that defines its amino
acid composition and calculated the similarities of amino acid compositions between all pairs of PLCDs
from homologs. This is quantified by computing the cosine of angles between every pair of vectors. Most
of the cosine values are close to one (Fig. 1b) implying that compositional biases are similar across
PLCDs from homologous proteins. This suggests that there are conserved preferences for non-aromatic
residues. It also indicates that binary classifications into aromatic stickers and non-aromatic spacers
might be too coarse-grained for describing the molecular grammar underlying the driving forces for phase

separation of PLCDs.

To motivate a design-based approach for understanding the sequence-to-phase-behavior
relationships of PLCDs, we extracted features that characterize the compositions of PLCDs across

homologs. Key parameters include the net charge per residue (NCPR) (Fig. 1c), the fractions of Arg
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versus Lys (Fig. 1d), the fraction of aromatic residues (Fig. 1e), and the covariations between Tyr and
Phe contents (Fig. 1f). These analyses were motivated by results that highlight the role of Arg as a sticker
'® the relative weakness of Lys as a sticker '6 22 233132 the contributions of charged residues that

27,28

destabilize phase separation either as spacers that promote solvation or via electrostatic repulsions

%, and the suggestion that Tyr is likely to be a stronger sticker than Phe 34,

Analysis of the compositional biases across PLCDs from homologs of hnRNPA1 shows that
NCPR values are narrowly distributed around a mean value of +0.04 (Fig. 1c). There is a clear preference
for Arg over Lys, with the Arg and Lys contents being narrowly distributed around mean values of 0.06
and 0.02, respectively (Fig. 1d). The fraction of aromatic residues is narrowly distributed around a mean
value of 0.13 (Fig. 1e). Further analysis shows that the fractions of Phe and Tyr residues vary
considerably across A1-LCD sequences from homologs. Specifically, there is a clear negative correlation
between the fractions of Phe and Tyr residues across the 848 sequences indicating a covariation
between fractions of Phe and Tyr (Fig. 1f,g). Our results point to a complex compositional landscape,
with clear biases for heterogeneous distributions of non-aromatic residues. While our bioinformatics
analysis uncovers distinct compositional preferences, it does not provide insights into the physical basis
for these trends. Here, we used a combination of biophysical investigations, machine learning-aided *

coarse-grained simulations '®

, and theoretical analysis that collectively yield a physicochemical
rationalization for the conserved biases and covarying trends across A1-LCD homologs. We uncover
molecular explanations for previous observations and for previously unappreciated context dependencies
of compositional effects. Building on rules that emerge from our systematic efforts, we propose, based
on additional evolutionary analysis of PLCDs from other FET family proteins, that the rules we have

extracted from this work are transferrable across a wide range of PLCDs.

In what follows, we present results from systematic investigations that uncover the physical
significance for NCPR being narrowly dispersed about a mean value of +0.04, the rationale for there
being a clear preference for Arg over Lys residues, and the consequences of varying Phe versus Tyr
contents while keeping the fraction of aromatic residues and hence the valence of aromatic stickers
narrowly dispersed. Additionally, PLCDs are flexible, finite-sized heteropolymers, and yet they have been
shown to behave in a manner that is similar to effective homopolymers ', whereby the determinants for
the collapse of each chain in dilute solutions are the same as those for driving phase separation *¢. This
“strong coupling” between the determinants of conformational and phase equilibria of PLCDs has been
attributed to the uniform distribution of aromatic stickers along the linear sequence '"*". The sequence
titrations that we deploy in this work allow us to quantify the impact of changes to sticker versus spacer

grammars on the coupling between single-chain dimensions and the driving forces for phase separation.
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Finally, we use our computational model, parameterized to reproduce the totality of experimental
observations, to assess the differences and similarities of single chain conformations in the dense versus
dilute phases and uncover the interplay between overlap concentrations that are governed by

conformational fluctuations and the cohesive effects of inter-sticker interactions 2.
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Fig. 1: Compositional analysis of PLCDs from homologs of hnRNPA1. (a) Amino acid sequence and
compositional statistics for the PLCD from isoform a of hnRNPA1 — referred to in the text as A1-LCD. (b)
2D histogram quantifying the joint distribution of lengths of PLCDs derived from homologs of hnRNPA1
and the compositional similarities, in terms of cosine values, to A1-LCD. (c) Distribution of NCPR values;
(d) Distributions of fractions of Arg and Lys residues; (e) Distribution of fractions of aromatic residues;
Numerical values are mean values of the respective distribution + the standard deviations. (f) 2D
histogram quantifying covariations in fractions of Tyr versus Phe residues across PLCDs.
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Results

Design of sequence variants of A1-LCD. Motivated by our analyses of compositional biases
and covariation trends across homologs, we generated 28 distinct sequence variants of the A1-LCD (Fig.
2a, Table S1). All sequence variants have the same length. The designations used in Fig. 2a reflect the
numbers of aromatic / charged residues that were added or removed. Additions or deletions of aromatic
/ charged residues were achieved either by replacing Gly / Ser spacers with the residues of interest or
substituting deleted residues with Gly / Ser residues. These additions and deletions preserve the overall
balance of Gly and Ser, which are the most abundant residues in A1-LCD (Fig. 1a) and are thought to

be spacers as opposed to stickers °.

We expressed and purified each of the 28 variants (Fig. S1) and characterized their temperature-
dependent phase behaviors in vitro. All variants (except for -10R+10K) form liquid-like condensates giving
rise to dense, liquid-like droplets at pH 7.0 and 4°C in the presence of 150 mM NacCl. Differential
interference contrast micrographs are shown in Fig. 2b for a subset of the variants. The variants can be
grouped into five distinct classes that allow us to assess the impact of specific sequence features on the
driving forces for phase separation as measured by coexistence curves. With the aromatic variants (Fig.
2a) we query the impact of variations to Tyr versus Phe contents. With the R-variants (-10R, -6R, and
+7R) we assess whether Arg residues contribute as auxiliary stickers in sequences where aromatic
residues act as the primary stickers. The R/K variants (3R+3K, 6R+6K, and -10R+10K) help us query the
impact of systematically replacing Arg with Lys. With D/E variants (-4D, +8D, +12D, +12E), we assess
the contributions of changes to the effective solvation volumes of spacer residues. Finally, the mixed
variants (+7R+12D and +7K+12D) allow us to interrogate the effect of increasing the fraction of charged

residues by jointly increasing the fraction of acidic (Asp) and basic (Lys or Arg) residues.

Impact of Tyr versus Phe on the driving forces for phase separation. We used sedimentation
assays as described previously " * to measure coexisting dilute and dense phase concentrations as a
function of temperature. Cloud point measurements were used to identify the locations of critical points
“0_Fig. 2c shows the measured coexistence curves and cloud points for the aromatic variants. The WT
A1-LCD has 12 Phe and 7 Tyr residues distributed uniformly along the sequence (Fig. 2a). In
the -12F+12Y variant, all Phe residues of the WT are replaced with Tyr residues. This increases the width
of the two-phase regime, although the apparent critical point and the dense phase concentration stay
roughly the same as those of the WT. Widening of the two-phase regime is achieved by shifting the low
concentration arm (left arm) of the binodal to lower concentrations. This implies that substituting Phe with

Tyr residues enhances the driving forces for phase separation without causing changes to the density
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within condensates. The variant +7F-7Y replaces all Tyr residues with Phe. In contrast to the -12F+12Y
variant, the width of the two-phase regime narrows for +7F-7Y. We measured coexistence curves
for -9F+6Y, -8F+4Y, and -9F+3Y, which contain Phe and Tyr residues but shift their ratios. The data show

that the overall phase behavior is determined by a combination of the total number of aromatic stickers

and the asymmetry between Tyr versus Phe residues (Fig. 2d).
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Fig. 2: Comparative assessments of sequence-binodal relationships for designed variants of A1-
LCD. (a) A1-LCD variants that titrate aromatic and charged residues. Numbers next to the schematic for
WT indicate the number of residues of a certain type. Vertical bars in the schematics indicate the position
of residue types namely, Phe (yellow), Tyr (orange), Arg (light blue), Lys (dark blue), Asp (red), and Glu
(magenta). Asterisks indicate A1-LCD variants used to test the validity of the analytical model in Fig. 3
(*) and the coarse-grained model in Fig. 6 (**). (b) Differential interference contrast (DIC) images of select
A1-LCD variants showing that they form dense liquid droplets. Scale bar represents 50 um. Solution
conditions were 20 mM HEPES, 150 mM NacCl, pH 7.0. (c-g) Binodals of A1-LCD variants as a function
of temperature in 20 mM HEPES, 150 mM NaCl, pH 7.0. Binodals of A1-LCD for aromatic (c, d), Arg (e),
Arg/Lys (f), Asp/Glu (g), and mixed variants where the number of positively and negatively charged
residues is altered (e,f). Binodals were determined using two different types of experiments viz.,
centrifugation followed by UV absorbance measurements (filled symbols) and cloud point measurements
(open symbols). The dashed line in each of the panels (c)-(g) is a fit of Flory-Huggins theory to the
experimental data for the WT A1-LCD. Data for -4F-2Y are those of Martin et al. (h) Summary of variant-
specific saturation concentrations measured at 4°C. Error bars indicate the standard error of replicate
measurements.
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Comparative assessments of the phase behaviors of different charge variants. The
favorable free energies of solvation of charged residues should increase the effective solvation volumes
of spacers and destabilize phase separation 2 2%, In addition, Lys lacks a quadrupole moment and is
likely to behave differently from Arg * 2. We performed a series of measurements to obtain comparative
assessments of how replacements or additions of different types of charges contribute to the phase
behaviors of charge variants of A1-LCD. First, we assessed the phase behavior of the R-variants -10R,
-6R, and +7R. The coexistence curve of -10R, which removes all 10 Arg residues from the sequence,
changed considerably when compared to the A1-LCD, weakening the driving force for phase separation
in line with previous work that has identified Arg residues as drivers of phase separation '® 23, However,
to our surprise the -6R variant shows a slight increase in the width of the two-phase regime compared to
WT, whereas phase separation is significantly destabilized for +7R (Fig. 2e). Together, these data
suggest that Arg residues contribute as auxiliary stickers within PLCDs, but these contributions are
context-dependent resulting in non-trivial relationships between Arg content and the driving forces for
phase separation. Next, we assessed the effects of substituting Arg with Lys residues in variants -3R+3K,
-6R+6K, and -10R+10K. These substitutions clearly weaken the driving forces for phase separation (Fig.
2f). In fact, replacement of all Arg residues with Lys (-10R+10K) resulted in the abrogation of phase

separation in the concentration range up to 2.3 mM.

To assess the impact of acidic residues on phase separation, we added 8 or 12 Asp residues to
generate variants +8D and +12D, or 12 Glu residues to generate +12E, to the 4 Asp residues in the WT
sequence. Increasing the Asp or Glu content beyond that of the WT sequence leads to substantial
weakening of the driving forces for phase separation. This is consistent with the hypothesis that
increasing the charge content, without compensatory electrostatic attractions, destabilizes phase
separation through the increased effective solvation volumes of and electrostatic repulsion among spacer
residues (Fig. 2g). Interestingly, substitution of the four native Asp residues with Gly / Ser, as in variant -
4D, also weakened the driving forces for phase separation. This points to a buffering role of the native
Asp residues because replacement of these groups increases the uncompensated positive charge in the

system.

To test the hypothesis that electrostatic attractions offset the destabilizing effects of high effective
solvation volumes, we measured coexistence curves for variants +7R+12D and +7K+12D. Indeed, the
destabilizing effects seen in +7R and +12D are offset and overcome in the constructs that are close to
being electroneutral (Fig. 2e,f). This effect also prevails for the +7K+12D variant, although the differences
between Arg and Lys still persist. Comparison of the coexistence curves for +7R+12D and +7K+12D

shows that a combination of near electroneutrality and the presence of context dependent auxiliary sticker
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effects of Arg contribute to the enhancement of phase separation in +7R+12D when compared to the A1-
LCD. In summary, the sequence variation in this set of A1-LCD variants modulated the saturation
concentration by three orders of magnitude (Fig. 2h), and we sought a framework to understand the
molecular underpinnings of these sequence-dependent changes to the driving forces for phase

separation.

Application of a mean-field model explains the data for charge variants. We hypothesized
that electroneutrality might be important for enhancing the driving forces for phase separation. According
to this hypothesis, the WT sequence with its 4 Asp, 10 Arg, 2 Lys, and a net charge of +8 should have
an unfavorable balance of charged residues. We assessed the impact of net charge by plotting the
measured logo(Csat) Values against NCPR for a series of variants with identical aromatic stickers but
changes to charged residues (Fig. 3a). Here, csat is the coexisting dilute phase concentration known as
the saturation concentration. We performed this analysis using data collected at 4°C. The plot of [0g1o(Csat)
versus NCPR at 4°C has a putative V-shaped profile (Fig. 3a) indicating the possibility that csat is at its
lowest value for electroneutral systems (NCPR = 0). However, differences between Arg and Lys variants
lead to significant deviations from the putative V-shaped profile (Fig. S2a). Specifically, for equivalent
NCPR values, we find that increasing the number of Arg residues lowers csat Whereas decreasing the
number of Arg residues increases Csat. In contrast, increasing the number of Lys residues increases Csat

(+7K+12D, -3R+3K, and -6R+6K) to extents that cannot be explained by deviations from electroneutrality.

We reasoned that Arg residues are context-dependent auxiliary stickers, whereas Lys residues
weaken attractive interactions % 3. To test this hypothesis, we used a generalized mean-field stickers-

|26

and-spacers model *°, and rescaled the csar values at 4°C using cf, =c,, (A,,n?+21nn.) . In this

sat = aa ‘a
formalism, we account for the contribution of Arg residues as auxiliary stickers by fixing Asa = 1, and use

regression analysis to obtain Aar, which is 1.69. Higher A-values with a positive sign imply less favorable
contributions from aromatic-Arg (aR) interactions compared to inter-aromatic (aa) interactions; n. and nr
quantify the numbers of aromatic and Arg residues, respectively. To account for residuals that persist in

the plot of ¢/, against NCPR (Fig. S2b) we accounted for the effects of Lys residues in a further rescaling

sat

¢l =c,, [nj(xaa =30 )+ nng (20, —6xKnK)J. Regression analysis yields Ax = 0.0479, and the minus sign

sat

for terms involving Ak quantifies the unfavorable contributions of Lys; here, nk is the number of Lys
residues. With this rescaling, all data points at 4°C can be collapsed onto two arms of a single V-shaped

plot (Fig. S2c). Finally, we account for the changes to csat with temperature to arrive at
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sat a

cz(T)=c,, (T)exp{—(%ﬂ[# (Mya =301 )+ 1,1 (20— 6A,n, )] that yields a master curve for ¢, versus

NCPR (Fig. S2d, 3b) where we set To = 277 K and obtain the optimal value of m = 8.26 K.

a b
®+12E ® WT o wr —
@
-10R i @ Asp/Glu variants 4 8 12 16 20 24
- [ @ Asp/Glu variants piGlu T ture (°C) .
'} oo S g variants o TR o[ — s
+
=10 N 4 Unused for parameterization .,’/
10T 8\ $4r2Ks50 674D
— +12D "X -10R ’
s ©+8D .\ S 3R+3K§ -7
= - WT+NLS ! S ’
107} -6R ¢ J "\ 80 eReek G SR
e 1072} \ @ -2R-2K+3D ,“g WT+NLS
td
N\ +4D e
6RB_ 47R+10D
’ -
+7k+120%,7  O2K
-6
10T @+7R+12D 1073} Mert =-0.98 @ *7TR+12D Fright = 0.96
—0.02 000 002 004 006 008 0.0 —0.02 000 002 004 006 008 0.10
NCPR NCPR
c d
@ Allvariants at pH 7 , 1.0 -
@ +7K+12D scaled using # total Lys e}
\ ’ +7K+12D scaled using # protonated Lys // —
-1 N /’
10 . e 0.8
\ Vel 3
N e 2 _
—~ ° e 3
o AN o goe
° 0 4 o V.
Ao AN i o) =
N © o4 -
8,2 N , @
010 | N e E04
\‘ Vi © -
W // E
8 ° $ -
td
* ° &// 0.2
107} %
002 000 002 004 006 008 0.10 0.0 o 0 o 0 e
NCPR
Estimated csat (M)
e 32 31 30 29 2 110 11 11010911012612538 o, g
= Y e
3g| @ =699 ppm, Tyr g ° r° o S AN A r=092
. - \
- o9 Hls{k. i
\
- ' | dq| Oped@|.: -5 =18 AN
Ea0 o 40 i 42 ¢ 3 AN
% o|[olfdale]. ; e
9 | — . "- .-44 ,5':-6 ¢ K] \\\
‘_éﬂ “ ‘ E N 5-22 @® WT-NLS \\
42 / 42 ol f]oe ]| ® a -7t = O azrsr2v| Yy
s 46 ® WT-NLS ST o ray %
_/ ; -8 -12F+12Y A -4F-2Y \\
- - siEleliEl = N IEE= A
44 44 “:—l ﬁ 53 § § -9 Linear fit —ogl [ _ors3v o
e T 18 77 T8 = 0 i
32 31 30 29 28 110 110 110 109110 126 125 . S - K
o,-'H (ppm) ,~*N (ppm) (RT)™" (mol / keal) YF

Fig. 3: NCPR impacts A1-LCD phase separation. (a) logio(csat) from data measured at 4°C, plotted
against NCPR for a subset of the sequence variants. (b) Rescaled csat i.€., ¢, from data measured at

multiple temperatures, plotted against NCPR. The validity of the model is tested with variants (diamond
markers) that were not used in the parameterization. Left and right red dashed lines are linear fits to the
data corresponding to variants with NCPR less than or equal to that of +7R+12D and greater than or
equal to that of +7R+12D, respectively. (¢) Measured csat values for +7K+12D were rescaled using the
equation for ¢ . Here, we compare the ¢ values when we account for all nine Lys residues (red

diamonds) or only the number of protonated Lys residues (green diamonds). The latter conform to the
master curve, whereas the former deviate significantly from the master curve. (d) Histogram of calculated
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Csat Values for 640 PLCDs from the set of 848 sequences derived from hnRNPA1 homologs. These Csat
values were calculated using the mean-field model that yields c”, in panel (b). The red curve is the

cumulative distribution function that quantifies the probability that PLCDs have specific csat values. For
example, the probability that a PLCD has a csat value that is less than or equal to that of the WT A1-LCD
(blue diamond) is = 0.78. (e) Tyr sidechain plane of "*C-resolved 'Haomatc.1yalirhatic NOESY spectrum (left)
shows NOEs between sidechain protons of Tyr and H° protons of Arg (right). Degenerate Arg H® proton
resonances are shown as strips of (H)CC(CO)NH spectrum (right; see Fig. S6). (f) Results from van'’t
Hoff analysis of select A1-LCD aromatic variants. (g) Inferred values of Ah° plotted against cyr for all A1-
LCD aromatic variants used in this study. Red dashed line is the linear fit to the data.

To test predictions made by the master V-shaped plot, we generated six additional variants
(marked with asterisks in Fig. 2a). These variants fill in the gaps on the V-shaped master curve. Binodals
for these new variants are shown in Fig. S3. Importantly, without any further reparameterization, we find
that the measured csat values for the new variants are readily rescaled to coincide with predictions from
the V-shaped master curve (Fig. 3b). The V-shape of the master curve results from the destabilizing
effects of increased net charge. However, we find that the minimum in the V-shaped profile is located at
a positive value of NCPR as opposed to being at zero. All NCPR values were calculated by assuming
unshifted pKa values for ionizable groups. To test for the possibility that the theoretical and actual NCPR
values might be different due to shifted pKa values of ionizable residues, we measured the pH
dependence of phase separation for the +7K+12D variant. All data points collapse reasonably well onto
the V-shaped master plot when we rescaled the measured csat values by estimating the expected
numbers of protonated Lys residues as the entities that weaken inter-sticker interactions (Fig. S4, Fig.
3c). These observations suggest that the true minimum of the V-shaped plot does indeed coincide with

positive NCPR values.

”and the values obtained for the

We used the mean-field model, specifically the expression for ¢,
A coefficients to estimate csat at 4°C for PLCD sequences derived from homologs of hnRNPA1 (Fig. 3d).
We restricted the analysis to PLCDs that were 100-200 residues long in order to ensure that changes to
chain length do not confound the application of our mean-field model. The results in Fig. 3d show that
our model predicts values for csat that span up to three orders of magnitude, although most of the PLCDs
are predicted to have csat values that are in the low micromolar range. Specifically, from the cumulative
distribution function, we find that the probability of finding PLCDs with csat values that are less than or

equal to those of WT A1-LCD is =0.78.

A salient prediction from our model is that Arg residues are auxiliary stickers that interact with
aromatic stickers. Inter-sticker interactions can be detectable as nuclear Overhauser enhancements
(NOESs) using nuclear magnetic resonance (NMR) spectroscopy '’. NOEs are the result of magnetization

transfer between nuclei through space and imply that physical distances between the nuclei are, at least
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transiently, within 5 A of one another. Based on the established equivalence between cohesive
interactions within single-chains and the driving forces for multi-chain phase behavior of A1-LCD variants
7 we assessed the presence of Arg-Phe/Tyr NOEs in NMR spectra in the dilute phase. A temperature
of 40°C enabled a dilute phase concentration of 800 uM A1-LCD in the NMR sample, which was high
enough to observe NOEs between aromatic sidechain protons of Phe / Tyr and arginine H® protons (Fig.
3e, Fig. S5). This supports the prediction that Arg residues interact with Phe / Tyr acting as auxiliary
stickers within PLCDs.

NMR spectra for the +7K+12D variant showed large-scale changes in resonance frequencies
compared to the A1-LCD (Fig. S6, S7). Additionally, R relaxation rates, which are sensitive to differences
in local dynamics due to intramolecular interactions, showed clusters of enhanced rates in similar
sequence positions as the WT, mainly pointing to aromatic residues as stickers (Fig. S7). These data
support our prediction that Lys and Asp residues do not act as stickers. Instead, they modulate the driving
forces for phase separation through a combination of increased effective solvation volumes, electrostatic

repulsions, and weakening attractive interactions among primary and auxiliary stickers.

Extracting thermodynamic parameters from the temperature dependence of csa. Our
measurements indicate that Tyr is an intrinsically stronger sticker than Phe '®. We used a van’'t Hoff
analysis method ** to extract the apparent enthalpies (slopes) and entropies (intercepts) from plots of
In(csat) Versus (RT)" (see details in the Methods). The inferred parameters quantify the changes in
standard state molar enthalpies (Ah°) and molar entropies (As’) associated with the transfer of PLCD
molecules from the dilute to the dense phase (Fig. 3f, Fig. S8). Replacing all Phe residues with Tyr
(-12F+12Y) resulted in larger negative (favorable) Ah® values compared to the A1-LCD. Conversely,
replacing all Tyr residues with Phe (+7F-7Y) reduced the enthalpy change associated with phase
separation. Shifting the balance between Tyr and Phe resulted in intermediate Ah° and As® values with a
linear dependence on the Tyr versus Phe contents (Fig. 3g, Fig. S8). In this analysis, we use an

f,+f

f,—f .
asymmetry parameter defined as: oYF=[uJ where fy and fr are the fractions of Tyr and Phe,
Y F

respectively. Note that oyr takes values of -1 for iy = 0, O for f = fv, and +1 for fr = 0.

We also performed van’'t Hoff analyses on all variants using their measured temperature-
dependent csat values (Fig. S8). We included an additional variant designated as +7K+12D blocky (Fig.
2a). In this variant, the oppositely charged residues are segregated into blocks along the linear sequence,
while the positions of the aromatic residues are kept fixed. We used the data in Fig. S8 to assess the

effects of Tyr/Phe-Arg interactions versus inter-aromatic interactions. We find that the Ah” values for -

12


https://doi.org/10.1101/2021.01.01.425046
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.01.425046; this version posted January 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

12F+12Y and -12F+12Y-10R (Fig. S8e) are essentially identical to one another and have the largest
magnitudes. This suggests that Tyr-Arg interactions contribute weakly when compared to Tyr-Tyr
interactions. Interestingly, and in striking contrast, the standard-state enthalpy decreases by ~ 5 kcal/mol
when we compare the WT A1-LCD to the -10R variant. This suggests that the Tyr/Phe-Arg interactions
contribute significantly to the driving force for phase separation. Importantly, these results highlight the
context dependence of Arg as an important versus irrelevant auxiliary sticker based on the Tyr versus
Phe content within PLCDs.

Finally, the entropy changes (As”) associated with the transfer of PLCD molecules from the dilute
to dense phase are always unfavorable i.e., values of -As’/R are positive in Fig. S8f. This is a signature
of UCST behavior for the WT and all designed variants. The values of As® combine contributions from
the gain / loss of solvent entropy, conformational entropy, the entropy of mixing, and the overall
translational and rotational entropies. The results highlight the interplay between enthalpy and entropy
whereby variants defined by large, favorable changes in enthalpy are opposed by higher negentropic
penalties (Fig. S8e,f). This gives rise to a loss of two-phase behavior above the UCST and partly

determines the variant-specific critical temperature values.

Assessing the correlation between single-chain dimensions and csat. Previous work showed
that increasing the number of aromatic residues while maintaining the uniform linear distribution of these
stickers leads to increased chain contraction in the dilute phase and lowering of csa. The converse is true
when the number of aromatic stickers is reduced . To zeroth-order, sticker valence, providing the
patterning of stickers is uniform, appears to have equivalent effects on the cohesive interactions that
control chain dimensions in the dilute phase and the driving forces for phase separation as measured by
the values of csat and the widths of two-phase regimes. We asked if the correlation between single chain
dimensions and csat is preserved across the wide range of variants studied here. These assessments test
the robustness of the strong coupling between the driving forces for single-chain contraction and for

phase separation of disordered proteins with sticker-and-spacer architectures.

We collected small-angle X-ray scattering (SAXS) data for dilute solutions of most of the variants.
We leveraged size exclusion chromatography (SEC)-coupled SAXS to remove aggregates and achieve
superior buffer subtraction. A co-flow system, in which the thin sample stream is sheathed with a matching
buffer, enabled the use of high X-ray flux without causing protein radiation damage. This allowed us to
obtain SAXS data even for variants that are marginally soluble. *>“¢ The aromatic variants showed small
but consistent differences in their global dimensions and apparent scaling exponents as seen in a

comparison of their raw data and normalized Kratky plots, respectively (Fig. S9, Fig. 4a). This is also true
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of variants where we alter the charge content and NCPR (Fig. S9, S10). We extracted apparent scaling
exponents v¥° from the scattering data using an empirical molecular form factor *’. All apparent scaling
exponents were below 0.5 (Table S3), implying that the variants adopt conformations with chain

dimensions that are in the crossover regime between effective theta versus poor solvents.
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Fig. 4: Mean-field electrostatic effects can disrupt the strong coupling between driving forces for
single chain contraction and phase separation. (a) Normalized Kratky plot of SEC-SAXS data for
aromatic variants of A1-LCD. Solid lines are fits to an empirical molecular form factor (MFF). Dashed
lines show the predicted behavior at larger q values, where the experimental data are noisy. (b)
Correlation between log1o(Csat) and inferred values of v¥® for the aromatic variants. Red dashed line is the
linear fit to the data. (c) Correlation between log1o(csat) and inferred v values for the charge variants.
The dashed line is the linear fit of the aromatic variants from (b). (d) Residuals from the correlation in (b)
versus NCPR for the charge variants. Red dashed lines show two linear fits, i.e., for the variants whose
NCPR is less than or equal to that of the +7K+12D variant and greater than or equal to that of the
+7K+12D variant on the left and right, respectively. (e) Plot of logio(Csatshit) against v@° for the charge
variants. Here, Csatshitt refers to the csat values that are shifted based on the linear fits from (d). The dashed
line is the linear fit of the aromatic variants from panel (b). (f) Residuals from the correlation in (b) for all
variants. Data for charge variants are shown using unmodified and shifted csa: values as in (c) and (e),
respectively.

We analyzed the correlation between log1o(Csat) and v for the aromatic variants (Fig. 4b). These
values show a strong positive correlation (Pearson r-value of 0.97) implying strong coupling behavior for

aromatic variants even if the balance of Tyr and Phe residues varies. However, this correlation is
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abolished for the variants that alter net charge and the overall charge content (Fig. 4c). Instead, the data
show that csat can be lowered or elevated by up to two orders of magnitude without altering v®*®. Inspired
by the results in Fig. 3b, which show that mean-field electrostatic effects can alter the driving force for
phase separation, we undertook the following analysis: First, we used linear regression to extract
parameters from Fig. 4b that quantify the correlation between log1o(Csat) at 4°C and v for the aromatic
variants. We used these parameters to assess the correlation between logio(Csat) and v¥*® for the different
charge variants. Residuals from this linear regression analysis are shown in Fig. 4d. This analysis reveals
a V-shaped profile when the residuals are plotted against NCPR. The implication is that mean-field
electrostatic interactions can enable a decoupling of the driving forces for single-chain contraction and
the driving forces for phase separation. Specifically, increases to NCPR can impact the collective
interactions among many chains without having a significant impact on single chain dimensions as
quantified by v®**. We accounted for the effects of mean-field electrostatic repulsions by rescaling the
measured cCsat values according to the NCPR of each variant (see Methods) and asked if they fall on the
line of best fit introduced in Fig. 4b. Indeed, NCPR-based rescaling of csat values lead to a recovery of
the one-to-one correspondence between v¥* and csat (Fig. 4e,f). These results imply that the strong
coupling behavior between single-chain and phase behavior can be disrupted by mean-field electrostatic
effects. These interactions have to be weak enough to not influence single chain dimensions, and yet

collectively strong enough to impact multichain phase behavior.

Computational stickers-and-spacers model for simulations of phase separation. To
formalize the connections between sequence features within PLCDs and overall phase behavior, we
used LASSI, which is a lattice-based simulation engine for coarse-grained simulations of sequence- and
/ or architecture-specific phase transitions '®. In the current implementation, we use a single bead per
residue version of the LASSI model. All interactions are isotropic, Tyr, Phe, and Arg are modeled as
distinct stickers, and all other residues are weakly attracting spacers. Even Lys is modeled as a generic
spacer, and therefore our adaptation of LASSI does not account for the three-body effects due to Lys-

mediated interactions. Accordingly, we do not present results for the Lys variants.

Lattice energies for Tyr-Tyr, Tyr-Phe, Phe-Phe, Arg-Tyr/Phe, sticker-spacer, and spacer-spacer
interactions were parameterized using a Gaussian process Bayesian optimization (GPBO) approach *°.
GPBO was applied iteratively to explore parameter space and obtain energies by requiring that the single
chain dimensions from coarse-grained simulations reproduce the apparent scaling exponents v¥* that
we inferred from SAXS experiments (Fig. 5a). In dimensionless units, the optimized pairwise contact

energies, inferred purely from comparisons of simulated and measured dimensions of single chains,
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range from -22 to -2 (Fig. 5b, Table S2). We use Metropolis Monte Carlo simulations to sample
conformational / configurational space on the lattice '®. Accordingly, the transition probabilities for
converting between pairs of conformations or configurations are proportional to exp(-AE/KT). Here, AE is
the difference in energy between a pair of conformations / configurations. In the simulations, we set k =
1 and T is in the interval 30 < T < 60. Accordingly, in units of the dimensionless simulation temperature
replacing Tyr-Tyr interactions with a Tyr-spacer interaction, which represents the largest change in AE,

will range from ca. 0.33kT to 0.66kT, depending on the simulation temperature.
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Fig. 5: A computational stickers-and-spacers model captures the differences in sequence-binodal
relationships for aromatic variants. (a) Correlation between v®° from simulations, based on the
optimized model, and inferences from measurements. Red dashed line indicates the target regime where
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the two sets of v®? values are equal to one another. (b) Pairwise interaction strengths from the optimized
computational model. (¢) — (d) Computed (closed markers) and measured (open markers) binodals for
aromatic variants. (e) Average factor of error of simulation-derived phase diagrams from experiment-
derived phase diagrams of A1-LCD aromatic variants. A value of 1 indicates no error and a value of 10

indicates an error of an order of magnitude. (f) Plot of o against the width of the two-phase regime (®)
for aromatic variants. The red curve is a two-parameter exponential decay fit whereby

o= 1+exp[—a(m—b)] and the parameters are a = 0.355 and b = -9.19.

The single-bead-per-residue LASSI model was used to model the phase behavior of all variants
without changes to Lys residues, i.e., 18 variants. Binodals for aromatic variants were extracted from the
simulation results and compared to those inferred from experimental measurements (Figs. 5c, 5d).
Concentrations were converted from volume fractions to molar units and temperatures were converted
from simulation units to degree Celsius using conversion factors introduced previously '’. We quantified
the deviations between computed and measured binodals as the ratio of the computed and measured
temperature-dependent csat values (Fig. 5e). The average error factor, computed across all variants, is

1.4, implying that on average the measured and calculated cs.: values are different by a factor of 1.4.

Building on accurate reproductions of the binodals for aromatic variants, we compared the
differences in conformational preferences across phase boundaries. We start with the swelling ratio o *®,

defined as the ratio of the average radius of gyration in the dense phase to that in the dilute phase. In

Fig. 5f we plot a against the dimensionless width of the two-phase regime, defined as m:logm[m]

Cdense

where cdiute and Cqense are the dilute and dense phase concentrations at a specific temperature (Fig. S11).
The swelling ratio approaches unity as T tends to the critical temperature (T¢) (Fig. S11). We find that
swelling ratios for all variants collapsed, without any adjustable parameters, onto a single master curve
that could be fit to an exponential decay function (Fig. 5f). Accordingly, knowledge of the width of the two-
phase regime allows us to infer the swelling ratio from the master curve. The implication is that if we
supplement knowledge regarding the width of the two-phase regime with measurements of chain
dimensions in the dilute phase, then the master curve allows us to infer dimensions of single chains in
the dense phase. We find that PLCDs become more expanded in the dense phase when compared to
the dilute phase. A swelling ratio of 1.2 translates to a dilution of intramolecular contacts by a factor of
1.8 within the dense phase and this points to the replacement of intramolecular interactions by

intermolecular interactions.

Next, we applied our model to the subset of charge variants used in the parameterization (Fig.
S12a,b) and to a set of charge variants that were not used in the parameterization (Fig. S12c). Note that

the parameterization rests on the assumption of strong coupling between the driving forces for single-
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chain compaction and phase separation. Based on the results summarized in Fig. 4c-e it follows that the
assumption of strong coupling gives rise to computed binodals that deviate significantly from measured
binodals (Fig. S12a-c). Therefore, we built on insights from the analysis in Fig. 4c-e and included a mean-
field NCPR-based adjustment to the potentials for simulations of multichain phase behavior. In these
simulations, the pairwise interactions were weakened or strengthened by an amount that is proportional
to the difference in NCPR values between that of the given variant and that of the WT (see S| Methods).
Incorporation of this correction decreased the average error factor between the computed and measured
binodals from 3.0 to 1.8 for the charge variants (Fig. 6a-c, Fig. S12d). These calculations provide support
for the postulate that NCPR-mediated mean-field interactions can weaken the coupling between single-

chain conformational equilibria and multichain phase equilibria.

Distinguishing between stickers-and-spacers polymers and homopolymers. A stickers-and-
spacers system is characterized by heterogeneity of interactions whereby sticker-sticker, sticker-spacer,
and spacer-spacer interactions have distinct interaction strengths that depend on the types of stickers
and spacers. Conversely, in a homopolymer model all interactions are equivalent. What can we learn
from the mapping of stickers-and-spacers onto effective homopolymers? To answer this question, we
parameterized an effective homopolymer model whose binodal overlays with that of WT A1-LCD (Fig.
6d). The resulting pairwise bead-to-bead interaction strengths in the equivalent homopolymer was -3.3.
These pairwise energies are 1.2 times larger than spacer-spacer interactions in the stickers-and-spacers

model and roughly seven times smaller than sticker-sticker interactions.

In polymer solutions, there exists a special concentration that equals the concentration of chain
units within the pervaded volume of a single chain *°. This is known as the overlap concentration ¢* - so
named due to the high likelihood that chains overlap with one another when the solution concentration
exceeds c*. In dilute solutions (c < c¢*), the properties of polymer solutions are governed exclusively by
the interplay of intramolecular and chain-solvent interactions. Conversely, in semi-dilute solutions (c=c*),
the physical properties of polymer solutions are governed by the multiway interplay among
conformational fluctuations and their impact on intramolecular, intermolecular, and chain-solvent
interactions. We used the mean end-to-end distance values in the single-chain limit *® to compute
temperature-dependent overlap volume fractions ¢*(T) for the WT A1-LCD and its equivalent
homopolymer. For temperatures below 20°C, ¢sat(T) < ¢*(T) i.e., the left arm of the binodal for A1-LCD is
located to the left of the overlap line (Fig. 6d). Accordingly, for T < 20°C, the dispersed phase that coexists
with the dense phase is a true dilute phase. However, we observe a crossover above ~20°C whereby
dsat(T) > ¢'(T). Therefore, the dispersed phase that coexists with the condensate is actually semi-dilute for

temperatures above 20 — 22°C.
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Fig. 6: The stickers-and-spacers model can be generalized for charge variants and other IDPs. (a-
c) Computed (closed markers) and measured (open markers) binodals of charge variants. Simulations
incorporate a mean-field NCPR-based term to capture the effects of charge variation. Variants in (c) were
not used to parameterize the model and comparisons of computed and measured binodals provide a
jack-knife testing of the accuracy of the computational model. (d) Computationally derived binodals
(circular markers) and overlap concentrations (square markers) of WT A1-LCD and an equivalent
homopolymer. The solid green line is a Flory-Huggins-based fit to the binodal for the equivalent
homopolymer and the dashed green line is an extension of the overlap concentration line for this system.
(e) Average v¥* values from dilute (circular markers; solid lines) and dense (square markers; dashed
lines) phases of WT A1-LCD and its equivalent homopolymer. (f) Representative conformations for
individual A1-LCD molecules drawn from the dense and dilute phases at 13°C. Beads are colored as
follows: Tyr, yellow; Phe, orange; Arg, purple; all other residues, green. In the dense phase conformation,
nearby stickers are shown with multi-colored tails to depict that the stickers originate from different protein
chains. (g) 2D histogram quantifying the distributions of lengths for LCDs from FUS / FET family
homologs and their compositional similarity to WT A1-LCD. (h) Distribution of NCPR values across LCDs

from FUS / FET family homologs. (i) Distribution of Tyr versus Phe asymmetries for LCDs from FUS /
FET family homologs.
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The changes in conformational properties of PLCDs with sticker-and-spacer architectures across
phase boundaries will be different from that of equivalent homopolymers. Cohesive, intramolecular inter-
sticker interactions impose conformational strain on PLCD-like systems because the formation of sticker-
sticker crosslinks comes at the expense of conformational restraints on weakly attracting spacer units
that make up over 80% of the sequence. The strain that is built up in coexisting dilute / semi-dilute phases
should be considerably different for the stickers-and-spacers model when compared to the effective
homopolymer. Consequently, while the dilute phase single-chain dimensions are identical for the two
models, the equivalent homopolymer is consistently more compact in the dense phase than the stickers-

and-spacers heteropolymer (Fig. 6e, Fig. S13).

Alleviation of strain should drive increased access to stickers for networks of intermolecular, inter-
sticker crosslinks, and this is illustrated in Fig. 6f. A chain comprising ns stickers can engage in physical
crosslinks with up to ns distinct chain molecules. This high networkability appears to be achievable in the
dense phase as illustrated by excising a representative conformation from the dense phase and
annotating it by the number of distinct chains that form inter-sticker crosslinks with the WT A1-LCD in its
dense phase (Fig. 6f). These results highlight the importance of the stickers-and-spacers architecture
and the heterogeneity of sticker versus spacer interactions for generating highly networked condensates

19.50 whose material properties ' will be governed by the

— a defining feature of percolated network fluids
timescales for making and breaking of physical crosslinks ?°. In contrast, for equivalent homopolymers,
the interactions are weak and uniform across the sequence. This leads to conformations with lower
strains and a relative preference for intramolecular interactions that weaken the drive for chain expansion

and intermolecular networking in dense phases.

Discussion

In this work, we deployed a combination of methods to obtain systematic assessments of the
driving forces for phase separation of PLCDs. Our results provide a molecular-level explanation for a
range of prior observations while also uncovering new findings. These include the previously
unappreciated context-dependent nature of Arg as an auxiliary sticker and the destabilizing effect of Lys
due to three-body effects. In accord with predictions from theory and computations 2%, we find that
charged residues such as Asp and Glu destabilize phase separation due to their large effective solvation

16, 52

volumes. Our results are also congruent with extant data for other systems , with Tyr being a stronger

sticker than Phe. This congruence with findings for other systems suggests that our results are
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generalizable and transferable across a range of systems — a prospect made possible by the
development of the mean-field model (Fig. 3b) and the ability to model sequence-specific phase behavior
using LASSI (Figs. 5¢, 5d, 6a-c).

Phase separation of A1-LCD variants is destabilized as NCPR increases either in the positive or
negative direction. These results are congruent with recent reports for a very different low complexity
domain from DDX4 3. Interestingly, the optimum NCPR that maximizes the driving forces for phase
separation of A1-LCD and designed variants thereof is =+0.02. We propose that the preference for
excess positive charge might be due to a network of favorable cation-pi interactions, whereby the cations
enable a delocalization of and favorable interactions with the pi clouds and ring systems . It could also
be a reflection of the preferential condensation of solution anions around cationic residues . Testing the
latter will require systematic assessments of the effects of the charge density, valence, and

54, 55, 56

hydrophobicity of solution ions . Additionally, using a detailed assessment by SAXS
measurements, we find that increases in NCPR weaken the coupling between the driving forces for
single-chain compaction and phase separation. These results point to a route for tuning phase behavior
via mean-field electrostatic effects, and is reminiscent of postulates pertaining to the contributions of
mean-field polyelectrostatic effects to the regulation of fuzzy complexes by multisite phosphorylation of

disordered proteins *'.

Are the rules extracted from our studies of A1-LCD variants transferable to PLCDs from other
FUS / FET family proteins? To answer this question, we culled a large set of ~3,000 PLCDs from
homologs of FUS / FET family proteins °® *°. The pairwise compositional similarities between these
sequences and A1-LCD were typically greater than 0.8. This suggests that the compositional biases
uncovered for PLCDs across homologs of hnRNPA1 are preserved across PLCDs from homologs of
FUS family proteins (Fig. 6g, Fig. S14). Interestingly, the mean NCPR was also found to be = +0.02 with
a narrow dispersion about this value (Fig. 6h, Fig. S14). Overall, the preservation of compositional
similarities suggests that the physicochemical rules that we have extracted here, combined with the
computational model we have parameterized from our investigations of A1-LCD variants should be
transferrable to large numbers of related PLCDs and enable proteome-level modeling of PLCD phase

behavior.

Interestingly, unlike the PLCDs from homologs of hnRNPA1, the PLCDs from homologs of FUS /
FET family proteins show a stronger bias toward Tyr over Phe (Fig. 6i). This suggests that the driving
forces for condensate formation might be evolutionarily tuned by titrating oyr in PLCDs from homologs of

hnRNPA1, whereas the tuning in PLCDs from homologs of FUS / FET family proteins is achieved by
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titrating the Tyr contents (Fig. S14). Accordingly, in condensates that encompass a diversity of PLCDs,
the PLCD-specific variations in oyr and Tyr contents might enable the tuning of relative strengths of inter-
sticker interactions across networks of heterotypic protein-protein interactions. Studies directed toward
quantifying the implications of altering the interplay between networks of homotypic and heterotypic
interactions, as controlled by variations in sequence-specific oyr values and fractions of Tyr residues, will
be helpful for uncovering the physicochemical determinants of compositional control of condensates such

as stress granules.

We also assessed the possibility that the broad distribution of oy values for A1-LCD homologs is
a reflection of covariations between Tyr / Phe contents and Gly / Ser contents. Indeed, analysis of PLCDs
derived from 848 homologs of hnRNPA1 shows an interesting pattern of covariation (Fig. S15).
Specifically, we observe positive correlations between the fractions of Gly and Tyr as well as the fractions
of Ser and Phe, respectively. These in turn lead to a negative correlation between the fractions of Gly
and Ser. The covariation trends suggest that the Gly / Ser content within PLCDs might vary in concert
with the Tyr / Phe contents, providing a route to regulate the driving forces for phase separation and
control material properties of condensates. The observed covariation trends point to hidden complexities
that can be uncovered through large-scale assessments of the impact of covariations on PLCD phase

behavior.

Surprisingly, the results in Fig. 6 suggest that the dispersed phases that coexist with condensates
are likely to be in the semi-dilute regime for temperatures that are above ~ 20°C. This is important
because unlike semi-dilute solutions, dilute solutions feature large-scale local concentration fluctuations
of chain units that range from being near zero between polymers to considerably higher values due to

4 These local concentration fluctuations are

conformational fluctuations of individual polymers
considerably smaller in semi-dilute solutions *°. Accordingly, the semi-dilute nature of coexisting
dispersed phases will enable an intrinsic buffering against concentration fluctuations at temperatures
above ~20°C. Indeed, it is quite likely that dispersed phases that coexist with condensates in cells are in
the semi-dilute regime due to macromolecular crowding and confinement effects. If true, this would have
important implications for interfaces between dispersed and dense phases because in the semi-dilute /
critical regime, the interfaces between coexisting phases are unlikely to be sharp and smooth. Instead,
the interfaces will be defined by undulations that are on par with or larger than the dimensions of individual
polymers °°. This will significantly lower the mean interfacial tension, a prediction that is in accord with
ultra-low values estimated from microrheology experiments of model condensates in cells ®'" 2
Importantly, in the semi-dilute / critical regime, the main determinants of selective permeabilities and

transport properties of condensates will be governed by undulations of interfaces viz., the wavelengths
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of capillary fluctuations ®° as opposed to interfacial tensions. Inasmuch as our in vitro observations have
relevance to observations in cells, the connections we make here between criticality and the capillary
properties of interfaces might provide an explanation for recent reports of seemingly unrestricted motions
of protein factors across viral replication compartments in live cells ®. The general implications of our
conjectures regarding the fluctuations of interfaces and their impact on selective permeability as well as

transport properties will require further scrutiny.

Methods

Details regarding the amino acid sequences of each designed variant, protein expression and
purification, sample preparations for and collection of NMR, SAXS, and microscopy data are described
in the Supplementary Information. Details of the bioinformatics analyses, design of LASSI simulations

and the analysis of simulation results are also provided in the supplementary information.

Measurements to construct binodals: Phase separation was induced by adding NaCl to a final
concentration of 150 mM. Dilute and dense phase concentrations were determined as a function of
temperature using a centrifugation method '" *°. Briefly, phase separation of the sample was induced,
and the dilute and dense phase were separated via centrifugation. Protein concentrations were
determined by suitable dilutions of the samples and measurements of their absorbance at 280 nm. Points
on the binodal above 30°C were determined via cloud point measurements using static light scattering
as previously described' °. Briefly, phase separation of the sample was induced, and the dilute and
dense phase were separated via centrifugation. Most of the dilute phase was removed and the remaining
sample was heated above the critical point to enter the one-phase regime. 2 uL were removed with a
positive displacement pipette and diluted to determine the protein concentration. 18 uL of the sample
was transferred to a temperature equilibrated quartz DLS cuvette and the static light scattering was
monitored as a function of temperature (temperature ramp 0.4°C/min) using a Wyatt NanoStar DLS

instrument. The temperature at which the light scattering signal increases marks the transition of the one-
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phase regime into the two-phase regime. Cloud points at relatively lower temperatures/concentrations

showed good agreement with coexistence points determined by centrifugation.

van't Hoff analysis: The chemical potentials of the dilute and dense phases can be written as
Mdiute=HCditute + RTIN(Caitute/ Cref) @N Hdense=H dense + RTIN(Caense/Crer), respectively. Here, Wiute and p°aense are
the standard state chemical potentials of the PLCD molecules in the dilute and dense phases,
respectively. Our measurements reveal that the concentrations of PLCD molecules in the dense phase
show a weak dependence on temperature and on the sequence / compositions of the different variants.
Accordingly, we set the reference concentration to be 0.03 M, which is also the approximate value of

Cdense irrespective of temperature or the variant. This assumption is valid away from the critical point.

At equilibrium, Paiute= Mdense. Rearranging the equations above using the assumptions summarized
thus far, we obtain the expression Ap® = RTIN(Cdilute/Cref), Where AP® = Wogense — Moilte- The difference in
standard state chemical potentials quantifies the change in standard state free energies associated with
transferring PLCD molecules from the dilute to dense phase. Assuming temperature independent values
for standard state enthalpies (Ah°) and entropies (As®), we obtain the van’t Hoff equation ® according to
which:

Ap'= AW'-T As'= RT|n(M] = RT|n[&J

0.03 M
; (1)

ref

:>|n A —A_hn_A_So
003M) RT R

According to Equation (1), the slope of a plot of In(csat/Crer) Versus (RT)™, providing it is linear, will
yield an estimate of the change in standard state enthalpy (Ah°) and the intercept quantifies the standard
state entropy (As°®) associated with transferring PLCD molecules across the phase boundary between
coexisting dilute and dense phases. Fig. S8 shows the linear fits and associated parameters for all
variants except +7R and +7R-12F+12Y. These variants were omitted because the binodals accessible

via in vitro measurements are in the vicinity of the variant-specific critical points.
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Assessing the correlation between single-chain dimensions and csai: In Figs. 4e, 4f, we shift the
experimental csat values of the charge variants based on their associated NCPR values. This accounts

for the greater sensitivity of csat on net charge. Shifted values of csat were obtained using parameters from

the pair of linear fits in Fig. 4d. We then shift Csar USINg 10g,, (€., o ) =108, (€. )~ (aq+b) . Here, q is the

NCPR of the variant of interest. If the NCPR is less than 0.0214, which is the NCPR of the +7K+12D

variant, the parameters are a = —19.7 and b = -0.0273. Alternatively, a = 21.1 and b = -0.989.

LASSI simulations: Simulations were performed using LASSI, a lattice-based Monte Carlo engine
for simulations of polymers with sticker-and-spacer architectures '®. Monte Carlo moves are accepted or
rejected based on the Metropolis-Hastings criterion such that the probability of accepting a move is equal
to min(1, exp(-BAE)), where B = 1/kT, T is the simulation temperature, k = 1, and AE is the change in total
system energy that accompanies the attempted move. Total system energies were calculated using a
nearest neighbor model whereby any two beads that are within one lattice unit of each other along all
three coordinate axes contribute to the total energy of the system. In our case, we define all pairwise
interaction energies as absolute energies (Fig. 5b) that are scaled by the simulation temperature during
the Metropolis-Hastings step. For example, the strongest interaction energy used in our simulations
is -22.7 energy units and the range of simulation temperatures is 40-57 energy units. Within this
temperature range, the strongest pairwise interaction is between -0.57kT and -0.40kT. Further details of
the parameterization of the LASSI model, and the design and execution of single-chain and multi-chain

simulations are provided in the Supplementary Information.
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