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Phase separation of intrinsically disordered proteins (IDPs) com-
monly underlies the formation of membraneless organelles, which
compartmentalize molecules intracellularly in the absence of a
lipid membrane. Identifying the protein sequence features re-
sponsible for IDP phase separation is critical for understanding
physiological roles and pathological consequences of biomolecular
condensation, as well as for harnessing phase separation for
applications in bioinspired materials design. To expand our knowl-
edge of sequence determinants of IDP phase separation, we
characterized variants of the intrinsically disordered RGG domain
from LAF-1, a model protein involved in phase separation and a key
component of P granules. Based on a predictive coarse-grained IDP
model, we identified a region of the RGG domain that has high
contact probability and is highly conserved between species; dele-
tion of this region significantly disrupts phase separation in vitro
and in vivo. We determined the effects of charge patterning on
phase behavior through sequence shuffling. We designed se-
quences with significantly increased phase separation propensity
by shuffling the wild-type sequence, which contains well-mixed
charged residues, to increase charge segregation. This result indi-
cates the natural sequence is under negative selection to moderate
this mode of interaction. We measured the contributions of tyrosine
and arginine residues to phase separation experimentally through
mutagenesis studies and computationally through direct interroga-
tion of different modes of interaction using all-atom simulations.
Finally, we show that despite these sequence perturbations, the
RGG-derived condensates remain liquid-like. Together, these studies
advance our fundamental understanding of key biophysical princi-
ples and sequence features important to phase separation.

liquid-liquid phase separation | membraneless organelles | molecular
simulations

iquid-liquid phase separation (LLPS) of biomolecules is a

highly robust and ubiquitous phenomenon in biology, en-
abling compartmentalization in the absence of delimiting mem-
branes (1). Biomolecular LLPS commonly occurs within the cell,
forming compartments that have been termed biomolecular
condensates or membraneless organelles (2) and include stress
granules (3-5), P granules (1, 6), nucleoli (7), and numerous
others (8-13). Most membraneless organelles contain an over-
representation of proteins with intrinsically disordered and low-
complexity regions (14), which are important drivers of phase-
separation behavior (15, 16). Therefore, decoding the sequence
determinants of intrinsically disordered protein (IDP) phase
separation is important for understanding the biochemistry of
biomolecular condensates in physiological and pathophysiologi-
cal conditions. Characterizing the effects of sequence on phase
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behavior is also important for the field of protein-based mate-
rials (17), wherein proteins can be designed to have desired
characteristics and programable assembly (18-20), with appli-
cations in biotechnology such as drug delivery, cell engineering,
and biomimetics (21-24).

Here we investigate a model IDP sequence from LAF-1, which
is a member of the DDX3 family of RNA helicases and is a
major component of P granules, membraneless organelles in-
volved in germline specification in Caenorhabditis elegans em-
bryos (25). LAF-1 contains an N-terminal domain of 168
residues that is intrinsically disordered, followed by a folded
helicase domain, and a short disordered prion-like domain at the
C terminus (6). The N-terminal domain contains an abundance
of glycine and arginine residues, with several occurrences of the
motif RGG, and is hereafter referred to as LAF-1 RGG. Im-
portantly, the RGG domain is necessary and sufficient for phase
separation (6), although both experimental and computational
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studies have shown that inclusion of the folded domain increases
the protein’s ability to phase-separate (26, 27).

LAF-1 RGG is an excellent model system for exploring the
sequence determinants of protein phase separation because it is
believed to be fully disordered (based on circular dichroism
spectroscopy) (6), and it contains a sufficient diversity of amino
acids to enable different types of interactions (28, 29). The ad-
vantage of a fully disordered sequence is that it allows for rela-
tively distributed interactions between all residues, so the
relationship between amino acid composition and phase behav-
ior can be more readily ascertained, as compared to proteins
with residues buried in folded domains. LAF-1 was one of the
first proteins found in biomolecular condensates in vivo and
whose phase behavior was mapped in vitro, yet key questions
remain about its properties and function (6, 27). Additionally, we
have recently designed constructs based on LAF-1 RGG to
generate micrometer-sized protein condensates that can respond
to specific stimuli and that can selectively compartmentalize
cargo proteins, progressing toward the design of synthetic or-
ganelles that may be expressed in cells and that are orthogonal to
normal cellular function (21). To advance the design of synthetic
organelles in the future, we seek to understand how perturba-
tions to the RGG domain sequence may alter phase behavior in
a predictable way (18, 30).

In this work, we use simulations and experiments to charac-
terize the sequence-dependent LLPS of the LAF-1 RGG do-
main, identifying perturbations that result in significant changes
to the phase behavior, and we put forward a mechanistic basis for
these changes. First, we have identified a small hydrophobic
region that exhibits high contact probability in coarse-grained
(CG) molecular dynamics simulations and that contains a well-
conserved specific binding site for the eukaryotic translation
initiation factor 4E (eIF4E) (31). We demonstrate that removal
of this region greatly reduces the phase-separation propensity of
the RGG domain in silico, in vitro, and in vivo in a eukaryotic
model, suggesting that the hydrophobic interactions within this
region are also important to LLPS. Second, we show that shuf-
fling the amino acid residues of the RGG sequence to introduce
charge patterning can drastically increase phase-separation
propensity and that by simultaneously preserving the conserved
hydrophobic region we can further increase it. Third, we in-
vestigate alterations to amino acid composition by replacing ty-
rosine with phenylalanine and arginine with lysine; such
alterations affect the phase behavior of Fused in Sarcoma (FUS),
a commonly studied protein that is involved in LLPS in vivo
and mutations to which are implicated in several diseases, in-
cluding amyotrophic lateral sclerosis (30, 32). We find that
tyrosine-to-phenylalanine and arginine-to-lysine mutations both
reduce the phase-separation propensity of the LAF-1 RGG do-
main. We then identify the interaction mechanisms disrupted by
these mutations as being hydrogen bonds, cation—r interactions,
and sp’/rx interactions, all three of which are present between
arginine and tyrosine and may act cooperatively, whereas at least
one of these is diminished upon mutation. Importantly, we rule
out a previous model based exclusively on arginine—tyrosine in-
teraction, which cannot predict the critical concentration for
LAF-1 RGG phase separation. Finally, we show that the RGG-
derived condensates remain liquid-like despite these three clas-
ses of sequence perturbations, indicating that phase behavior can
be tuned independently from material properties. Our combined
results elucidate important sequence determinants of IDP phase
separation while demonstrating a computationally guided ap-
proach for studying phase behavior of biomolecular condensates.

Results

A Short, Conserved, Hydrophobic Region Is Important for LLPS of the
RGG Domain. We focused our efforts on the RGG domain of
LAF-1, as it is necessary and sufficient to drive phase separation
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(6), making it an ideal model system to understand the sequence
determinants of LLPS. Phase separation of LAF-1 RGG is hy-
pothesized to be driven by several different modes of interac-
tion, including electrostatic, n—x, and cation—r interactions (27).
In addition, hydrogen bonds and hydrophobic contacts may
play a role in phase separation for sequences containing resi-
dues capable of such interactions (16, 33-37). However, it is
difficult to characterize these interactions using experimental
techniques due to the dynamic nature of the phase-separated
proteins and the high spatiotemporal resolution needed to probe
the interactions (35).

To provide insight into the sequence determinants of phase
separation, we conducted simulations of a condensed assembly
of 100 chains of LAF-1 RGG using a transferrable CG model
(Methods), which accounts for the combined interaction modes
between each amino acid pair (26). The condensed assembly is
liquid-like, with chains exhibiting liquid-like diffusion, as we have
shown in previous work (26). We then enumerated the average
number of intermolecular contacts formed between each residue
of the sequence with each residue in all other protein chains,
which may represent many different modes of interaction at the
atomic scale. The results highlighted a single region spanning
residues 21 to 30 (RYVPPHLRGG) having highly enhanced
contact probability within the condensed protein assembly
(Fig. 14). This region has a considerably different composition
from the full RGG sequence, particularly since it contains sev-
eral hydrophobic residues: This region contains the only two Pro,
the only Val, and one of the only two Leu in the entire RGG
domain (Fig. 1B). Region 21 to 30 is more prone to interaction,
not only with itself but also with many regions of the protein
(Fig. 14).

Interestingly, subregion 21 to 28 corresponds exactly with the
previously identified eIF4E-binding motif (38). We conducted a
homology search, which also confirmed this region as an im-
portant functional motif due to its high degree of conservation
across diverse species (Fig. 1C and SI Appendix, section 1 and
Fig. S14). The level of conservation is likely due to its biological
function, rather than its importance to phase separation per se.
However, the presence of a domain prone to self-association will
still make considerable contributions to phase separation (39).
We were curious whether this region alone would undergo LLPS
and thus conducted CG simulations on just the eight-residue
fragment. We were unable to observe LLPS for the isolated
eight-residue fragment, even at very high concentrations and low
temperatures (Movie S1); this can be attributed to its small chain
length [shorter polypeptide chains have a lower propensity to
phase-separate (21, 28)] and its net positive charge.

Next, we considered how deletion of residues 21 to 30 vs. other
regions of the RGG domain will affect phase behavior to gain
additional insight into the extent to which different regions of the
RGG domain contribute to phase separation. Previously, we
have shown that the O-temperature (Ty), where a single IDP
chain behaves as in an ideal solvent, can serve as a good proxy for
the critical temperature of phase separation (T.) (40), above
which the IDP will always form a single continuous phase re-
gardless of the protein concentration. Taking advantage of this
approximate relationship, we tested the effects of deleting dis-
tinct 10-residue segments from the LAF-1 RGG sequence by
conducting single-chain simulations across a range of tempera-
tures. We identified Ty for each deletion and how it deviates
from that of the wild-type (WT) RGG sequence (SI Appendix,
Fig. S1 B, i). The A21 to 30 (A21-30) variant shows the greatest
change (reduction in this case) of 6-temperature, much more so
than any other variant, indicating that it would have the lowest
propensity to phase-separate. This strongly suggests that the
sticky hydrophobic subregion has an important role in phase
separation of the LAF-1 RGG domain.
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Fig. 1. A short segment of LAF-1 RGG is critical for phase separation. (4) CG sequence-specific simulations of LAF-1 RGG highlight a small region where
contact probability is enhanced. (Insets) The interaction of two protein chains and zoomed view of contacts between residues within the contact-prone
region. (B) Amino acid sequence of WT LAF-1 RGG with anionic residues colored red, cationic residues in blue, glycine in gray, tyrosine in magenta, and all
others in black. Residues 21-30 are bolded. Sequences used for experiments and simulations also contained an additional C-terminal His tag (S/ Appendix). (C)
Sequence analysis of LAF-1 and some of its homologs highlight high sequence conservation in the folded helicase domain and poor conservation in the
disordered RGG and prion-like domains (S/ Appendix, Fig. S1A). Within the RGG domain, we identify one short region having good conservation, which
corresponds to the region highlighted by CG simulations. The amino acids within the sequence are displayed as an inset logo. (D) Turbidity measurements
show temperature-dependent phase behavior of WT RGG vs. variants with deletion of residues 21-30, 82-91, or 101-110. Proteins phase-separate upon
cooling from above to below the phase-transition temperature. Protein concentrations were 1 mg/mL (~60 pM) in 150 mM NaCl buffer, pH 7.5. Data shown
are representative of three independent turbidity experiments for each protein (S/ Appendix, Fig. S2). Similar to previous work (21), we have not averaged the
repeats, and therefore we have not added error bars because the temperatures of the measurements from different replicates are not exactly the same. T,
values calculated from turbidity assays and associated statistical tests are presented in Fig. 4. (E) RGG A21-30 and RGG A82-19 condense into spherical liquid
droplets, similarly to WT RGG, as shown by bright-field microscopy. Upon heating from 5 °C, RGG A21-30 droplets dissolve at a lower temperature compared
to WT or RGG A82-91. Protein concentration and buffer are the same as for turbidity assay. (Scale bars: 10 pm.) (F) Schematic for full-length LAF-1 constructs
including C-terminal GFP fluorescent tag. PLD: prion-like domain. (G) Full-length LAF-1 phase-separates in yeast at room temperature, with multiple puncta
per cell. In contrast, LAF-1 A21-30 does not phase-separate at room temperature; delocalized fluorescence in the cytoplasm is observed. (H) Upon sufficient
cooling, LAF-1 A21-30 does exhibit phase separation in yeast: Fluorescent condensates form rapidly upon cooling from 25 °C to 5 °C, consistent with in vitro
results in D. (Scale bars: 10 pm.)
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We then tested these predictions experimentally by recombi-
nantly expressing and purifying RGG and its variants (SI Ap-
pendix, Fig. S1 C and D). To study protein phase behavior, we
used a temperature-dependent turbidity assay (18, 21, 41, 42), in
which protein solutions are cooled from above to below their
phase-transition temperature. Proteins transition from well-
mixed to demixed upon cooling below the saturation tempera-
ture (Tg), defined as the point where we first observe an

increase in the measured solution turbidity from that of the well-
mixed solution. WT RGG and the deletion variants all exhibited
upper-critical solution temperature phase behavior, becoming
turbid upon cooling (Fig. 1D and SI Appendix, Fig. S24), char-
acteristic of IDPs rich in polar and charged amino acids (18, 43).
Under these experimental conditions, the Ty, of WT RGG is
~26 °C, whereas the variant with the sticky hydrophobic sub-
region deleted (A21-30) has a phase-transition temperature of
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Fig. 2. Charge patterning alters LAF-1 RGG phase transition. (A) Probability distribution of SCD values from 1 million random shuffles of LAF-1 RGG. SCD
values of WT, RGGghys, and RGGgpyt-pres are highlighted with dashed lines. (B) Location of charged residues in the three sequences. (C) Phase diagrams of WT,
RGGghyf, and RGGgpyt.pres from CG simulations. Temperatures are normalized to the critical temperature of WT RGG. Errors on the concentration axis are
smaller than symbols. (D) Turbidity measurements show the temperature-dependent phase behavior of WT RGG vs. RGGgput and RGGghyt.pres Variants. Data
shown are representative of three independent turbidity experiments for each protein (S/ Appendix, Fig. S2). Protein concentrations were 0.3 mg/mL (~17 pM)
in 150 mM NaCl buffer, pH 7.5. Both RGGghur and RGGshut.pres €Xhibited phase-transition temperatures markedly higher than that of WT RGG, and both
appeared as liquid droplet condensates under optical microscopy at room temperature. (Insets; scale bars: 10 pm.) T, values calculated from turbidity assays
and associated statistical tests are presented in Fig. 4. (E) Expression in yeast of RGGsh,-LAF-1 with C-terminal GFP tag. Charge patterning leads to constitutive
import. The addition of NES enables RGGqp,,+-LAF-1 to be cytosolic, and this variant exhibits protein condensate formation. (Scale bars: 10 pm.)
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only ~14 °C, representing a decrease of 12 °C. We tested two
additional deletion variants, the first variant having a glycine-rich
region spanning residues 101 to 110 deleted (A101-110) and the
second variant having residues 82 to 91 deleted (A82-91). Res-
idues 82-91 contain the same number of arginine and tyrosine
residues as do residues 21-30. Both the A82-91 and the
A101-110 variants display a more modest reduction of T, by
roughly 6 °C. These results indicate that the eIF4E-binding
motif, which was identified from the CG simulation data
(Fig. 14), has the effect of promoting phase separation of the
LAF-1 RGG domain, in addition to its specific binding function.

We then assessed whether the turbidity was due to the for-
mation of spherical droplets, a hallmark of LLPS. We employed
an optical microscope equipped with a temperature controller
capable of rapidly setting the sample temperature to above or
below room temperature (42, 44, 45). Indeed, we observed that
both WT and the deletion variants of RGG assembled into
spherical droplets below their respective values of T, At low
temperature (5 °C), A21-30 and the control deletions formed
micrometer-scale liquid droplets that were morphologically in-
distinguishable from those formed by WT RGG (Fig. 1E). No-
tably, A21-30 droplets dissolved within 1 min upon increasing
the sample temperature from 5 °C to 25 °C, whereas A82-91 and
WT RGG exhibited slower and incomplete droplet dissolution at
25 °C, requiring a temperature of 37 °C to rapidly and fully
dissolve (Fig. 1E). In all cases, the process was reversible in that
droplets were able to assemble, disassemble, and reassemble
upon cycling the temperature (SI Appendix, Fig. S3). Thus, both
the macroscopic turbidity assays and microscopy confirmed that
purified A21-30 phase-separates, but with significantly reduced
phase-separation propensity as compared to WT RGG and the
other deletion variants.

Finally, we assessed the effect of these deletions on the phase
behavior of LAF-1 in living cells. For these experiments, we
selected Saccharomyces cerevisiae, a well-established model for
studying protein aggregation (46, 47), and we used full-length
LAF-1 tagged with green fluorescent protein (GFP) (Fig. 1F).
At room temperature, we observed multiple bright cytoplasmic
puncta in cells expressing WT LAF-1, whereas we observed only
delocalized cytoplasmic fluorescence for LAF-1 A21-30
(Fig. 1G). We confirmed by Western blot that WT LAF-1 and
LAF-1 A21-30 expressed at similar levels (SI Appendix, Fig.
S1E). The full-length A21-30 variant rapidly formed fluorescent
cytoplasmic puncta when cooled to 5 °C, which then rapidly
dispersed at 25 °C (Fig. 1H). This suggests that residues 21-30
are indeed important for phase separation of full-length LAF-1
in living cells, with their deletion resulting in LAF-1 having a
reduced propensity to phase-separate. While deletion of this
region would also likely impact the interactions of LAF-1 with
elF4E, the appreciable difference observed in the simulations
and in vitro experiments—which do not incorporate the eIF4AE
protein—indicate that the eIF4E-binding motif itself is contrib-
uting to phase separation. It will be interesting to consider in the
future how the position of the eIF4E binding region within the
disordered LAF-1 RGG domain, in the context of the full-length
protein, may affect its phase behavior and function.

In total, our in vitro and in vivo results suggest that LAF-1
phase separation is driven by multivalent interactions in addition
to strong interactions with the more hydrophobic eIF4E-binding
motif. Although this 10-amino-acid motif is necessary, it is not
sufficient to control RGG phase separation, and therefore we
sought additional sequence determinants.

Charge Distribution and Sequence Shuffling Can Be Used to Control
LLPS. We next sought to understand how the patterning of amino
acids can influence the phase separation of LAF-1 RGG, as has
been studied previously for other proteins (48, 49), and the joint
contributions of charge—charge interactions and the sticky
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hydrophobic subregion. We constructed one set of sequences
having identical amino acid composition to WT RGG, but with
the full sequence randomly shuffled, and a second set in which
the eIF4E-binding motif (residues 21-28) was preserved. To
quantify the extent to which we can expect the sequences to
differ, we calculated the sequence charge decoration (SCD)
parameter, where a more negative SCD score indicates greater
charge segregation for sequences with many positive and nega-
tive charges. SCD has been shown to be correlated with disor-
dered proteins’ radii of gyration (R,) (50) and with their critical
temperatures (T.) (48).

To observe the accessible SCD space of polypeptides having
the same composition as the LAF-1 RGG domain, we generated
1 million randomly shuffled sequences of LAF-1 RGG and
plotted the probability distribution of SCD (Fig. 24). We find
that randomly shuffled sequences tend to populate a very small
window of SCD values, with 93.6% of the shuffled sequences
having SCD scores between —2 and 0.5. For comparison, the the-
oretical minimum possible value for a sequence of the same length
and composition is —28.03, when following the constraints set by
experimental procedures (SI Appendix, section 1). Notably, the WT
RGG sequence does not sit at the center of the distribution, but
rather its SCD (0.565) is in the highest 2% of the million randomly
generated sequences. This is in contrast to the intrinsically disor-
dered regions of similar helicase proteins such as DDX4, which is
more charge-segregated (44), having an SCD value of —1.02.
Charge patterning could perhaps regulate phase separation in vivo
such that the saturation concentration of LAF-1 is similar to that of
the native expression level, and also make it distinguishable from
other proteins of similar amino acid composition (51).

We selected the sequence with the lowest SCD value, termed
RGGgp,s. We did the same for sequences having the elF4E-
binding motif preserved (RGGgpypres), to test whether there is
an appreciable difference between charge-segregated variants
with and without the presence of a sticky hydrophobic subregion.
The two sequences are depicted in Fig. 2B, which shows that
both have an abundance of anionic residues in the first half of
the sequence, and an abundance of cationic residues in the
second half, in contrast with the WT sequence, which has a
relatively even distribution of cationic and anionic residues
throughout. We conducted CG molecular simulations for these
sequences and determined the phase diagrams as a function of
temperature, observing that the protein-rich phase is liquid-like
in both cases (Movies S2 and S3). Both shuffled sequences show
a drastic increase in the critical temperature compared to WT
(Fig. 2C), as well as compaction in single-chain simulations (S
Appendix, Fig. S4). Interestingly, RGGgp,¢ does not exhibit as
large of an upward shift in T, as does RGGgpyt-pres, €veEn though
it has a slightly lower SCD value. This indicates that charge
patterning is capable of inducing large shifts to the phase dia-
gram, but a combination of charge segregation and preservation
of the hydrophobic subregion promotes LLPS even more.

We then tested these predictions experimentally by conducting
temperature-dependent turbidity assays on recombinantly expressed
and purified WT RGG, RGGgpyp, and RGGghyt.pres: These ex-
periments were performed using lower concentrations (0.3 mg/mL)
of protein because the two shuffled variants display a much
greater propensity to phase-separate (Fig. 2D and SI Appendix,
Fig. S2B). Remarkably, whereas WT RGG undergoes LLPS at
~15 °C under these conditions, RGGg,,s demixed at 42 °C, and
RGGgpyfpres demixed at 52 °C. (We observed a lower T, for WT
RGG here compared to Fig. 1D due to the need for reduced
protein concentration in the case of the shuffled sequences.)
This finding nicely agrees with our computational results, which
showed that increasing the charge segregation in combination with
preserving the eIF4E-binding motif enhances self-association
propensity more than simply increasing charge segregation. Im-
portantly, despite such drastic rearrangement of the protein
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sequence, both RGGgpyur and RGGgpyt-pres formed spherical liquid
droplets of normal morphology, as imaged by bright-field mi-
croscopy at room temperature (Fig. 2 D, Insets).

To determine whether altering the charge patterning of the
RGG sequence has any unexpected consequences in vivo, we
then tested RGGygpy¢ in the context of full-length LAF-1 in live
yeast cells. LAF-1 in which the RGG domain was replaced with
RGGghut (RGGgh,-LAF-1) appeared to localize to the nucleus,
with a single fluorescent punctum per cell (Fig. 2E). This is
perhaps unsurprising, as nuclear localization signals character-
istically contain stretches of basic amino acids (52, 53). We
therefore tagged RGGqp,LAF1 with a nuclear export signal
(NES), which upon expression generated cytoplasmic puncta,
thus demonstrating that RGGyp, is capable of self-assembling in
living cells. Together, these experimental results support the
computational predictions that charge patterning is a critical
determinant of LAF-1 RGG phase separation and that this ef-
fect can be supplemented by the incorporation of small patches
of hydrophobic amino acids. We were unable to conduct the
same in vivo experiments on RGGghyppres due to its poor
expression in yeast cells.

Arginine and Tyrosine Are Important Determinants for LLPS of LAF-1
RGG. Interactions of tyrosine and arginine can be critically im-
portant to protein LLPS (30, 32, 54). The LAF-1 RGG domain
contains 24 arginine, 11 tyrosine, and 1 phenylalanine (and no
lysine) residues, which are relatively evenly distributed across the
168-residue-long domain (Fig. 34). To test the role of these
residues in RGG phase separation, in one construct we mutated
all tyrosines to phenylalanine (Y—F), except for a single tyrosine
that was mutated to tryptophan to facilitate spectrophotometric
detection. In a second construct, we mutated all arginines to
lysines (R—K). We then conducted turbidity assays (at 1 mg/mL
protein concentration, since the mutations were likely to reduce
LLPS propensity) on both constructs.

In contrast to WT RGG, which demixed at ~26 °C, mutating
the tyrosines to phenylalanines lowered the transition tempera-
ture to ~14 °C (Fig. 3B and SI Appendix, Fig. S2C). To confirm
that the Y—F mutant still forms normal protein droplets, we
imaged it with bright-field microscopy at 5 °C. We observed that
the condensates appeared morphologically identical to WT
RGG, with many micrometer-scale protein droplets (Fig. 3 B,
Insets). Even more dramatically, upon mutating all arginines to
lysines, we observed no phase separation, even below 5 °C
(Fig. 3B and SI Appendix, Fig. S2C). The R—K mutant was
soluble and did not assemble into protein droplets even under
experimental conditions that promote RGG phase separation,
including high protein concentration and low salt concentration
at low temperature. Thus, the presence of tyrosine and arginine
plays a key role in phase separation of the LAF-1 RGG domain,
in agreement with studies on FUS (30).

These experimental results suggest that the Y—F and R—»K
mutations have a significant impact on the overall interactions
occurring between LAF-1 RGG molecules. To gain mechanistic
insight into these changes, we turned to all-atom simulations
with explicit solvent, which can provide highly detailed in-
formation on the different types of interactions in which each
amino acid may participate (35). Since it is currently impractical
to faithfully sample the configurational ensemble of a long IDP
like LAF-1 using such high-resolution models, we conducted
simulations on a 44-residue region of the LAF-1 RGG domain
spanning residues 106 to 149 (RGGyge_149). This particular
contiguous region was selected to provide the highest composi-
tional similarity with the full RGG domain so that the in-
formation obtained is most consistent with the expectations for
the full-length sequence (SI Appendix, Fig. S5). We also simu-
lated two variants in which either all of the tyrosine residues are
mutated to phenylalanine (Y—-F RGGjgs_149) or all of the
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arginine residues are mutated to lysine (R—>K RGGyg_149).
From single-chain simulations, we find that R, increases in the
following order: WT < Y—F < R—K (Fig. 3C). Previous studies
provide compelling evidence that chain dimensions or solvent
quality can faithfully provide knowledge on protein LLPS (3, 40,
48, 55)—more collapsed chains are expected to be more prone to
phase separation. Therefore, the trend in R, from all-atom sim-
ulations is consistent with the experimental LIPS behavior that we
observe for these mutants (Fig. 3B), which provides further con-
fidence in utilizing these simulations to understand the molecular
interactions responsible for the experimental results.

To observe intermolecular interactions and self-association,
we conducted simulations of two RGGs_149 chains. Consistent
with our recent work on the FUS LC domain (35), we used well-
tempered metadynamics with the number of intermolecular van
der Waals (VDW) contacts as a pertinent collective variable to
enhance sampling of intermolecular contacts between the two
peptides. The resulting free energy surfaces as a function of the
number of intermolecular VDW contacts are shown in S/ Ap-
pendix, Fig. SSA. Both WT and Y—F peptides show free energy
minima at a finite number of VDW contacts. Interestingly, the
R—K variant has a global minimum at zero contacts, suggesting
the two chains do not interact, as is consistent with the lack of
phase separation in the experiments.

Previous work has suggested the importance to LLPS of
cation— interactions (30, 56) [particularly between arginine and
tyrosine (30)], planar interactions between sp? hybridized groups
(referred to here as sp?/n interactions) (45), electrostatic inter-
actions (16, 57), and hydrophobic and VDW interactions (35).
We calculated the average number of intermolecular contacts
between the two chains of the different RGGygg_149 variants
(Fig. 3D). In general, WT and Y—F have a much higher number
of contacts than R—K, consistent with the free energy profiles,
showing that R—K most favors unbound configurations. We also
normalized the average number of intermolecular contacts of
each type by the average number of intermolecular VDW con-
tacts (SI Appendix, Fig. S6B) to understand the role of various
interaction modes independent of the global contact propensity,
which is different between these three variants. Additionally, we
provide the unnormalized average number of various contacts
formed by each residue (S Appendlx Fig. S7). The number of
sp*/r and cation—r interactions is particularly decreased in R—K,
while there is no significant difference between WT and Y—F
average contacts. The overall number of contacts, however, may
not consider the interaction strengths and thus would not per-
fectly describe the difference between WT and Y—F.

To further elucidate the differences between the mutants, we
considered the effect of the interactions between cationic and
aromatic side chains, which were the original target of these
designed mutations. By analysis of all simulation snapshots in
which arginine or lysine and tyrosine or phenylalanine residues
from different chains are in contact (having at least one VDW
contact between them), we calculated the probability of occur-
rence of different interaction types. Three different interaction
modes are observed for arginine—tyrosine contacts, while only
two are observed for arginine—phenylalanine and lysine—tyrosine
contacts (Fig. 3E). Importantly, interactions between arginine—
tyrosine side chains promoting LLPS could be due to multiple
modes of interactions with 51gn1flcant contributions from
cation—r, hydrogen bonding, and sp %z interactions. The Y—F
mutations reduce the extent of these interactions, likely due to
loss of hydrogen bonding interactions, as the Y side chain con-
tains a hydroxyl group but F lacks it. The R—K mutations
remove planar sp*/m interactions due to loss of the guanidinium
group, which is present in R but not K. Moreover, we observe
that these interaction types (particularly cation-n and sp?/r)
overlap, suggesting that they work cooperatively. Multiple stud-
ies have observed the important role of R and Y in protein LLPS
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Fig. 3. Contribution of arginine and tyrosine residues to LLPS. (A) Arrangement of arginine and tyrosine residues along the RGG sequence. Residues are
reasonably well-mixed with the exception that the N-terminal end is relatively void of the two amino acids. (B) Turbidity measurements show the
temperature-dependent phase behavior of WT RGG vs. Y—F or R—K variants. Data shown are representative of three independent turbidity experiments for
each protein (SI Appendix, Fig. S2). For turbidity assays, protein concentrations were 1 mg/mL (~60 pM) in 150 mM NacCl buffer, pH 7.5. The Y—F variant
assembled into spherical liquid droplets (inset micrograph) at 5 °C. The R—K variant did not phase-separate in the turbidity assay, nor were micrometer-scale
protein liquid droplets visible by optical microscopy (bottom inset), even under conditions favorable for phase separation (6.6 mg/mL protein, 50 mM Nacl, pH
7.5, 5 °Q). (Scale bars: 10 ym.) (C) Normalized distribution of radius of gyration (Ry) of RGGgs_149 fragments from single-chain simulations for WT, Y—F, and
R—K variants. (Inset) Cumulative histogram of Ry. (D) Average number of intermolecular contacts observed between two chains of RGG16-149 in two-chain
simulations (Methods), where the average is over the simulated ensemble. Backbone and side-chain heavy atoms are included in these calculations. (E) Venn
diagrams summarizing the interaction types driving the association of R/K and Y/F residues averaged over all instances of intermolecular VDW contact be-
tween any pair of these residues. The numbers represent the percentage and only side-chain heavy atoms are included in these calculations. The overlap
between different interaction types shows that they may work cooperatively. WT has all three types of interaction, while R—K loses sp?/r interactions, and
Y—F loses hydrogen bonding. Snapshots show an instance of indicated contact type(s) from a two-chain simulation. For simulation data, error bars and
uncertainty values are SEM with n = 2.
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(30, 32, 54, 56), and our results contribute much-needed mech-
anistic understanding of these observations.

Sequence Perturbations Result in Shifts to Phase Diagram. To more
completely map the experimental phase behavior of variants of
the LAF-1 RGG domain, we performed temperature-dependent
turbidimetry at varying protein concentrations and calculated
Tsat for each to obtain the low-concentration arm of their phase
diagrams. We find that all variants for which we were able to
acquire multiple Ty, values display an upper critical solution
temperature phase diagram, having a region of miscibility at high
temperatures and phase separation at low temperatures. By
imposing different perturbations to the RGG sequence, we were
able to shift the phase diagram upward (Fig. 44) or downward
(Fig. 4B). A significant increase of LLPS propensity occurs when
modifying the sequence such that most cations are localized to
one side and anions on the other side, even when the sticky
hydrophobic region we identified is lost in the shuffling. We find
that designing a shuffled sequence that conserves this region
(such conservation has occurred across different organisms) re-
sults in the greatest upward shift of the phase diagram (Fig. 44),
indicating that both of these types of molecular interactions
control phase separation of RGG.

We are also able to shift the phase diagram downward, thus
making LLPS less favorable. Mutations of all arginine to lysine
result in total loss of LLPS behavior at tested conditions. We
suggest the phase diagram has been shifted downward enough
that the temperatures or concentrations required to observe
LLPS are not practically achievable in vitro (Fig. 4B). When
deleting residues 21-30, encompassing the eIF4E-binding motif,
we find that the phase diagram shifts downward significantly
(Fig. 4B), much more so than when deleting other regions of 10
residues (SI Appendix, Fig. S8). This is also consistent with the
predictions of the computational model, which identified the
enhanced interactions within that region.

As a control for our experiments on sequence shuffling and
residues 21-30, we designed and tested an additional construct,
RGGgut-control- RGGghut-control 18 @ shuffled version of the RGG
sequence having similar charge distribution as WT (i.e., ap-
proximately uniform, with SCD = 0.37), and the eIF4E-binding
motif was not preserved in this shuffling process. We observed
that RGGgpyt.control has a lower Ty, than WT RGG (SI Appendix,
Fig. S8). These results indicate that Ty, decreases upon shuffling
the sequence in such a way that maintains WT-like uniform
charge distribution while disrupting residues 21-30. This further

supports the assertion that the increased T, of RGGgpyt can be
attributed to its blocky charge patterning, and again highlights
the contribution of residues 21-30 to LAF-1 RGG phase
separation.

In previous work, Wang et al. (30) suggested that the satura-
tion concentration (cs,) of a protein may be predicted by
counting the number of tyrosine and arginine residues within the

sequence as Cgpr = k(nTy,nA,g)_l, where k is a fitting parameter
and is equal to 6.5 mM. For the WT RGG sequence, this predicts
a saturation concentration of 24.6 uM or 0.439 mg/mL, which
also applies to RGGgpyt and RGGgpyspres, as they have an
identical composition (Fig. 4C). For the R—K and Y—F vari-
ants, the denominator becomes zero, so the predicted value is
undefined, with the suggestion that cg,, is very high. Deletion of
residues 21-30 removes two arginine and one tyrosine residue,
resulting in a small predicted increase of cg, to 29.6 pM or
0.493 mg/mL. To directly compare with results from this pre-
diction, we calculated saturation concentration at 23 °C using a
logarithmic fit to turbidimetry data (SI Appendix, Fig. S9 A and
B). Linear fits of the data yield similar cg,, values (SI Appendix,
Fig. S9 C and D). We find that the equation ¢g = k(nTy,nA,g)’1
poorly predicts the ¢y for RGGghut 0 RGGgputpres (Fig. 4C).
Further, the prediction underestimates the effect of deletion of
residues 21-30 from RGG. These results suggest that while the
number of arginine and tyrosine residues can sometimes provide
a reasonable estimate of cg,, this parameter alone is not pre-
dictive, and many other factors, such as charge patterning and
hydrophobic interactions, determine LLPS.

Protein Condensates Formed from RGG Variants Retain Liquid-Like
Properties. Thus far, we have demonstrated perturbations to
the LAF-1 RGG sequence that alter its phase behavior, using
molecular simulations to guide experiments and provide a
mechanistic understanding of the driving forces of phase sepa-
ration. We next wondered whether these sequence perturbations
would alter the liquid properties of RGG protein condensates.
This is important to understand because the material properties
of biomolecular condensates are intertwined with their biological
function (58). The spherical morphologies of WT RGG and its
sequence variants are characteristic of viscous liquids. For all
variants, droplets could be seen contacting, fusing, and then
rounding into larger spheres (Fig. 54). To determine the li-
quidity of these droplets, we quantified fusion events, calculating
the time 7 for the two coalescing droplets to relax to a sphere

AB0 [WT RGGw RGGuwsmes B o5 [ wr C1OOO Trkown
50 +Interact. Motif ¢ 1 20 . ]
X (RYVPPHLR) Wildtype s
15 nteract 2100
O 40 Segregate —~ n i?r’ac ion S
“ Charges — e 8 10r \motw o 50:: ~
E i = =l ) AArg-Tyr «
=0T ~— '_:X 5 P /3 Interactions| @ 40 ™
or R 5 a0
20 | \Q . I [} * % % *|
5 20
10 | 10 F 10
L L L L 1 I Rt 1 L L 0 ’:‘ ’T‘
00 02 04 06 08 10 02 04 06 08 10 O O Qj‘l‘
Concentration (mg/mL) Concentration (mg/mL) QQW L

Fig. 4. Phase diagrams illustrate molecular interactions that underlie RGG LLPS. Phase diagrams for different LAF-1 variants. T, values and associated error
bars were calculated from triplicates of the turbidity assays at each concentration. (A) Shuffled sequences with a high degree of charge patterning shift phase
diagram upward, making phase separation occur at lower concentrations more easily. RGGshu.pres features both charge segregation and the self-interaction
motif at residues 21-28, allowing for even greater LLPS propensity. (B) Deletion of the interaction motif, or mutation of arginine residues to lysine, both result
in a drastic decrease of LLPS propensity and downward shift of the phase diagram. Phase diagram for R—K is theoretical and is meant strictly as a visual guide
to show that this mutation has a stronger effect on LLPS than the deletion of the interaction motif. Ts;c of WT, A21-30, RGGgys, and RGGghytpres are all
significantly different from one another (P < 0.005), based on one-way ANOVA followed by Tukey’s post hoc test at 0.3 mg/mL. (C) Saturation concentrations
from turbidity experiments (gray bars) compared with predictions based on ref. 30 (pink stars).
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(SI Appendix, Fig. S104). WT RGG and all of the variants exam-
ined (RGGA21-30, both shuffled versions, and Y—F) exhibited
rapid fusion, with droplets of length scale ¢ = 2 + 0.25 pm fusing
with © <100 ms (SI Appendix, Fig. S10B). Droplet fusion is driven by
surface tension y and slowed by viscosity 1, and the time scale of
fusion is also proportional to droplet size ¢, so t = (n/y)¢ (6, 7,
59). By plotting t against ¢ for tens of droplet fusion events
(Fig. 5B), we estimate the ratio 1/y, known as the inverse capil-
lary velocity (Fig. 5C). All of the variants tested had n/y within
threefold that of WT RGG, and in all cases n/y < 0.05 s/pm,
indicating faster fusion compared to full-length LAF-1 (n/y =
0.12 s/pm) (6).

In a complementary approach, we examined dynamics within
the droplets through fluorescence recovery after photobleaching
(FRAP). For all variants tested, 50% fluorescence recovery was
achieved within 30 s of photobleaching a small circular region
within a larger droplet (Fig. 5 D and E). By fitting the FRAP
recovery curves to a three-dimensional infinite model, we find
diffusion coefficients ranging from D = 0.01 pm %/s to 0.025 pm?/s,
approximately one order of magnitude faster than that for full-
length LAF-1 (60) (Fig. 5SE and SI Appendix, Fig. S10C). There
are modest differences, notably that the construct with deletion
of residues 21-30 (lower T, than WT) exhibited faster FRAP

recovery and fusion compared to RGGgpyjr.pres (highest T, of all
constructs we tested). However, the main result is that the FRAP
and fusion experiments together demonstrate that these variants
maintain dynamic, liquid-like condensates, despite the changes
to sequence and phase behavior. Consistent with these experi-
mental results, simulation movies of different RGG variants also
display liquid-like behavior (Movies S2 and S3). Thus, our results
suggest that certain sequence perturbations to LAF-1 RGG may
modulate its phase behavior—critical concentration and transi-
tion temperature—mostly independently from droplet liquidity.

Discussion

In this work, we elucidate sequence determinants of IDP phase
separation, and in so doing we advance a computationally guided
approach for rational engineering of protein LLPS. We focus on the
RGG domain from LAF-1, a prototypical phase-separating protein
of great interest to the LLPS field whose sequence-to-phase be-
havior relationship has not been mapped in detail previously. By
combining simulations and experiments, we identified three im-
portant features that govern the propensity of this protein to phase-
separate: a short conserved domain, charge patterning, and
arginine—tyrosine interactions.
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Fig. 5. RGG variants exhibit liquid-like material properties. (4) Droplets fuse rapidly to form a single larger sphere. (Scale bars: 2 pm.) (B) Relaxation time scale of
droplet fusion, plotted against droplet length scale. (C) The inverse capillary velocity, n/y, is the slope of the linear fits to the data in B. Dashed horizontal line represents
inverse capillary velocity of full-length LAF-1, determined previously (6). (D) Representative images from FRAP experiments. (Scale bars: 10 pm.) (E) Normalized FRAP
recovery curves show >50% recovery within 30 s for all variants. Error bars represent STD (n > 15). (Inset) Diffusion coefficients, D, calculated by fitting the FRAP recovery
curves to an infinite boundary model in three dimensions (60). Dashed horizontal line represents D of full-length LAF-1, determined previously (60).
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We first demonstrate that a small conserved domain plays an
unexpectedly large role in LAF-1 phase separation, such that the
deletion of 10 residues encompassing the identified region de-
creases the protein’s phase separation propensity significantly.
Our computational data and in vitro experiments suggest that this
region has an intrinsic affinity for itself. This contact-prone region
coincides with the previously identified eIF4E-binding motif, al-
though the contribution of this motif to LLPS is likely orthogonal
to its specific binding function. Hypothetically, LLPS of LAF-1
might be particularly sensitive to stimuli that may target this re-
gion, such as phosphorylation-induced folding that may hide the
motif and block its accessibility for self-association (61). More
generally, these results suggest that the presence within proteins of
functional motifs, such as specific binding motifs (38), may have a
nonnegligible effect on LLPS of the full sequence—even if the
functional motif is only a small region in a much larger protein.

Second, our results support a revised view of the role of elec-
trostatic interactions in LAF-1 RGG phase separation. Previous
views pointed to electrostatic interactions and charge patterning as
the driving force for LAF-1 phase separation (6, 13). On the con-
trary, we found that WT LAF-1 RGG has a well-mixed charge
distribution. We therefore asked whether introducing charge pat-
terning could enhance LAF-1 phase separation. We used the SCD
metric to identify shuffled versions of LAF-1 RGG having a high
degree of charge segregation, and our CG simulations and experi-
ments both show that such charge patterning results in significantly
enhanced propensity to phase-separate. Our results extend previous
work on this topic (48, 49, 62). DDX4 features blocks of alternating
net charge, and scrambling the blocks to remove charge patterning
abolishes phase separation (44). Relatedly, complex coacervation of
the negatively charged Nephrin intracellular domain (NICD) with
positively charged partners is promoted in part by blocks of high
charge density in NICD (57). Theoretical work shows as well that
block polyampholytes exhibit stronger interactions compared to
charge-scattered polyampholytes, as the latter experience repulsion
from nearby like charges (48). Thus, it appears that WT RGG may
be under negative selection to moderate this mode of blocky elec-
trostatic interaction and maintain a well-mixed charge distribution.

Third, we find that distributed tyrosine and arginine residues
are also important to the ability of LAF-1 RGG to phase-
separate, and we gain valuable mechanistic insight into this re-
sult from all-atom simulations. The importance of these partic-
ular residues was attributed in previous work to their propensity
to form cation—r interactions (30, 32, 54). Our all-atom simula-
tions confirm the presence of cation—r interactions and, impor-
tantly, highlight other important interaction modes as well that
change when mutating arginine to lysine or tyrosine to phenyl-
alanine. Our simulations suggest that the loss of planar sp/n
interactions (45) is likely responsible for reduced LLPS when
mutating arginine to lysine. We note that arginine may be par-
ticularly prone to promoting LLPS with aromatic-rich sequences
due to cooperative cation-t and sp*/x interactions that cooccur.
Another important interaction mode is hydrogen bonding, which
has also recently been demonstrated to be important to LLPS
(35, 37) and is present in interactions between cationic residues
and tyrosine. Our simulations suggest that the reduced LLPS
propensity when mutating tyrosine to phenylalanine can be
explained by the loss of side-chain hydrogen bonding, as phe-
nylalanine lacks the hydroxyl group. Therefore, we suggest that
while the selected mutations likely weaken cation—r interactions
(30, 32), one must also consider the loss of several other types of
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interactions that are responsible for stabilizing the condensed
liquid phase (35).

The sequence perturbations investigated here significantly al-
tered cq,—for instance, approximately one order of magnitude
decrease in gy for RGGghytpres compared to WT RGG, and an
approximately fivefold increase for A21-30. Remarkably, we
observed that the RGG variants retained their dynamic liquid
material properties, even for a perturbation as drastic as shuf-
fling the sequence. The significant changes in phase behavior
would likely have important biological consequences, whereas
the modest differences in droplet fluidity are likely of smaller
functional significance. Thus, our experiments suggest that in a
predictive manner, we can design mutations to an IDP to alter its
phase behavior while retaining liquid-like condensate dynamics.
It is important to note that rheology and phase behavior may be
influenced by interactions with other biomolecules as well. P
granules in C. elegans are multicomponent systems, containing
not just LAF-1 but a multitude of RNAs and other proteins, such
as MEG-3 and PGL-3, that collectively determine P-granule
properties (63, 64). For instance, the addition of RNA in LAF-
1 droplets in vitro decreased droplet viscosity but did not sig-
nificantly alter phase behavior (6). Recent work showed that P
granules are in fact a coassembly of liquid and gel phases, where
MEG-3 forms the gel phase (63). The sequence determinants of
phase behavior and rheology of these multicomponent systems
are a rich topic for future study.

Overall, our combined results elucidate the driving forces of
LLPS and highlight how sequence perturbations affect LLPS.
This work will inform future studies into the biology of mem-
braneless organelles, aberrant phase transitions in disease, and
design of biomaterials and synthetic organelles.

Methods

See SI Appendix for details. Genes were cloned into a pET vector in-frame
with a C-terminal 6xHis-tag for bacterial expression and into the Ylplac211
vector in frame with a C-terminal mEGFP tag for yeast expression. A com-
bination of experimental techniques, including temperature-dependent
turbidity assays and microscopy, were used to measure phase behavior,
FRAP, and droplet fusion. CG and all-atom simulations were conducted to
compute the phase coexistence and to identify the molecular interactions
underlying the differences in the behavior of the various proteins.

Data Availability Statement. All of the simulation results discussed in this
paper are generated based on computer software that is publicly available.
See SI Appendix for details. The processed data and associated scripts will be
made available by contacting the corresponding author.
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