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Abstract 17 
 18 
The complex cellular milieu can spontaneously de-mix in a process driven in part by proteins that are 19 
intrinsically disordered (ID). We hypothesized that protein self-interactions that determine the polymer 20 
scaling exponent, v, of monomeric ID proteins (IDPs), also facilitate de-mixing transitions into phase 21 
separated assemblies. We analyzed a protein database containing subsets that are folded, ID, or IDPs 22 
identified previously to spontaneously phase separate. We found that the subsets differentiated into distinct 23 
protein classes according to sequence-based calculations of v and, surprisingly, the propensity in the 24 
sequence for adopting the β-turn. Structure-based simulations find that transient β-turn structures reduce 25 
the desolvation penalty of forming a protein-rich phase. By this mechanism, β-turns act as energetically 26 
favored nucleation points, which may explain the increased propensity for turns in IDPs that are utilized 27 
biologically for phase separation.  28 
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Introduction 1 
 2 
Protein liquid-liquid phase separation (LLPS) is increasingly recognized as an important organizing 3 
phenomenon in cells. LLPS is a reversible process whereby complex protein mixtures spontaneously de-4 
mix into liquid droplets that are enriched in a target protein; concomitantly, surrounding regions are 5 
depleted of that protein (Lee et al., 2013). The de-mixing transition is thought to provide temporal and 6 
spatial control over intracellular interactions by assembling collections of proteins into structures called 7 
membraneless organelles (Mitrea and Kriwacki, 2016), a key step in the regulatory function of P bodies, 8 
the nucleolus, and germ granules (Brady et al., 2017; Elbaum-Garfinkle et al., 2015; Mitrea et al., 2018). 9 
The physical mechanisms responsible for LLPS are not fully understood, but it is known to be facilitated 10 
primarily by proteins that are intrinsically disordered or that contain large intrinsically disordered regions 11 
(Uversky et al., 2015; Chong and Forman-Kay, 2016; Mitrea and Kriwacki, 2016). 12 
 13 
Among intrinsically disordered regions (IDRs), the hydrodynamic size has been found to vary substantially 14 
with the primary sequence (Marsh and Forman-Kay, 2010; Tomasso et al., 2016). The hydrodynamic 15 
dimensions of the ensembles of disordered structures that exist in solution for biological proteins have been 16 
closely scrutinized (Uversky, 2002; Hofmann et al., 2012; Wuttke et al., 2014; English et al., 2019) and 17 
appears important for the biological function of IDRs. For example, some ID proteins (IDPs) regulate the 18 
remodeling of cellular membranes, and their size controls curvature at membrane surfaces (Snead et al., 19 
2019; Zeno et al., 2019). With the increased interest in understanding the functional roles of IDPs and IDRs, 20 
the hydrodynamic size has also been used to extract information on the balance of intra- and intermolecular 21 
interactions for a protein and solvent combination (Wilkins et al., 1999; Uversky, 2002; Marsh and Forman-22 
Kay, 2010). This is achieved by the polymer scaling exponent, v, obtained from the dependence of size 23 
(e.g., hydrodynamic radius, Rh, or radius of gyration, Rg) on polymer length, N, in the power law relationship 24 
𝑅! ∝	𝑁" . For v ~ 0.3, self-interactions prevail, meaning that protein chains have higher affinity for 25 
themselves than for the solvent (Wilkins et al., 1999). For v ~ 0.6, interactions between chain and solvent 26 
dominate (Kohn et al., 2004). For v ~ 0.5, the self-interactions of the polypeptide and its interactions with 27 
the solvent are net equal, resulting in a theta condition (Hofmann et al., 2012) whereby the chain dimensions 28 
depend on polymer properties alone, such as bond angles, lengths, and allowed rotations (Flory, 1949). 29 
Under theta conditions, the structural size of the protein matches expectations from a random walk by an 30 
ideal chain. Overall, however, as v increases, the hydrodynamic dimensions of a protein similarly increase, 31 
and chain contact with the solvent becomes increasingly prominent. Because self-interactions required for 32 
de-mixing could perturb the net balance of intra- and intermolecular interactions for a protein and its 33 
solvent, the polymer scaling exponent likewise could be a predictor of LLPS potential among IDPs. 34 
 35 
Here, we have tested the hypothesis that the ability of an IDP to phase separate can be detected from its 36 
hydrodynamic dimensions in the monomeric state. We conjecture that the self-interactions that facilitate 37 
the de-mixing transition will manifest in decreased Rh for IDPs that are competent to phase separate into 38 
protein-rich droplets when compared to IDPs that are not. Based on observations that the presence of ID in 39 
a protein (Meng et al., 2017) and the hydrodynamic size of an IDP (or IDR fragment) are both highly 40 
predictable from the primary sequence (Marsh and Forman-Kay, 2010; English et al., 2019), we show by 41 
analysis of a protein database containing subsets that are folded, ID, or identified previously (Vernon et al., 42 
2018) to spontaneously phase separate that these three subsets differentiate into distinct protein classes 43 
according to sequence-based calculations of v and, surprisingly, chain propensity for β-turn structures. 44 
Specifically, v calculated from IDRs of proteins that phase separate were lower when compared to other ID 45 
sequences, consistent with our motivating hypothesis, while β-turn propensity was found to increase. 46 
 47 
To investigate the structural characteristics that possibly underlie a role for the β-turn in facilitating LLPS, 48 
computer simulations of the protein conformational ensemble were used to evaluate the consequences of 49 
β-turn enrichment. Simulated ensembles indicate that solvent waters that are associated with disordered 50 
regions are fewer in number when the protein adopts a β-turn, since the tight turn removes backbone 51 
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hydrogen bonding sites. With fewer attached waters, this predicts a mechanism where transient sampling 1 
of the β-turn can reduce the cost of desolvation that occurs with LLPS (Reichheld et al., 2017), allowing β-2 
turns to act as energetically favored nucleation points. Using the recently proposed framework of stickers 3 
and spacers as a molecular model for LLPS (Harmon et al., 2017; Yang et al., 2019; Martin et al., 2020), it 4 
is possible that transient β-turn structures could serve as stickers in the ensemble of otherwise randomly 5 
configured spacers. 6 
 7 
 8 
Results 9 
 10 
Hydrodynamic Size is Reduced in IDPs that exhibit LLPS (PS IDPs). We hypothesize that LLPS 11 
potential among IDPs can be predicted from the protein hydrodynamic size. To demonstrate the concept 12 
that protein self-interactions reduce Rh, and thus also reduce v, Figure 1 shows mean Rh that were measured 13 
for folded, chemically denatured, and IDPs (Fig. 1B). As expected, since IDPs are unfolded and known to 14 
have relatively few tertiary contacts, IDPs have larger experimental Rh when compared to folded proteins 15 
of similar N and, as a group, they have larger v. Moreover, the hydrodynamic dimensions of IDPs are similar 16 
in magnitude to the non-globular and large sizes observed for chemically denatured proteins although the 17 
IDP measurements were performed under native-like conditions. 18 
 19 
Also included in the figure are sequence predicted Rh for the ID regions of proteins that have been verified 20 
to exhibit phase separation behavior (Vernon et al., 2018), referred to hereafter as the PS IDP set. ID regions 21 
were predicted from the primary sequences using the GeneSilico MetaDisorder service (Kozlowski and 22 
Bujnicki, 2012). For the identified ID regions, Rh was then predicted using the net charge and intrinsic chain 23 
propensity for the polyproline II backbone conformation, both known to promote elongated hydrodynamic 24 
dimensions in disordered ensembles (Tomasso et al., 2016; English et al., 2017, 2019). Comparing the IDP 25 
set of experimental Rh to the set of predicted Rh from PS IDPs, two observations are immediately apparent. 26 
First, the PS IDP set does indeed exhibit a reduced slope (i.e., smaller v) in its trend of size versus sequence 27 
length relative to the IDP set. Second, the Rh variance relative to the Rh trend line is larger for IDPs than it 28 
is for PS IDPs. This predicts constrained structural properties for the ID regions of proteins that phase 29 
separate, presumably to facilitate de-mixing behavior. Both sets yield trend lines that extrapolate to 30 
essentially identical y-axis intercepts, indicating similar chain flexibility. This intercept gives the pre-factor, 31 
Ro, in the power-law function, 𝑅! = 𝑅# ∙ 𝑁$, and relates to the segmental length of the chain that can be 32 
considered as freely joined (Flory, 1969). Hence, the observed difference in v is not from differences in 33 
average chain stiffness between the two IDP sets, but rather likely due to differences in intra-molecular 34 
interactions between sidechains. 35 
 36 
A key difference between the two IDP sets is that the non-phase separating protein data uses experimental 37 
Rh, while the PS IDP set uses sequence predicted values. The methods developed to predict Rh from 38 
sequence for IDPs (Marsh and Forman-Kay, 2010; Tomasso et al., 2016; English et al., 2017) were found 39 
to be accurate when tested (Perez et al., 2014; English et al., 2019), and the IDPs used here consist primarily 40 
of the same IDPs that were used to train the predictions. Rh for these IDPs are thus accurately predicted 41 
from sequence (Supplementary Information, Fig. S1). Comparing sequence-predicted Rh from both sets, 42 
IDPs to PS IDPs, the same conclusions are drawn. Namely, PS IDPs have, as a group, smaller v and reduced 43 
Rh variance. The identity, sequence, and Rh (measured or predicted) for each protein in Figure 1 is provided 44 
in Supplementary Information, Tables S1-S4. 45 
 46 
Branched Amino Acids are Rare in PS IDPs. Because the structural dimensions of IDPs are strongly 47 
correlated to sequence composition (Marsh and Forman-Kay, 2010; Tomasso et al., 2016; English et al., 48 
2017, 2019), the differences in amino acid content of the two IDP sets were evaluated. Figure 1C shows 49 
the ratio obtained from the percent composition of each amino acid type in the two protein sets. Ratios 50 
above 1 represent enrichment in PS IDPs, whereas ratios lower than 1 are depletion. Amino acid types that 51 
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are enriched in PS IDPs were recognized by Forman-Kay and coworkers to have either pi-orbitals among 1 
the side chain groups (F, N, R, and Y) or highly exposed backbone peptide bonds (G and S), which also 2 
have pi-orbitals of bonded sp2-hybridized atoms, predicting a role for pi-pi interactions in promoting de-3 
mixing (Vernon et al., 2018). The same amino acid enrichment is found again in the analysis here. We find 4 
it notable, however, that the branched amino acids, I, L, and V, are the 3 most depleted amino acid types in 5 
PS IDPs when compared to the IDP set. The reduced I, L, and V content seems unrelated to abating the 6 
presence of bulky, hydrophobic side chains, since the aromatic amino acids, F and W, are not similarly 7 
depleted in PS IDPs (Vernon et al., 2018; Martin et al., 2020). 8 
 9 
To investigate this issue, we compared the scaling exponent, v, calculated individually for each protein to 10 
the combined percent composition of I, L, and V in the protein sequence. Figure 2A shows that IDPs and 11 
PS IDPs form separate protein classes according to their dataset averages. The average and standard 12 
deviation obtained from these calculations when applied to the sequences of folded proteins show that I, L, 13 
and V are not uniquely enriched in IDPs. Rather, in the database, I, L, and V are uniquely depleted in PS 14 
IDPs. Also, although the equations that predict Rh (and thus v) from sequence were developed for IDPs, 15 
and not designed for use with folded proteins, it was shown recently that reversing the sequence of a 16 
foldable protein can yield an IDP with experimental Rh that is indeed accurately modeled by the IDP-trained 17 
predictors of hydrodynamic size (English et al., 2018).  18 
 19 
β-turn Propensity is Increased in PS IDPs. Because I, L, and V have low intrinsic propensity for being 20 
found in a β-turn, as determined from surveys of stable protein structures (Levitt, 1978), and computer 21 
models have indicated a role for the β-turn in promoting liquid-liquid phase separation (Zhang et al., 2018), 22 
we compared v calculated for the different proteins to the intrinsic chain propensity for forming the β-turn, 23 
again finding that IDPs and PS IDPs are separate protein classes (Fig. 2B). Specifically, the PS IDP set has 24 
increased intrinsic chain propensity for the β-turn, more so than both IDPs and folded proteins. Moreover, 25 
the PS IDP set is enriched in amino acid types that favor the β-turn and likewise depleted in amino acids 26 
types that disfavor the β-turn (Supplementary Information, Fig. S2).  27 
 28 
Among the IDPs, Aβ(1-40) has the lowest v and also the lowest β-turn propensity. Easily identified in Fig. 29 
2B, this protein is the IDP that resides in the figure region that is mostly represented by folded proteins. 30 
Because α-synuclein is located in this figure where the IDP and folded averages meet (showing v = 0.548, 31 
β-turn propensity = 0.998), it could be that sequences with v that closely match values from folded proteins 32 
have a tendency to form irreversible aggregates, like amyloid, if the sequence is not capable of folding and 33 
also if the β-turn propensity too low. Both Aβ(1-40) and α-synuclein are amyloid forming proteins (Garzon-34 
Rodriguez et al., 1997; Li et al., 2018). If the β-turn propensity is high, a low value for v instead indicates 35 
an IDP that is capable of LLPS behavior. Amino acid specific propensities for adopting β-turn structures 36 
from Levitt (Levitt, 1978) that were used to generate Figures 2 and S2 are provided in Supplementary 37 
Information, Table S5. 38 
 39 
β-turn Structures Reduce Chain Associated Solvent Waters. We sought to determine the structural 40 
properties of turns that would enable them to form nucleation points in LLPS. An analysis of 1,000 turn 41 
and 1,000 non-turn structures was performed on the sequence GVPGVG (Whitten et al., 2008). For the 42 
structures containing a turn, a hydrogen bond was introduced between the HN of V5 and O of V2. This 43 
sequence is derived from elastin-like polypeptide (ELP), a protein sequence known to undergo LLPS 44 
(Zhang et al., 2006; Lyons et al., 2013, 2014) and one where transient β-turns have been implicated in self-45 
association (Reichheld et al., 2017; Zhang et al., 2018). A variety of structural measurements were taken 46 
on each ensemble, and statistical convergence was confirmed by comparing the average values of the first 47 
500 structures to the average over the entire ensemble, using the standard error of the mean to estimate 48 
uncertainty. Using this approach, all measurements were statistically identical, suggesting that additional 49 
conformations did not alter the measurements beyond the first 500 structures. 50 
 51 
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Overall, the structures with β-turns are more compact and have lower accessible surface area and 1 
hydrophobic accessible surface area (Table 1). This makes sense because the hydrogen bond restricts the 2 
conformation of turn structures and limits surface exposure. However, because the structures are more 3 
compact, β-turn conformations will also tend to associate with fewer solvent waters. This is demonstrated 4 
by conditional hydrophobic accessible surface area (CHASA), a concept introduced by Fleming and 5 
coworkers (Fleming et al., 2005). In the calculation of CHASA, solvent waters are placed near hydrophilic 6 
groups in the protein based on the positions sampled in long molecular dynamics simulations of peptide 7 
solvation (Fleming et al., 2005). Sterically allowed waters are kept, and these waters are used to model 8 
solvation waters that make hydrogen bonds to the peptide. These additional solvation waters occlude the 9 
hydrophobic accessible surface. The rationale is that all hydrogen bonding groups in a disordered peptide 10 
will be satisfied, either by making hydrogen bonds to the peptide or to solvent waters, and these waters will 11 
alter the hydrophobic surface area.  12 
 13 
CHASA is also found to be lower in β-turn versus non-turn ensembles (327 vs. 354 Å2); however, adding 14 
the solvent waters occludes less hydrophobic surface area in the β-turn ensemble, meaning that turn 15 
conformations will on average be associated with fewer waters than non-turns (Table 1). This is supported 16 
by the number of sterically accessible waters placed by the CHASA algorithm: 37.1 ± 0.1 waters are 17 
associated with the turn structures, whereas 44.4 ± 0.1 waters are associated with the non-turns. If 18 
hydrophobic interactions are to be made between peptide segments, these solvent-associated waters must 19 
be removed. However, fewer waters must be removed when peptide segments are in β-turn conformations, 20 
which could make turn-turn association more favorable.  21 
 22 
In addition, the fixed conformations of β-turns expose large contiguous regions of hydrophobic surface area 23 
relative to the random conformations (Fig. 3). The CHASA-placed solvation waters in GVPGVG are 24 
clustered when the peptide is in a β-turn conformation (Fig. 3A), exposing contiguous segments of 25 
hydrophobic accessible surface area for residues V2 and P3. Representative structures of non-turn 26 
conformations (Fig. 3B) do not exhibit these clusters. It is likely that unconstrained, non-turn conformations 27 
present a moving target for chain-chain interactions, making it more difficult for inter- and intra-chain 28 
association to occur. On the other hand, two fixed β-turns can associate and bury a large relative fraction 29 
of hydrophobic accessible surface area (110 Å2 per turn; Fig. 4). 30 
 31 
 32 
Discussion 33 
 34 
For flexible chains, the size of the polymer scales with the number of subunits as 𝑅!	~	𝑅# ∙ 𝑁". While Ro 35 
is determined by chain stiffness, v is determined primarily by the relative strength of interactions of polymer 36 
subunits with either other subunits or the solvent. When subunit-solvent interactions are more favorable 37 
relative to subunit-subunit interactions, the chain is expanded. We have previously developed an 38 
experimentally based parameterization for predicting the polymer scaling exponent, v, for disordered 39 
proteins based simply on sequence composition. Despite its simplicity, this prediction is remarkably 40 
accurate for a range of disordered proteins (Langridge et al., 2014; Perez et al., 2014; Tomasso et al., 2016; 41 
English et al., 2017; Yarawsky et al., 2017; English et al., 2018, 2019). This parameterization ignores such 42 
affects such as the distribution or clustering of charges (Das and Pappu, 2013), hydrophobic residues 43 
(Krishnan et al., 2008), or the relative spacing of more adhesive groups (i.e., stickers) and more inert groups 44 
(i.e., spacers) (Harmon et al., 2017; Martin et al., 2020). All of those effects will certainly contribute to the 45 
properties of an IDP, including its radius of hydration and propensity to form phase separated droplets.  46 
 47 
The relative strengths of subunit-solvent and subunit-subunit interactions is a primary determinant of LLPS 48 
of polymers, and so we hypothesized that this simple, ensemble averaged, measure of polymer behavior 49 
would be related to the propensity of IDPs to spontaneously form protein-rich droplets. We queried a list 50 
of disordered proteins curated previously for their potential to phase separate, and shown to have a higher 51 
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propensity for potential cation-pi interactions (Vernon et al., 2018). We compared those proteins to a list of 1 
proteins whose radius of hydration has been measured in a monomeric state in solution. Note that we cannot 2 
exclude that these control proteins might have the propensity to phase separate under some buffer 3 
conditions, simply that they have not been observed to do so. Remarkably, the PS IDPs naturally separate 4 
from the non-PS IDPs on a plot of predicted (PS IDPs) or measured (non-PS IDPs) radius of hydration as 5 
a function of size (Fig. 1). This demonstrates that sequence composition in addition to the particular 6 
patterning of residues is important for determining the protein properties. 7 
 8 
Next, we sought to determine if the composition of amino acids could reveal potential molecular 9 
mechanisms driving a preference for chain-chain relative to chain-solvent interactions. This mimics the 10 
idea that phase changes are stabilized by modular or multivalent interactions proposed by the Rosen lab (Li 11 
et al., 2012) and extends the idea from the Forman-Kay lab (Vernon et al., 2018) that pi-pi interactions 12 
stabilize coascervates. More recently Martin, et al incorporated this into the stickers and spacers model 13 
proposed by the Pappu lab (Harmon et al., 2017; Yang et al., 2019; Martin et al., 2020) where the interaction 14 
modules can be as small as single amino acids, in their case aromatic residues F and Y. We first analyzed 15 
the relative prevalence of amino acids in each of our groups and found significant depletion of I, L, and V 16 
residues in the PS IDPs as compared to the non-PS IDPs (Fig. 2). This is in addition to the depletion of 17 
hydrophobic residues in IDPs in general relative to their folded counterparts (Dunker et al., 2000). This is 18 
consistent with work from Forman-Kay and coworkers highlighting the importance of pi-orbitals in 19 
interactions between amino acids, and thus a preference among hydrophobic amino acids for those residues 20 
that can provide those interactions (Vernon et al., 2018). 21 
 22 
Our parameterized prediction of v relied on established relationships between the different amino acids and 23 
the common fold motifs. In the sequences we have studied so far, the sequence averaged propensity for 24 
folds (α-helix, β-turn, etc.) is sufficient to predict the polymer chain size. This dependence on local folding 25 
properties motivated us to consider whether particular fold types are more or less prevalent by prediction 26 
in the PS IDPs than in the non-PS IDPs. The relative depletion of I, L, and V is also consistent with an 27 
increase in β-turn propensity (Fig. 2). This finding is consistent with our previous work on the potential for 28 
β-turn structures, independent of specific sequence composition, to mediate chain-chain interactions and 29 
drive protein compaction and phase separation (Lyons et al., 2013, 2014). We previously focused on 30 
synthetic ELPs where increasing temperature drove an increase in both β-turn structure and propensity for 31 
phase separation. We hypothesized that that phase separation was favored by β-turn β-turn interactions. To 32 
test this hypothesis in that work, we modeled ELP interactions by generating a series of structural ensembles 33 
that incorporated differing amounts of β-turn bias throughout the chain (Zhang et al., 2018). Ensembles 34 
were then docked into dimer structures where sites of interaction were preferentially β-turns. Consistent 35 
with the hypothesis that β-turn β-turn interactions can be favorable relative to chain-solvent interactions 36 
driving chain compaction and phase separation, we found a strong preference for β-turn propensity 37 
predicted among the PS IDPs relative to the non-PS IDPs and folded proteins (Fig. 2).  38 
 39 
Using the framework of stickers and spacers, it is possible that transient β-turns can serve as stickers in an 40 
ensemble of otherwise random conformations. Even a low population (2-5%) of β-turns (Zhang et al., 2018) 41 
may be sufficient to support self-association. As we have shown above, the partial collapse of a β-turn 42 
lowers the number of waters that must be removed during association, and it primes the backbone in a 43 
conformation that is favorable for the burial of hydrophobic surface area (Fig. 3). Energetically, this 44 
transient interaction can be driven by intrinsic turn propensity and a small, favorable hydrogen bond 45 
formation energy. On the other hand, a random, non-turn ensemble of conformations poses several 46 
challenges for self-association; these conformations must shed a larger number of waters when associating, 47 
and pairs of conformations must be selected that allow for significant hydrophobic burial. From the 48 
perspective of chain entropy, this represents a significant feat that is partially overcome when both 49 
associating chains are in β-turn conformations. Thus, our calculations are consistent with a model where 50 
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transient β-turn stickers are separated by long stretches of random, non-turn spacers, and this may explain 1 
the propensity for turns in IDPs that undergo LLPS. 2 
 3 
In forming the β-turn β-turn complex, the assumption that macromolecular association is driven by the 4 
favorable energetics of hydrophobic burial has consequences that must be considered. The hydrophobic 5 
effect is known to be sensitive to temperature changes where increasingly cold conditions show 6 
progressively weaker potential to favor the nonspecific burial of hydrophobic groups from aqueous solution 7 
(Baldwin, 1986; Whitten et al., 2006). Because of this temperature dependence to the hydrophobic effect, 8 
the role of the β-turn in protein phase separation we have proposed is most likely applicable to heat induced 9 
phase separation, such as that described by the lower critical solution temperature (LCST) classification of 10 
phase separation (Quiroz and Chilkoti, 2015). While this doesn’t exclude β-turns contribution, it is unlikely 11 
to apply or play a dominant role to the upper critical solution temperature (UCST) class where target 12 
proteins are miscible at higher temperatures and then de-mix when temperatures are lowered (Glatzel et al., 13 
2011). 14 
 15 
Lastly, we find it interesting that the intrinsic potential for self-interactions, as estimated from sequence-16 
calculated v, is on average lower (i.e., higher average v) for sequences from proteins that adopt stable folded 17 
structures than it is for sequences from the PS IDP set; a result that is counterintuitive. This is shown in 18 
Fig. 2B and seems to emphasize the critical role of amino acid patterning for a folding reaction to occur 19 
and ultimately yield a globular structure stabilized by a network of intra-molecular interactions. Our 20 
compositional analysis of protein sequences specifically ignored patterning effects on structure. 21 
Nonetheless, two important implications about the character of IDRs and their role in LLPS emerge from 22 
these studies. First, IDRs that drive LLPS form a separate protein class from other IDRs and are identifiable 23 
from sequence by calculating the β-turn propensity and polymer scaling exponent, v, which inversely relates 24 
to the ability of a protein to interact with itself. Second, a simple mechanism has been identified where 25 
LLPS can be primed in disordered regions by transitions to the β-turn and its concomitant desolvation. 26 
Molecular simulations additionally point to significant hydrophobic burial in the course of β-turn β-turn 27 
interactions that could act to stabilize the shift to a protein-rich phase. 28 
 29 
 30 
Methods 31 
 32 
Rh prediction. The hydrodynamic dimensions of disordered protein ensembles depend strongly on 33 
sequence composition and Rh has been shown to be accurately predicted from the intrinsic chain bias for 34 
the polyproline II (PPII) conformation (Perez et al., 2014; Tomasso et al., 2016) and sequence estimates of 35 
the protein net charge (English et al., 2017, 2019). The equation to predict Rh is 36 
 37 
𝑅! = 2.16Å ∙ 𝑁%&.(&)*&.++∙-.(+*0!!"")2 + 0.26 ∙ |𝑄.34| − 0.29 ∙ 𝑁&.(, (1) 38 
 39 
where N is the number of residues, fPPII is the fractional number of residues in the PPII conformation, and 40 
Qnet is the net charge (English et al., 2019). fPPII is estimated from ∑ PPPII,i/N, where PPPII,i is the experimental 41 
PPII propensity determined for amino acid type i in unfolded peptides (Elam et al., 2013) and the summation 42 
is over the protein sequence. Qnet is determined from the number of lysine and arginine residues minus the 43 
number of glutamic acid and aspartic acid. 44 
 45 
Disorder prediction. The presence of intrinsic disorder in proteins and protein regions can be predicted 46 
from sequence with good confidence (Meng et al., 2017). The GeneSilico MetaDisorder service (Kozlowski 47 
and Bujnicki, 2012) was utilized to calculate the disorder tendency at each position in a sequence from the 48 
consensus prediction of 13 primary methods. Residues with a disorder tendency >0.5 are predicted to be 49 
disordered, while those with disorder tendency <0.5 are predicted to be ordered. To minimize 50 
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misidentification, we selected ID regions as those with at least 20 contiguous residue positions having 1 
disorder tendency ≥0.7.  2 
 3 
Calculation of β-turn propensity. The propensity to form β-turn structures was calculated by ∑ scalei/N, 4 
where scalei is the value for amino acid type i in the β-turn frequencies from Levitt (Levitt, 1978) obtained 5 
from ProtScale at the ExPASy Bioinformatics Resource Portal (Gasteiger et al., 2003). The summation is 6 
over the protein sequence containing N number of amino acids. Normalized β-turn frequencies for the 7 
common amino acids are reproduced in Table S5 of the Supplementary Information. 8 
 9 
Computer generation of disordered ensembles. Structures of GVPGVG were generated by a random 10 
search of conformational space using a hard sphere collision model (Whitten et al., 2008). This model uses 11 
van der Waals atomic radii (Ramachandran et al., 1963; Iijima et al., 1987) as the only scoring function to 12 
eliminate grossly improbable conformations. The procedure to generate a random conformer starts with a 13 
unit peptide and all other atoms for a chain are determined by the rotational matrix (Jeffreys and Jeffreys, 14 
1950). Backbone atoms are generated from the dihedral angles φ, ψ, and ω and the standard bond angles 15 
and bond lengths (Momany et al., 1975). Backbone dihedral angles are assigned randomly, using a random 16 
number generator based on Knuth’s subtractive method (Knuth, 1981). (φ, ψ) is restricted to the allowed 17 
Ramachandran regions (Mandel et al., 1977) to sample conformational space efficiently. For peptide bonds, 18 
ω had a Gaussian fluctuation of ± 5% about the trans form (180°) for nonproline residues. Proline sampled 19 
the cis form (0°) at a rate of 10% (MacArthur and Thornton, 1991). Of the two possible positions of the Cβ 20 
atom in nonglycine residues, the one corresponding to L-amino acids was used. The positions of all other 21 
side chain atoms were determined from random sampling of rotamer libraries (Lovell et al., 2000). 22 
Structures adopting the type II β-turn were identified as those with (φ, ψ) angles of (-60°±15°, 120°±15°) 23 
and (80°±15°, 0°±15°) for P3 and G4, respectively, while also containing a hydrogen bond connecting the 24 
carbonyl oxygen of V2 to the amide proton of V5. 25 
 26 
CHASA analysis and molecular docking. Computer generated structures, described above, were 27 
processed using the CHASA module (Fleming et al., 2005) of the LINUS software package (Srinivasan and 28 
Rose, 1995; Srinivasan et al., 2004). Two structures containing turns were docked using the 29 
GOLD/HERMES molecular docking software version 2020.1 (Jones et al., 1997). After hydrogen atoms 30 
were added, docking used the ChemPLP scoring function. The beta carbon on the third proline residue 31 
defined the binding site. Valine side chains were sampled using the built-in rotamer library, and all 32 
backbone torsions were held fixed in their original conformation. HERMES was used to calculate the buried 33 
hydrophobic accessible surface area upon formation of the complex. 34 
 35 
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Figure 1. Hydrodynamic dimensions of proteins. A) Scaling exponent, v, from the power law 39 
relationship, 𝑅! = 𝑅# ∙ 𝑁$, is proportional to hydrodynamic size. B) Mean hydrodynamic radius, Rh (Å), 40 
measured for folded proteins (open circles), chemically denatured proteins (open squares), and IDPs (red 41 
circles) compared to the sequence length, N. Blue circles are Rh that were predicted for the ID regions of 42 
proteins known to phase separate (PS IDPs). Right inset: duplicated data from the main plot that highlights 43 
the reduced v of the PS IDP set and the lower variance from its trend line, when compared to the IDP set. 44 
Left inset: variance, Var, of each set, IDP (red) and PS IDP (blue), calculated as 1/n•Σ (x - x̅)2, where n is 45 
the number of proteins, x is log Rh, and x̅ the trend line value determined from N. C) Composition ratio is 46 
the percent composition of each amino acid type, identified by its 1-letter code, for the PS IDP set divided 47 
by the IDP set. 48 
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Figure 2. Scaling exponent and compositional differences of IDPs, PS IDPs, and folded proteins. 38 
Scaling exponent, v, was calculated for each protein from Rh and N as 𝜈 = 𝑙𝑜𝑔(𝑅! 𝑅#⁄ ) 𝑙𝑜𝑔𝑁⁄ , using 2.16 39 
Å for Ro obtained from simulated conformational ensembles (Langridge et al., 2014). Ro determined from 40 
y-axis intercepts of the trend lines for IDPs and PS IDPs in Figure 1 yields 2.1 Å, showing good agreement 41 
with computer simulated results for Ro. Rh used to calculate v were experimental for IDPs, whereas PS IDPs 42 
and folded proteins used sequence predicted Rh by equation 1 in Methods. Large points and error bars show 43 
the averages and standard deviations for the IDP (red), PS IDP (blue), and folded protein (black) sets. The 44 
smaller points show individual proteins using the same coloring scheme. A) Comparison of v to the 45 
combined percent composition of the branched amino acids, I + L + V. B) Comparison of v to the β-turn 46 
propensity calculated from sequence. 47 
 48 
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Figure 3. Representative structures of turn and non-turn surface area. Conformations are shown for 43 
the ELP repeat GVPGVG, including sterically allowed, CHASA-generated solvation waters (see text). A) 44 
Two representative turn conformation with a hydrogen bond between residues V2 and V5. Hydrophobic 45 
surface area from the V and P residues is clustered together and highlighted with a dashed black oval. The 46 
right-hand panels are generated by a 90° rotation about the indicated axis. B) ELP structures in four typical 47 
non-turn conformations. While the total hydrophobic surface area is greater than for the structures shown 48 
in panel A, it is less well-localized. CHASA solvation waters, associated with hydrogen bonding groups in 49 
the peptide backbone, are shown as semitransparent cyan spheres. 50 
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Figure 4. Representative complex from a β-turn β-turn interaction. GOLD-generated docking solution 37 
of two β-turns showing how turns might self-associate during LLPS, each turn burying approximately 110 38 
Å2 of hydrophobic surface area. The two turns are colored grey (semi-transparent space filling 39 
representation) and green (stick representation). Hydrogen bonds are rendered as dashed lines. 40 
 41 
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Tables 1 
 2 
Table I. Structural properties of turn and non-turn ensembles. 3 
 4 

 Non-Turn Ensemble a β-Turn Ensemble a 
Total ASA (Å2) 738.3 ± 0.9 670.3 ± 0.5 

Hydrophobic ASA (Å2) 536.4 ± 0.8 488.9 ± 0.5 

CHASA (Å2) 353.6 ± 0.6 327.3 ± 0.6 
Hydrophobic ASA Lost assuming backbone 

hydration (Hydrophobic ASA – CHASA, Å2) 182.8 ± 1.0 161.6 ± 0.7 

Number of Backbone Hydration Waters (CHASA 
maximum is 55) 44.4 ± 0.1 37.1 ± 0.1 

 5 
a Uncertainties were calculated as the standard error of the mean. 6 
 7 
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