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Abstract

:

Proteins containing intrinsically disordered regions (IDRs) are ubiquitous within biomolecular condensates, which are liquid-like compartments within cells formed through liquid–liquid phase separation (LLPS). The sequence of amino acids of a protein encodes its phase behaviour, not only by establishing the patterning and chemical nature (e.g., hydrophobic, polar, charged) of the various binding sites that facilitate multivalent interactions, but also by dictating the protein conformational dynamics. Besides behaving as random coils, IDRs can exhibit a wide-range of structural behaviours, including conformational switching, where they transition between alternate conformational ensembles. Using Molecular Dynamics simulations of a minimal coarse-grained model for IDRs, we show that the role of protein conformation has a non-trivial effect in the liquid–liquid phase behaviour of IDRs. When an IDR transitions to a conformational ensemble enriched in disordered extended states, LLPS is enhanced. In contrast, IDRs that switch to ensembles that preferentially sample more compact and structured states show inhibited LLPS. This occurs because extended and disordered protein conformations facilitate LLPS-stabilising multivalent protein–protein interactions by reducing steric hindrance; thereby, such conformations maximize the molecular connectivity of the condensed liquid network. Extended protein configurations promote phase separation regardless of whether LLPS is driven by homotypic and/or heterotypic protein–protein interactions. This study sheds light on the link between the dynamic conformational plasticity of IDRs and their liquid–liquid phase behaviour.
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1. Introduction


The cell interior contains thousands of different biomolecules (e.g., multivalent proteins and RNAs), which need to be organized in space for the cell to function. One of the key cellular mechanisms to control the spatial organization of components is formation and dissolution of biomolecular condensates—membraneless compartments sustained by the physical chemistry of liquid–liquid phase separation (LLPS) [1,2,3].



Although the concept of liquid-like membraneless compartments inside cells [4,5] is not new (it is attributed to Edmund Wilson in the 19th century [6]), emerging evidence on the wide-ranging roles that biomolecular condensates play inside cells has reignited interest in the phenomenon of biological LLPS (see reviews: [2,7,8]). Besides compartmentalisation of the cytoplasm [2,8,9,10,11,12], LLPS is involved in genome silencing [13,14,15], the formation of pathological aggregates such as amyloid fibrils [3,16,17,18], and helping cells to sense and react to environmental changes [19]. Novel biological features, such as the ability of condensates to buffer protein concentrations against gene expression noise [20] continue being discovered.



Many proteins containing intrinsically disordered regions (IDRs) such as FUS [21,22,23], hnRNPA1 [24,25], TDP-43 [26,27], and HP1 undergo LLPS in vitro and in cells [14,15]. IDRs that contribute to phase separation preferentially establish multiple homotypic self-interactions or heterotypic interactions with a cognate biomolecule (e.g., a different IDR or RNA) over their interactions with the solvent [28,29,30]. Such ability of biomolecules to establish multiple transient interactions is known as multivalency [31,32,33]. Due to their conformational versatility, IDRs can also promote LLPS by acting as inert but highly flexible linkers that connect modular domains [34,35].



The structural and dynamic behaviour of IDRs varies widely. IDRs can behave as random coils [36,37], exhibit disorder-to-order structural transitions [38,39,40,41,42], and even switch among different conformational ensembles [40,43,44,45]. Conformational switching describes a behaviour in which IDRs can transition between alternate conformational ensembles (free energy valleys of their conformational landscape) where their structure, despite remaining partially disordered, fluctuates respect to an equilibrium conformation [46,47]. The conformational switching behaviour of IDRs can be regulated by many different external events, such as changes in the physiological conditions as ion influx [48], or introduction of post-translational modifications such as phosphorylation [49,50,51]. Also, spontaneous switching among different conformational ensembles has been reported for the C-terminal tail of the GluN2B subunit of the N-methyl-D-aspartate receptor [52], where post-translational modifications or fluctuations in the ion concentration and/or pH drive the IDRs to switch between alternate conformational ensembles.



Experimental advances in single molecule Förster resonance energy transfer (smFRET) have now enabled the direct observation of conformational switching in diluted conditions [53,54,55]. However, how conformational switching and the role of IDR conformation impacts the liquid–liquid phase behaviour of IDRs is not fully understood. Computer simulations offer a complimentary technique to investigate this question because they can resolve the structural behaviour of individual interacting proteins as they undergo LLPS, while quantifying changes in critical parameters.



Atomistic Molecular Dynamics (MD) simulations can characterize the conformational ensembles of single proteins and protein complexes [56,57,58], pinpoint the link between chemical modifications and sequence mutations, and the modulation of protein–protein and protein-DNA interactions [59,60,61,62], reveal the conformational heterogeneity of IDRs within small aggregates [63], and guide the development of chemically accurate coarse-grained models for LLPS [64,65]. Furthermore, the predictive and explanatory power of atomistic simulations is constantly being ramped up by the collective efforts to develop even more accurate atomistic force fields for IDRs [66,67].



Powered by algorithmic advances and increased computer capabilities, atomistic MD simulations are now being used to investigate protein interactions within crowded environments that mimic in vivo conditions [68]. Simultaneously, a wide-range of coarse-grained (CG) models, including mean field, thermodynamic perturbation theory, lattice-based representations [28,69,70,71,72,73,74,75,76,77], minimal models [10,11,78,79,80,81,82,83] and sequence-dependent chemically accurate CG models [64,84,85], are being developed to investigate the link between microscopic protein characteristics and their phase behaviour. Coarse-grained models have the ability to retain specific physico-chemical features of proteins and investigate how they might impact their phase behaviour, while averaging out others for computational efficiency. As such, coarse-grained models were successful at identifying the dependency of biomolecular condensate stability on the protein chain length [86,87], amino acid sequence [75,84,85,88,89], protein multivalency [34,90,91,92,93], topology [94] and multi-component composition [10,95,96,97].



In this work, using MD simulations of a minimal coarse-grained protein model, we investigate the impact of modulating the conformational landscape of IDRs on their ability to form biomolecular condensates. Our results show that conformational switching enhances LLPS whenever the IDR configurational landscape is enriched in extended states. Consistently, exploring preferentially more compact and structured globular states (such as after a disorder-to-order transition) hinders LLPS by limiting the protein valency. We find that these observations are explained by a larger density of molecular connections that extended IDRs can establish within the condensed liquid. These results illustrate how beyond the amino acid sequence, the connectivity of the condensed liquid network, which governs the ability of proteins to phase separate [10], crucially depends also on the conformational ensemble that an IDR adopts. Moreover, we find that this behaviour holds regardless of whether protein LLPS is driven by homotypic and/or heterotypic interactions. Taken together, our observations shed light on the connection between the conformational plasticity of IDRs and their phase behaviour.




2. Results and Discussion


2.1. A Minimal Coarse-Grained Model for IDRs


Based on the ability of IDRs to exhibit large conformational fluctuations [29,30] and the dominant role of multivalency in LLPS [10,98], we develop a minimal coarse grained model that allows us to modulate the structural plasticity of multivalent IDRs. In our model, each IDR consists of a flexible polymer of N beads, where each bead represents a group of several amino acids (see Figure 1).



We capture the ability of phase-separating IDRs to establish numerous weak and promiscuous protein–protein interactions at short molecular distances, with a short-ranged attractive Lennard-Jones potential among protein beads:


   u LJ  = 4 ϵ    (  σ r  )  12  −   (  σ r  )  6    



(1)




where  σ  accounts for the molecular diameter of each bead, r is the inter-bead distance, and  ϵ  defines the maximum attractive interaction among different beads. In what follows,  σ  is used as the unit of length and  ϵ  as the unit of energy. This potential approximates the various types of protein–protein interactions driving LLPS (e.g., hydrophobic, electrostatic, cation- π ,  π - π ). To account for the covalent bonds among sequential groups of amino acids within a single IDR, consecutive beads are joined together with a stiff harmonic potential,   u Bond  , of the form:


   u Bond  =  K Bond    ( r −  r 0  )  2  ,  



(2)




where   K Bond   controls the stiffness of the bond and   r 0   is the equilibrium bond length. Additionally, we introduce an harmonic angular potential to modulate the conformational plasticity of IDRs:


   u Bend  =  K θ    ( θ −  θ 0  )  2  ,  



(3)




where   K θ   controls the strength of the bending potential,  θ  defines the angle formed by three consecutive beads, and   θ 0   represents the equilibrium resting angle (   θ 0  = 180 °  ). Non-bonded interactions between beads directly bonded to each other are excluded. For computational efficiency, solvent is represented implicitly; hence the protein-poor liquid phase corresponds to a vapour and the protein-rich liquid phase (condensate) to a liquid phase.




2.2. Simulation Details


For convenience, we express the following magnitudes in reduced units: temperature as   T *   =    k B  T / ϵ  , number density as   ρ *   = (N/V)  σ 3  , pressure as   p *   =   p  σ 3  / ϵ  , time as   σ   m / ϵ    , and the angular constant as   K θ *   =    K θ  r a  d 2  / ϵ  , being   ϵ /  k B    = 119.81 K,  σ  = 3.405 and m, the mass of a single bead, 39.1 amu. These values were chosen so that the temperatures and densities at which liquid–liquid phase behaviour occurs in the model are realistic in real units (i.e., from 250 to 350 K and from 0.4 to 1.2 g/cm   3   respectively.)



The parameters for the bonded interactions in Equation (2) are   K  B o n d    = 40   ϵ /  σ 2   , and the equilibrium bond length    r 0  = 1 σ  . All our simulations were performed in the MD package LAMMPS [99]. The integration timestep used to numerically solve the equations of motion is   Δ  t *  = 0.0004  . For NVT and NpT simulations, we employ the Nosé-Hoover thermostat and barostat [100,101] with relaxation times of   Δ  t *  = 0.4   and   Δ  t *  = 0.401   respectively. The cut-off for the LJ interactions is set to 2.5  σ . To maintain the structure of the globular domains, we use the LAMMPS rigid body integrator [102]. The typical system size for simulations of 20-bead IDRs is 512 replicas, while for those of 80-bead IDRs is 128. To minimise finite system size effects in Direct Coexistence (DC) simulations [103,104,105] (see Section 3 and Figure 2) and ensure accurate predictions close to the critical point, we repeat simulations at high temperatures with 1024 protein replicas for IDRs of N = 20 and with 256 replicas for IDRs of N = 80.




2.3. LLPS Is Promoted by Extended IDR Configurations


As mentioned in the introduction, IDRs span a wide-range of different structural behaviours, including acting as fully disordered random coils [36,37], serving as flexible linkers [34,35] between globular domains, exhibiting disorder-to-order structural transitions [38,39,40,41,42,106] or even switching between alternate conformational free energy minima while remaining partially disordered [46,47]. In this section, we use our minimal CG model to investigate how the phase behaviour of IDRs changes depending on their conformational landscape. For this, we compare the phase diagrams, in temperature-density space, of an IDR of fixed amino acid sequence when it behaves as a random coil versus when it transitions to sample an energy landscape relatively enriched in more extended or more collapsed conformations.



We first focus on IDRs whose LLPS is driven by homotypic interactions. To exclude amino acid sequence and patterning effects [84,85,89], we maintain the IDR amino acid sequence constant by modelling self-interacting IDRs as homopolymers with a constant value of  ϵ  and  σ  for all the beads (see Equation (1)). IDRs behaving as random coils are represented as fully flexible chains (i.e., without an energetic penalty for bending,   K θ *   = 0), while IDRs that have undergone conformational switching to sample a landscape enriched in more extended configurations are modelled by gradually increasing the energetic penalty for bending. Therefore,   K θ *   allows us to mimic different conformational free energy minima that IDRs exhibiting conformational switching may have. In Figure 3A, we plot the probability histograms of the radius of gyration (  R g *  ) for 20-bead IDRs that present four different structural behaviours: a fully flexible random coil (purple), a lightly extended IDR (pink), a moderately extended IDR (green), and a fully extended IDR (red). The wide distributions of the radii of gyration evidence that the four alternate ensembles sampled by the IDRs are highly heterogeneous. That is because all proteins retain a high degree of flexibility and remain fully disordered in all cases. The moderately extended IDR shows the widest variation in the radius of gyration due to the interplay between the attractive intra-molecular interactions that favours compaction and a moderate energetic penalty for bending that opposes it. The fully extended IDR exhibits the narrowest variation in the radius of gyration among the set, consistent with its conformational ensemble being highly shifted towards extended states.



To investigate the impact of the conformational behaviour of IDRs in their ability to phase separate, we use DC simulations (Figure 2 and Section 3) to compute the phase diagrams of the different IDRs. We find that for a constant amino acid sequence, the liquid–liquid coexistence region becomes larger when the IDR exhibits a conformational ensemble that is more enriched in extended states (Figure 3B). These results are in agreement with short linear and rigid LJ polymers of 3 to 5 beads shown to display a significantly wider liquid-vapour coexistence region than their flexible counterparts [107]. Nonetheless, the opposite behaviour (i.e., semiflexible polymers being less prone to phase separate than flexible ones) was observed for polymer chains with bond angles of   109 .  5 ∘    [108], suggesting, that stiffness only promotes two-phase demixing when such rigidification results in more extended polymer conformations. That rigidification of extended IDR states that increases the stability of their condensates may also help explain what drives the liquid-gel transitions which are implicated in the formation of pathological aggregates [3,16,17,18]. Moreover, subtle effects in polymer stiffness and conformation has also been shown to drive demixing of polymer mixtures into two-phase equilibrium [109].



To further understand this observation, we evaluate the molecular connectivity (further details in Section 3.2) within the condensed-liquid network for each IDR type by computing the number of inter-molecular contacts per protein replica [10]. More extended IDR configurations promote a significantly higher number of inter-molecular contacts within the condensed phase. The larger number of molecular contacts that fully extended IDRs can establish in comparison to the relative more compact random coils or lightly extended IDRs (see Table 1 and Figure 4), stabilises the protein condensates up to higher temperatures. Therefore, the conformational ensemble of an IDR impacts its liquid–liquid phase behaviour by directly regulating the number of inter-molecular contacts (liquid-network connectivity [10]) that an IDR can establish within the condensed liquid.



When we evaluate the mean radius of gyration (  <  R g *  >  ) of the different IDRs as a function of temperature and compare values when the IDRs are part of the diluted phase or part of the condensed phase (see Figure 3C), we observe that the conformational landscape of an IDR has a non trivial effect on their temperature-dependent behaviour. Fully flexible random coils and lightly extended IDRs undergo temperature-induced expansion while IDRs more significantly constrained to sample extended states exhibit temperature-induced collapse. In contrast, the mean value of the radius of gyration of fully extended IDRs remains constant for the whole range of temperatures both within the condensed and diluted phases. This temperature induced behaviour is likely to be entropically-driven, and determined by the IDR conformational ensemble at moderate temperature, leading to a temperature-induced expansion when IDRs behave as random coils and/or are typically collapsed at low/moderate   T *   (due to intra-molecular interactions), and to entropically-driven collapse when IDRs are moderately extended at low/moderate temperature (due to the high energetic bending penalty). Consistently, while IDRs are commonly ascribed as random coils and are expected to expand monotonically with increasing temperature [110], confocal single-molecule FRET experiments showed that some IDRs at infinite dilution can also exhibit temperature-induced collapse [111]. Cold-shock proteins are one example of IDRs that collapse with temperature [112]. Although the hydrophobic character of IDRs is a contributing factor to their temperature-induced collapse, a subtle interplay between the intra-protein and protein-solvent interactions can also lead hydrophilic IDRs to present this behaviour [112,113]. Our CG model predicts that IDRs exhibiting temperature-induced expansion may have an advantage to phase separate, over those presenting temperature-induced collapse (Figure 3C), because their expansion decreases the steric barrier for establishing inter-protein interactions (see Table 1). However, irrespectively of their temperature-dependent behaviour, IDRs with a higher radius of gyration at a given conditions (i.e., temperature), show higher ability to establish LLPS-stabilising protein–protein interactions, and thus greater ability to phase separate (see Table 1 and Figure 3B).



Our simulations also reveal how the conformational ensemble of IDRs can be affected by the liquid–liquid phase transition. When IDRs undergo homotypically driven LLPS, the distributions of their radii of gyration remain virtually unchanged. Although fully flexible and lightly extended IDRs exhibit a modest phase-separation driven expansion, such expansion occurs only at low to moderate temperatures (   T *  < 0.75  T c *   , where   T c *   refers to the critical temperature of each IDR). As we approach the critical temperature, the radii of gyration of the proteins among the two phases become increasingly similar (see Boxplots in Figure 5). Phase-separation driven expansion for proteins undergoing homotypic LLPS was observed for   t a u  -IDP [114] using steady-state fluorescence measurements of pyrene and fluorescein-labeled tau-K18 proteins, a protein associated with Alzheimer’s disease. Even if modest, phase-separation induced expansion enables IDRs to establish a surplus of enthalpy maximizing inter-protein contacts in the condensed phase than those they would establish if they remained unchanged or underwent collapse.




2.4. Collapsed Globular Domains Inhibit LLPS


We now compare the phase diagrams of flexible IDRs with those of proteins that have a rigid globular structure but the same exact amino acid sequence and inter-bead binding strength. We compare two distinct configurations of a 20-bead globular protein with different degrees of compaction: (1) a semi-compact structure with a radius of gyration of 2.40 (in reduced units), and (2) a compact structure with radius of gyration of 1.75.



The specific conformation that a protein adopts has a crucial effect on its liquid–liquid phase behaviour. As shown in Figure 6A, IDRs that predominantly display extended conformations across a relevant temperature range for LLPS, such as the fully extended IDR (red curve), phase separate up to significantly higher temperatures. Conversely, more collapsed globular domains or IDRs that maintain smaller radii of gyration show a lower propensity to phase separate. Such dramatic effect of the structural behaviour of proteins in their phase landscape is again explained through the molecular connectivity (Figure 4). Given the same protein sequence, and assuming that the binding affinity between amino acids is unchanged among the different protein configurations, the number of molecular contacts that extended IDRs can establish is usually higher than those enabled by a more compact structure that buries the LLPS-stabilizing binding sites deep within (Figure 4). Interestingly, we note that below a certain number of contacts ∼15 (contacts per protein for the 20-bead sequences) LLPS vanishes. By re-scaling the phase diagrams in    T *  /  T c *    vs.   ρ *   (being   T c   the critical temperature of each protein), we observe general scaling, where the minimum amount of inter-molecular contacts corresponds to a reduced density of ∼0.35, below which, LLPS is not stable. The correlation between the mean radius of gyration, end-to-end distance, average number of inter and intra-protein contacts, and liquid–liquid critical point is reported in Table 1.



If we now compare larger proteins, we observe that the impact of the structural conformation in the phase behaviour is moderately amplified. In Figure 6B, we compare the phase diagram of an 80-bead random coil with that of an 80-bead compact globular protein of equal sequence. We observe that when all other factors are kept equal, the critical temperature of the random coil is considerably higher than that of the globular protein. Again, the molecular connectivity evaluated by the number of inter-molecular contacts for the random coil is more than twice than for the globular conformation (see Table 1). Such difference is expected to increase if the conformational ensemble of the IDR is further enriched in extended configurations. In longer sequences, the amount of buried amino acids is larger because of the surface to volume ratio scaling, as shown in Table 1, which imposes steric hindrance to establish inter-protein interactions. Recent experiments on G3BP1, a protein involved in the formation of stress granules which presents RNA-mediated conformational switching, highlights the crucial role of protein conformation in liquid–liquid phase separation [116]. Under non-stress conditions, G3BP1 dimers adopt an autoinhibited highly compact state that reduces the available number of inter-molecular interactions that the protein can establish [116]. However, upon stress, released mRNA outcompetes for the G3BP1 compacting intra-molecular interactions and induces expansion of G3BP1, which in turn, promotes LLPS of the G3BP1 and RNA mixture [116]; this can be explained by an enhanced ability of G3BP1 to establish multivalent heterotypic protein-RNA and homotypic intermolecular protein–protein interactions. Even though the expansion of G3BP1 is RNA-mediated, and the LLPS enhancement is coupled to the enthalpic contribution through protein-RNA interactions, our CG simulations suggest that the conformational expansion itself plays a big role in promoting LLPS of the G3BP1-RNA mixture.




2.5. Influence of the Conformational Ensemble in Heterotypically Driven LLPS


A significant number of intrinsically disordered proteins exhibit heterotypically driven phase separation, i.e., dependent on their binding to a cognate protein or RNA [117]. For example, P bodies fundamentally assemble via interactions between RNA-binding proteins and RNA [33,118]. Heterotypic interactions among proteins and RNA components [119] contribute to the formation of other intracellular condensates such as Cajal bodies and stress granules. The nucleolus, a phase separated organelle within the nucleus, is stabilized by a combination of heterotypic and homotypic interactions among the Nucleophosmin (NPM1) RNA-binding protein and ribosomal RNA [120,121]. To consider heterotypically driven phase separation, we focus on 50:50 binary mixtures of two types of IDRs, that we term protein A and protein B. IDRs of type A interact most strongly with IDRs of type B and vice-versa, whereas IDRs of the same type exhibit smaller binding affinity (i.e., the well-depth of the heterotypic LJ interaction   ϵ  H e    is double than the homotypic LJ one   ϵ  H o   , as sketched in Figure 1). Hence, systems exclusively composed of a single type of IDRs (A or B) can only phase separate at very low temperatures.



We model two binary mixtures of 20-bead IDRs with different conformational ensembles: a mixture where both types of IDRs behave as fully flexible random coils (  K θ *   = 0) and a mixture of moderately extended IDRs (  K θ *   = 3). Extended states also favour heterotypically driven LLPS (Figure 7A). However, the behaviour of the radius of gyration for the moderately extended IDRs along the phase transition (Figure 7B) differs from the one observed in homotypically driven LLPS. Such moderately extended IDRs become more compact after undergoing heterotypically driven phase separation. Given that the intra-molecular self-interactions in heterotypically driven phase separation are weak, IDRs restricted to sample more extended states have a negligible enthalpic gain for collapsing and, hence, remain extended in the diluted phase. Upon condensation, binding to cognate partners facilitates moderate compaction. Consistent with our previous observations, the mildly self-interacting IDRs that we study in this section undergo temperature-induce expansion when they are fully flexible, and temperature-induced collapse when they are restricted to sample extended configurations.



Hence, our results highlight that irrespective of whether LLPS is sustained by homotypical or heterotypical interactions, switching the conformational ensemble of an IDR to one enriched in extended states, unambiguously promotes liquid–liquid phase separation by enhancing the protein molecular connectivity.





3. Materials and Methods


3.1. Direct Coexistence Simulations


To compute the phase diagram of the different protein systems, we perform Direct coexistence (DC) simulations [103,104,105]. Such method (see Figure 2) consists of simulating periodically extended slabs of the two coexisting phases, e.g., the diluted and the condensed phases, in the same simulation box. To evaluate the density of the coexisting phases, once the system is equilibrated, we compute a density profile along the long side of the box (perpendicular axis to the interface) and average the density of each phase, excluding the density fluctuations near the interface. Due to finite size effects, it is not computationally feasible to determine the critical point using the DC method. Hence, we estimate the critical density and temperature of the phase diagrams by fitting the coexisting densities of both phases near the critical point using the laws of rectilinear diameters and critical exponents [94,122]:


    (  ρ h *  −  ρ l *  )  α  =  s 1   ( 1 −  T *  /  T c *  )   



(4)






   (  ρ h *  +  ρ l *  )  / 2 =  ρ c *  +  s 2   (  T c *  −  T *  )   



(5)




where   ρ h *   and   ρ l *   account for the coexisting (reduced) densities of the protein-rich liquid phase and the protein-poor liquid one respectively,   T c *   and   ρ c *   are the critical temperature and density respectively,   α = 3.06   is the three dimensional Ising model critical exponent [122], and   s 1   and   s 2   are fitting parameters.




3.2. Liquid Network Connectivity


To quantify the number of molecular connections per protein replica, or liquid network connectivity within the condensates, we use the following procedure [10]. For the protein-rich liquid phase (condensed liquid), we prepare a system in the NVT ensemble at the coexisting density and temperature. For each individual protein, we count the number of beads of other proteins (i.e., excluding the intra-molecular contacts since those are not involved in sustaining the condensate) that are closer than a cut-off distance of   1.2 σ  . We verified that the connectivity trends discussed in this work persist regardless of the chosen cut-off distance. Within the protein-poor liquid phase (diluted phase), densities are rather small and inter-molecular contacts scarce. Thus, for the diluted phase, we count the number of intra-molecular contacts instead, which is an indirect measure of the degree of compaction of the IDRs in isolation. The same cut-off distance of   1.2 σ   is used.





4. Conclusions


In this work, we investigate the impact of a protein conformational landscape in its liquid–liquid phase behaviour. Using a minimal coarse-grained model, we find that enriching the conformational ensemble of an IDR in extended configurations significantly promotes LLPS. Conversely, switching to an alternate configurational ensemble that predominantly samples compact (rigid or flexible) conformations inhibits LLPS, provided that such a structural change does not alter the binding strength among proteins.



Our simulations reveal that the molecular origin of LLPS enhancement stemming from enriching an IDR conformational ensemble in extended structures is the increase in the molecular connectivity of the condensed liquid [10]. Extended protein conformations facilitate LLPS-stabilising protein–protein interactions by reducing the steric hindrance, and thereby maximising the molecular connectivity of the liquid network. This behaviour holds regardless of whether phase separation is driven by homotypic and/or heterotypic molecular interactions.



We find that, within our model, fully flexible random coils and lightly extended IDRs undergo temperature-induced expansion, while IDRs more significantly constrained to sample extended states exhibit moderate temperature-induced collapse. Even though IDRs that exhibit temperature-induced expansion may have an advantage to phase separate over those exhibiting temperature-induced collapse, because of a surplus of inter-protein interactions, our CG simulations show that IDRs with a higher radius of gyration at a given temperature, irrespectively of their temperature-dependent behaviour, will have a greater ability to phase separate.



Furthermore, we show that the conformational landscape of IDRs is lightly altered upon the liquid–liquid phase transition, with the more notable changes emerging at lower temperatures and higher protein–protein binding affinities. Either in homotypically or heterotypically driven LLPS, highly flexible IDRs adopt slightly more expanded conformations when transitioning from the diluted phase to the condensed phase. However, in heterotypically driven LLPS, moderately extended IDRs become more compact upon phase separation. Together this work contributes to advancing our understanding of the relationship between protein conformation and liquid–liquid phase behaviour.







Author Contributions


R.C.-G. and J.R.E. designed research; A.G. and I.S.-B. performed research; A.G., I.S.-B. and J.R.E. analyzed research; A.G., R.C.-G. and J.R.E. wrote the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This project has received funding from the European Research Council (ERC) under the European Union Horizon 2020 research and innovation programme (grant agreement No 803326). R.C.-G. is an Advanced Research Fellow from the Winton Programme for the Physics of Sustainability. A.G. is funded by an EPSRC scholarship (EP/N509620/1). J.R.E. acknowledges funding from the Oppenheimer Fellowship and from the Emmanuel College Roger Ekins Research Fellowship. I.S.-B. acknowledges funding from the Oppenheimer Fellowship and the Derek Brewer scholarship from Emmanuel College. This work was performed using resources provided by the Cambridge Tier-2 system operated by the University of Cambridge Research Computing Service (http://www.hpc.cam.ac.uk) funded by EPSRC Tier-2 capital grants EP/P020259/1 and T2-CS092-CPU.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hyman, A.A.; Weber, C.A.; Jülicher, F. Liquid-Liquid Phase Separation in Biology. Annu. Rev. Cell Dev. Biol. 2014, 30, 39–58. [Google Scholar] [CrossRef]

	



Alberti, S.; Gladfelter, A.; Mittag, T. Considerations and challenges in studying liquid-liquid phase separation and biomolecular condensates. Cell 2019, 176, 419–434. [Google Scholar] [CrossRef]

	



Shin, Y.; Brangwynne, C.P. Liquid phase condensation in cell physiology and disease. Science 2017, 357, eaaf4382. [Google Scholar] [CrossRef]

	



Brangwynne, C.P.; Eckmann, C.R.; Courson, D.S.; Rybarska, A.; Hoege, C.; Gharakhani, J.; Jülicher, F.; Hyman, A.A. Germline P Granules Are Liquid Droplets That Localize by Controlled Dissolution/Condensation. Science 2009, 324, 1729–1732. [Google Scholar] [CrossRef]

	



Brangwynne, C.P.; Mitchison, T.J.; Hyman, A.A. Active liquid-like behavior of nucleoli determines their size and shape in Xenopus laevis oocytes. Proc. Natl. Acad. Sci. USA 2011, 108, 4334–4339. [Google Scholar] [CrossRef]

	



Alberti, S. Phase separation in biology. Curr. Biol. 2017, 27, R1097–R1102. [Google Scholar] [CrossRef]

	



Narlikar, G.J. Phase-separation in chromatin organization. J. Biosci. 2020, 45, 5. [Google Scholar] [CrossRef] [PubMed]

	



Boeynaems, S.; Alberti, S.; Fawzi, N.L.; Mittag, T.; Polymenidou, M.; Rousseau, F.; Schymkowitz, J.; Shorter, J.; Wolozin, B.; Van Den Bosch, L.; et al. Protein Phase Separation: A New Phase in Cell Biology. Trends Cell Biol. 2018. [Google Scholar] [CrossRef]

	



Zhou, H.; Song, Z.; Zhong, S.; Zuo, L.; Qi, Z.; Qu, L.J.; Lai, L. Mechanism of DNA-Induced Phase Separation for Transcriptional Repressor VRN1. Angew. Chem. Int. Ed. 2019, 58, 4858–4862. [Google Scholar] [CrossRef] [PubMed]

	



Espinosa, J.R.; Joseph, J.A.; Sanchez-Burgos, I.; Garaizar, A.; Frenkel, D.; Collepardo-Guevara, R. Liquid network connectivity regulates the stability and composition of biomolecular condensates with many components. Proc. Natl. Acad. Sci. USA 2020, 117, 13238–13247. [Google Scholar] [CrossRef] [PubMed]

	



Joseph, J.A.; Espinosa, J.R.; Sanchez-Burgos, I.; Garaizar, A.; Frenkel, D.; Collepardo-Guevara, R. Oligonucleotides can act as superscaffolds that enhance liquid-liquid phase separation of intracellular mixtures. bioRxiv 2020. [Google Scholar] [CrossRef]

	



Saha, S.; Weber, C.A.; Nousch, M.; Adame-Arana, O.; Hoege, C.; Hein, M.Y.; Osborne-Nishimura, E.; Mahamid, J.; Jahnel, M.; Jawerth, L.; et al. Polar Positioning of Phase-Separated Liquid Compartments in Cells Regulated by an mRNA Competition Mechanism. Cell 2016, 166, 1572–1584. [Google Scholar] [CrossRef] [PubMed]

	



Larson, A.G.; Narlikar, G.J. The Role of Phase Separation in Heterochromatin Formation, Function, and Regulation. Biochemistry 2018, 57, 2540–2548. [Google Scholar] [CrossRef] [PubMed]

	



Larson, A.G.; Elnatan, D.; Keenen, M.M.; Trnka, M.J.; Johnston, J.B.; Burlingame, A.L.; Agard, D.A.; Redding, S.; Narlikar, G.J. Liquid droplet formation by HP1α suggests a role for phase separation in heterochromatin. Nature 2017, 547, 236–240. [Google Scholar] [CrossRef]

	



Strom, A.R.; Emelyanov, A.V.; Mir, M.; Fyodorov, D.V.; Darzacq, X.; Karpen, G.H. Phase separation drives heterochromatin domain formation. Nature 2017, 547, 241–245. [Google Scholar] [CrossRef]

	



Guo, L.; Shorter, J. It’s raining liquids: RNA tunes viscoelasticity and dynamics of membraneless organelles. Mol. Cell 2015, 60, 189–192. [Google Scholar] [CrossRef]

	



Wegmann, S.; Eftekharzadeh, B.; Tepper, K.; Zoltowska, K.M.; Bennett, R.E.; Dujardin, S.; Laskowski, P.R.; MacKenzie, D.; Kamath, T.; Commins, C.; et al. Tau protein liquid-liquid phase separation can initiate tau aggregation. EMBO J. 2018, 37. [Google Scholar] [CrossRef]

	



Wang, J.; Choi, J.M.; Holehouse, A.S.; Lee, H.O.; Zhang, X.; Jahnel, M.; Maharana, S.; Lemaitre, R.; Pozniakovsky, A.; Drechsel, D.; et al. A Molecular Grammar Governing the Driving Forces for Phase Separation of Prion-like RNA Binding Proteins. Cell 2018, 174, 688–699. [Google Scholar] [CrossRef]

	



Yoo, H.; Triandafillou, C.; Drummond, D.A. Cellular sensing by phase separation: Using the process, not just the products. J. Biol. Chem. 2019, 294, 7151–7159. [Google Scholar] [CrossRef]

	



Klosin, A.; Oltsch, F.; Harmon, T.; Honigmann, A.; Jülicher, F.; Hyman, A.A.; Zechner, C. Phase separation provides a mechanism to reduce noise in cells. Science 2020, 367, 464–468. [Google Scholar] [CrossRef]

	



Qamar, S.; Wang, G.; Randle, S.J.; Ruggeri, F.S.; Varela, J.A.; Lin, J.Q.; Phillips, E.C.; Miyashita, A.; Williams, D.; Ströhl, F.; et al. FUS phase separation is modulated by a molecular chaperone and methylation of arginine cation-π interactions. Cell 2018, 173, 720–734. [Google Scholar] [CrossRef] [PubMed]

	



Murthy, A.C.; Dignon, G.L.; Kan, Y.; Zerze, G.H.; Parekh, S.H.; Mittal, J.; Fawzi, N.L. Molecular interactions underlying liquid- liquid phase separation of the FUS low-complexity domain. Nat. Struct. Mol. Biol. 2019, 26, 637–648. [Google Scholar] [CrossRef] [PubMed]

	



Rhoads, S.N.; Monahan, Z.T.; Yee, D.S.; Shewmaker, F.P. The role of post-translational modifications on prion-like aggregation and liquid-phase separation of FUS. Int. J. Mol. Sci. 2018, 19, 886. [Google Scholar] [CrossRef] [PubMed]

	



Molliex, A.; Temirov, J.; Lee, J.; Coughlin, M.; Kanagaraj, A.P.; Kim, H.J.; Mittag, T.; Taylor, J.P. Phase separation by low complexity domains promotes stress granule assembly and drives pathological fibrillization. Cell 2015, 163, 123–133. [Google Scholar] [CrossRef] [PubMed]

	



Gui, X.; Luo, F.; Li, Y.; Zhou, H.; Qin, Z.; Liu, Z.; Gu, J.; Xie, M.; Zhao, K.; Dai, B.; et al. Structural basis for reversible amyloids of hnRNPA1 elucidates their role in stress granule assembly. Nat. Commun. 2019, 10, 1–12. [Google Scholar] [CrossRef]

	



Li, H.R.; Chiang, W.C.; Chou, P.C.; Wang, W.J.; Huang, J.R. TAR DNA-binding protein 43 (TDP-43) liquid–liquid phase separation is mediated by just a few aromatic residues. J. Biol. Chem. 2018, 293, 6090–6098. [Google Scholar] [CrossRef]

	



McGurk, L.; Gomes, E.; Guo, L.; Mojsilovic-Petrovic, J.; Tran, V.; Kalb, R.G.; Shorter, J.; Bonini, N.M. Poly (ADP-ribose) prevents pathological phase separation of TDP-43 by promoting liquid demixing and stress granule localization. Mol. Cell 2018, 71, 703–717. [Google Scholar] [CrossRef]

	



Brangwynne, C.P.; Tompa, P.; Pappu, R.V.; St Louis, I.; Louis, S. Polymer physics of intracellular phase transitions. Nat. Phys. 2015, 11, 899–904. [Google Scholar] [CrossRef]

	



Leblond, C.S.; Kaneb, H.M.; Dion, P.A.; Rouleau, G.A. Dissection of genetic factors associated with amyotrophic lateral sclerosis. Exp. Neurol. 2014, 262, 91–101. [Google Scholar] [CrossRef]

	



Protter, D.S.W.; Rao, B.S.; Van Treeck, B.; Lin, Y.; Mizoue, L.; Rosen, M.K.; Parker, R. Intrinsically Disordered Regions Can Contribute Promiscuous Interactions to RNP Granule Assembly. Cell Rep. 2018, 22, 1401–1412. [Google Scholar] [CrossRef]

	



Nott, T.J.; Petsalaki, E.; Farber, P.; Jervis, D.; Fussner, E.; Plochowietz, A.; Craggs, T.D.; Bazett-Jones, D.P.; Pawson, T.; Forman-Kay, J.D.; et al. Phase Transition of a Disordered Nuage Protein Generates Environmentally Responsive Membraneless Organelles. Mol. Cell 2015, 57, 936–947. [Google Scholar] [CrossRef] [PubMed]

	



Bracha, D.; Walls, M.T.; Brangwynne, C.P. Probing and engineering liquid-phase organelles. Nat. Biotechnol. 2019, 37, 1435–1445. [Google Scholar] [CrossRef] [PubMed]

	



Banani, S.F.; Rice, A.M.; Peeples, W.B.; Lin, Y.; Jain, S.; Parker, R.; Rosen, M.K. Compositional control of phase-separated cellular bodies. Cell 2016, 166, 651–663. [Google Scholar] [CrossRef] [PubMed]

	



Choi, J.M.; Dar, F.; Pappu, R.V. LASSI: A lattice model for simulating phase transitions of multivalent proteins. PLoS Comput. Biol. 2019, 15, e1007028. [Google Scholar] [CrossRef]

	



Choi, J.M.; Pappu, R.V. The Stickers and Spacers Framework for Describing Phase Behavior of Multivalent Intrinsically Disordered Proteins. Biophys. J. 2020, 118, 492a. [Google Scholar] [CrossRef]

	



Smith, L.J.; Fiebig, K.M.; Schwalbe, H.; Dobson, C.M. The concept of a random coil: Residual structure in peptides and denatured proteins. Fold. Des. 1996, 1, R95–R106. [Google Scholar] [CrossRef]

	



Kragelj, J.; Ozenne, V.; Blackledge, M.; Jensen, M.R. Conformational propensities of intrinsically disordered proteins from NMR chemical shifts. ChemPhysChem 2013, 14, 3034–3045. [Google Scholar] [CrossRef]

	



Hughes, M.P.; Sawaya, M.R.; Boyer, D.R.; Goldschmidt, L.; Rodriguez, J.A.; Cascio, D.; Chong, L.; Gonen, T.; Eisenberg, D.S. Atomic structures of low-complexity protein segments reveal kinked β sheets that assemble networks. Science 2018, 359, 698–701. [Google Scholar] [CrossRef]

	



Moritsugu, K.; Terada, T.; Kidera, A. Disorder-to-order transition of an intrinsically disordered region of sortase revealed by multiscale enhanced sampling. J. Am. Chem. Soc. 2012, 134, 7094–7101. [Google Scholar] [CrossRef]

	



Ferreon, A.C.M.; Gambin, Y.; Lemke, E.A.; Deniz, A.A. Interplay of α-synuclein binding and conformational switching probed by single-molecule fluorescence. Proc. Natl. Acad. Sci. USA 2009, 106, 5645–5650. [Google Scholar] [CrossRef]

	



Trexler, A.J.; Rhoades, E. α-Synuclein binds large unilamellar vesicles as an extended helix. Biochemistry 2009, 48, 2304–2306. [Google Scholar] [CrossRef] [PubMed]

	



Moosa, M.M.; Ferreon, A.C.M.; Deniz, A.A. Forced folding of a disordered protein accesses an alternative folding landscape. ChemPhysChem 2015, 16, 90–94. [Google Scholar] [CrossRef] [PubMed]

	



Soranno, A.; Longhi, R.; Bellini, T.; Buscaglia, M. Kinetics of Contact Formation and End-to-End Distance Distributions of Swollen Disordered Peptides. Biophys. J. 2009, 96, 1515–1528. [Google Scholar] [CrossRef] [PubMed]

	



Mukhopadhyay, S.; Krishnan, R.; Lemke, E.A.; Lindquist, S.; Deniz, A.A. A natively unfolded yeast prion monomer adopts an ensemble of collapsed and rapidly fluctuating structures. Proc. Natl. Acad. Sci. USA 2007, 104, 2649–2654. [Google Scholar] [CrossRef] [PubMed]

	



Crick, S.L.; Jayaraman, M.; Frieden, C.; Wetzel, R.; Pappu, R.V. Fluorescence correlation spectroscopy shows that monomeric polyglutamine molecules form collapsed structures in aqueous solutions. Proc. Natl. Acad. Sci. USA 2006, 103, 16764–16769. [Google Scholar] [CrossRef] [PubMed]

	



Choi, U.B.; McCann, J.J.; Weninger, K.R.; Bowen, M.E. Beyond the Random Coil: Stochastic Conformational Switching in Intrinsically Disordered Proteins. Structure 2011, 19, 566–576. [Google Scholar] [CrossRef] [PubMed]

	



Lamboy, J.A.; Kim, H.; Lee, K.S.; Ha, T.; Komives, E.A. Visualization of the nanospring dynamics of the IκBα ankyrin repeat domain in real time. Proc. Natl. Acad. Sci. USA 2011, 108, 10178–10183. [Google Scholar] [CrossRef]

	



Leal, S.S.; Botelho, H.M.; Gomes, C.M. Metal ions as modulators of protein conformation and misfolding in neurodegeneration. Coord. Chem. Rev. 2012, 256, 2253–2270. [Google Scholar] [CrossRef]

	



Darling, A.L.; Uversky, V.N. Intrinsic disorder and posttranslational modifications: The darker side of the biological dark matter. Front. Genet. 2018, 9, 158. [Google Scholar] [CrossRef]

	



Bah, A.; Forman-Kay, J.D. Modulation of intrinsically disordered protein function by post-translational modifications. J. Biol. Chem. 2016, 291, 6696–6705. [Google Scholar] [CrossRef]

	



Bah, A.; Vernon, R.M.; Siddiqui, Z.; Krzeminski, M.; Muhandiram, R.; Zhao, C.; Sonenberg, N.; Kay, L.E.; Forman-Kay, J.D. Folding of an intrinsically disordered protein by phosphorylation as a regulatory switch. Nature 2015, 519, 106–109. [Google Scholar] [CrossRef]

	



Choi, U.B.; Sanabria, H.; Smirnova, T.; Bowen, M.E.; Weninger, K.R. Spontaneous Switching among Conformational Ensembles in Intrinsically Disordered Proteins. Biomolecules 2019, 9, 114. [Google Scholar] [CrossRef]

	



Sakon, J.J.; Weninger, K.R. Detecting the conformation of individual proteins in live cells. Nat. Methods 2010, 7, 203–205. [Google Scholar] [CrossRef] [PubMed]

	



König, I.; Zarrine-Afsar, A.; Aznauryan, M.; Soranno, A.; Wunderlich, B.; Dingfelder, F.; Stüber, J.C.; Plückthun, A.; Nettels, D.; Schuler, B. Single-molecule spectroscopy of protein conformational dynamics in live eukaryotic cells. Nat. Methods 2015, 12, 773–779. [Google Scholar] [CrossRef] [PubMed]

	



LeBlanc, S.J.; Kulkarni, P.; Weninger, K.R. Single molecule FRET: A powerful tool to study intrinsically disordered proteins. Biomolecules 2018, 8, 140. [Google Scholar] [CrossRef] [PubMed]

	



Shaw, D.E.; Maragakis, P.; Lindorff-Larsen, K.; Piana, S.; Dror, R.O.; Eastwood, M.P.; Bank, J.A.; Jumper, J.M.; Salmon, J.K.; Shan, Y.; et al. The Science of Crystallization: Microscopic Phenomena and Defect Generation. Proc. Natl. Acad. Sci. USA 2006, 82, 36. [Google Scholar] [CrossRef]

	



Lindorff-Larsen, K.; Piana, S.; Dror, R.O.; Shaw, D.E. How Fast-Folding Proteins Fold. Science 2011, 334, 517–520. [Google Scholar] [CrossRef]

	



Paloni, M.; Bailly, R.; Ciandrini, L.; Barducci, A. Unraveling molecular interactions in a phase-separating protein by atomistic simulations. bioRxiv 2020. [Google Scholar] [CrossRef]

	



Collepardo-Guevara, R.; Portella, G.; Vendruscolo, M.; Frenkel, D.; Schlick, T.; Orozco, M. Chromatin Unfolding by Epigenetic Modifications Explained by Dramatic Impairment of Internucleosome Interactions: A Multiscale Computational Study. J. Am. Chem. Soc. 2015, 137, 10205–10215. [Google Scholar] [CrossRef]

	



Potoyan, D.A.; Papoian, G.A. Regulation of the H4 tail binding and folding landscapes via Lys-16 acetylation. Proc. Natl. Acad. Sci. USA 2012, 109, 17857–17862. [Google Scholar] [CrossRef]

	



Krainer, G.; Welsh, T.J.; Joseph, J.A.; Espinosa, J.R.; Csilléry, E.d.; Sridhar, A.; Toprakcioglu, Z.; Gudiškyte, G.; Czekalska, M.A.; Arter, W.E.; et al. Reentrant liquid condensate phase of proteins is stabilized by hydrophobic and non-ionic interactions. bioRxiv 2020. [Google Scholar] [CrossRef]

	



Welsh, T.J.; Krainer, G.; Espinosa, J.R.; Joseph, J.A.; Sridhar, A.; Jahnel, M.; Arter, W.E.; Saar, K.L.; Alberti, S.; Collepardo-Guevara, R.; et al. Single particle zeta-potential measurements reveal the role of electrostatics in protein condensate stability. bioRxiv 2020. [Google Scholar] [CrossRef]

	



Pietrek, L.M.; Stelzl, L.S.; Hummer, G. Hierarchical Ensembles of Intrinsically Disordered Proteins at Atomic Resolution in Molecular Dynamics Simulations. J. Chem. Theory Comput. 2020, 16, 725–737. [Google Scholar] [CrossRef] [PubMed]

	



Dignon, G.L.; Zheng, W.; Best, R.B.; Kim, Y.C.; Mittal, J. Relation between single-molecule properties and phase behavior of intrinsically disordered proteins. Proc. Natl. Acad. Sci. USA 2018, 115, 9929–9934. [Google Scholar] [CrossRef] [PubMed]

	



Schuster, B.S.; Dignon, G.L.; Tang, W.S.; Kelley, F.M.; Ranganath, A.K.; Jahnke, C.N.; Simpkins, A.G.; Regy, R.M.; Hammer, D.A.; Good, M.C.; et al. Identifying Sequence Perturbations to an Intrinsically Disordered Protein that Determine Its Phase Separation Behavior. bioRxiv 2020. [Google Scholar] [CrossRef] [PubMed]

	



Rauscher, S.; Gapsys, V.; Gajda, M.J.; Zweckstetter, M.; de Groot, B.L.; Grubmüller, H. Structural ensembles of intrinsically disordered proteins depend strongly on force field: A comparison to experiment. J. Chem. Theory Comput. 2015, 11, 5513–5524. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.; Rauscher, S.; Nawrocki, G.; Ran, T.; Feig, M.; de Groot, B.L.; Grubmüller, H.; MacKerell, A.D. CHARMM36m: An improved force field for folded and intrinsically disordered proteins. Nat. Methods 2017, 14, 71–73. [Google Scholar] [CrossRef]

	



Sugita, Y.; Feig, M. All-atom Molecular Dynamics Simulation of Proteins in Crowded Environments. In In-Cell NMR Spectroscopy; Royal Society of Chemistry: London, UK, 2019; pp. 228–248. [Google Scholar]

	



Lin, Y.H.; Chan, H.S. Phase Separation and Single-Chain Compactness of Charged Disordered Proteins Are Strongly Correlated. Biophys. J. 2017, 112, 2043–2046. [Google Scholar] [CrossRef]

	



Zhou, H.X.; Nguemaha, V.; Mazarakos, K.; Qin, S.; Zhou, H.X. Why Do Disordered and Structured Proteins Behave Differently in Phase Separation? Trends Biochem. Sci. 2018, 43, 499–516. [Google Scholar] [CrossRef]

	



Berry, J.; Brangwynne, C.P.; Haataja, M. Charge pattern matching as a ’fuzzy’ mode of molecular recognition for the functional phase separations of intrinsically disordered proteins Related content Physical principles of intracellular organization via active and passive phase transitions. New J. Phys. 2017, 19. [Google Scholar] [CrossRef]

	



Lee, J.; Popov, Y.O.; Fredrickson, G.H. Complex coacervation: A field theoretic simulation study of polyelectrolyte complexation. J. Chem. Phys. 2008, 128, 224908. [Google Scholar] [CrossRef] [PubMed]

	



Chapman, W.G.; Jackson, G.; Gubbins, K.E. Phase equilibria of associating fluids: Chain molecules with multiple bonding sites. Mol. Phys. 1988, 65, 1057–1079. [Google Scholar] [CrossRef]

	



O’toole, E.M.; Panagiotopoulos, A.Z. Effect of sequence and intermolecular interactions on the number and nature of low-energy states for simple model proteins ARTICLES YOU MAY BE INTERESTED IN Monte Carlo simulation of folding transitions of simple model proteins using a chain growth algorithm Effect of sequence and intermolecular interactions on the number and nature of low-energy states for simple model proteins. J. Chem. Phys. 1993, 98, 8644. [Google Scholar] [CrossRef]

	



Mccarty, J.; Delaney, K.T.; Danielsen, S.P.O.; Fredrickson, G.H.; Shea, J.E. Complete Phase Diagram for Liquid-Liquid Phase Separation of Intrinsically Disordered Proteins. J. Phys. Chem. Lett. 2019. [Google Scholar] [CrossRef]

	



Blas, F.J.; Galindo, A.; Vega, C. Study of the solid-liquid-vapour phase equilibria of flexible chain molecules using Wertheim’s thermodynamic perturbation theory. Mol. Phys. 2003, 101, 449–458. [Google Scholar] [CrossRef]

	



Weber, C.A.; Lee, C.F.; Jülicher, F. Droplet ripening in concentration gradients. New J. Phys. 2017, 19, 053021. [Google Scholar] [CrossRef]

	



Liu, H.; Kumar, S.K.; Sciortino, F. Vapor-liquid coexistence of patchy models: Relevance to protein phase behavior. J. Chem. Phys. 2007, 127, 084902. [Google Scholar] [CrossRef]

	



Li, W.; Persson, B.A.; Morin, M.; Behrens, M.A.; Lund, M.; Zackrisson Oskolkova, M. Charge-induced patchy attractions between proteins. J. Phys. Chem. B 2015, 119, 503–508. [Google Scholar] [CrossRef]

	



Russo, J.; Tartaglia, P.; Sciortino, F. Reversible gels of patchy particles: Role of the valence. J. Chem. Phys. 2009, 131, 34501. [Google Scholar] [CrossRef]

	



Nguemaha, V.; Zhou, H.X. Liquid-Liquid Phase Separation of Patchy Particles Illuminates Diverse Effects of Regulatory Components on Protein Droplet Formation. Sci. Rep. 2018, 8. [Google Scholar] [CrossRef]

	



Chou, H.Y.; Aksimentiev, A. Single-Protein Collapse Determines Phase Equilibria of a Biological Condensate. J. Phys. Chem. Lett. 2020, 11, 4923–4929. [Google Scholar] [CrossRef] [PubMed]

	



Russo, J.; Tavares, J.; Teixeira, P.; da Gama, M.T.; Sciortino, F. Re-entrant phase behaviour of network fluids: A patchy particle model with temperature-dependent valence. J. Chem. Phys. 2011, 135, 034501. [Google Scholar] [CrossRef] [PubMed]

	



Statt, A.; Casademunt, H.; Brangwynne, C.P.; Panagiotopoulos, A.Z. Model for disordered proteins with strongly sequence-dependent liquid phase behavior. J. Chem. Phys. 2020, 152, 075101. [Google Scholar] [CrossRef] [PubMed]

	



Dignon, G.L.; Zheng, W.; Kim, Y.C.; Best, R.B.; Mittal, J. Sequence determinants of protein phase behavior from a coarse-grained model. PLoS Comput. Biol. 2018, 14, e1005941. [Google Scholar] [CrossRef] [PubMed]

	



Silmore, K.S.; Howard, M.P.; Panagiotopoulos, A.Z. Vapour-liquid phase equilibrium and surface tension of fully flexible Lennard-Jones chains. Mol. Phys. 2017, 115, 320–327. [Google Scholar] [CrossRef]

	



Blas, F.J.; MacDowell, L.G.; De Miguel, E.; Jackson, G. Vapor-liquid interfacial properties of fully flexible Lennard-Jones chains. J. Chem. Phys. 2008, 129. [Google Scholar] [CrossRef]

	



Das, R.K.; Pappu, R.V. Conformations of intrinsically disordered proteins are influenced by linear sequence distributions of oppositely charged residues. Proc. Natl. Acad. Sci. USA 2013, 110, 13392–13397. [Google Scholar] [CrossRef]

	



Hazra, M.; Levy, Y. Charge pattern affects the structure and dynamics of polyampholyte condensates. Phys. Chem. Chem. Phys. 2020, 22, 19368–19375. [Google Scholar] [CrossRef]

	



Bianchi, E.; Largo, J.; Tartaglia, P.; Zaccarelli, E.; Sciortino, F. Phase diagram of patchy colloids: Towards empty liquids. Phys. Rev. Lett. 2006, 97. [Google Scholar] [CrossRef]

	



Martin, E.W.; Holehouse, A.S.; Peran, I.; Farag, M.; Incicco, J.J.; Bremer, A.; Grace, C.R.; Soranno, A.; Pappu, R.V.; Mittag, T. Valence and patterning of aromatic residues determine the phase behavior of prion-like domains. Science 2020, 367, 694–699. [Google Scholar] [CrossRef]

	



Harmon, T.S.; Holehouse, A.S.; Rosen, M.K.; Pappu, R.V. Intrinsically disordered linkers determine the interplay between phase separation and gelation in multivalent proteins. elife 2017, 6, e30294. [Google Scholar] [CrossRef] [PubMed]

	



Banjade, S.; Wu, Q.; Mittal, A.; Peeples, W.B.; Pappu, R.V.; Rosen, M.K. Conserved interdomain linker promotes phase separation of the multivalent adaptor protein Nck. Proc. Natl. Acad. Sci. USA 2015, 112, E6426–E6435. [Google Scholar] [CrossRef] [PubMed]

	



Espinosa, J.R.; Garaizar, A.; Vega, C.; Frenkel, D.; Collepardo-Guevara, R. Breakdown of the law of rectilinear diameter and related surprises in the liquid-vapor coexistence in systems of patchy particles. J. Chem. Phys 2019, 150, 224510. [Google Scholar] [CrossRef] [PubMed]

	



Dar, F.; Pappu, R.V. Multidimensional Phase Diagrams for Multicomponent Systems Comprising Multivalent Proteins. Biophys. J. 2020, 118, 213a. [Google Scholar] [CrossRef]

	



Regy, R.M.; Dignon, G.L.; Zheng, W.; Kim, Y.C.; Mittal, J. Sequence dependent co-phase separation of RNA-protein mixtures elucidated using molecular simulations. bioRxiv 2020. [Google Scholar] [CrossRef]

	



Boeynaems, S.; Holehouse, A.S.; Weinhardt, V.; Kovacs, D.; Van Lindt, J.; Larabell, C.; Van Den Bosch, L.; Das, R.; Tompa, P.S.; Pappu, R.V.; et al. Spontaneous driving forces give rise to protein- RNA condensates with coexisting phases and complex material properties. Proc. Natl. Acad. Sci. USA 2019, 116, 7889–7898. [Google Scholar] [CrossRef]

	



Li, P.; Banjade, S.; Cheng, H.C.; Kim, S.; Chen, B.; Guo, L.; Llaguno, M.; Hollingsworth, J.V.; King, D.S.; Banani, S.F.; et al. Phase transitions in the assembly of multivalent signalling proteins. Nature 2012, 483, 336–340. [Google Scholar] [CrossRef]

	



Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J. Comput. Phys. 1995, 117, 1–19. [Google Scholar] [CrossRef]

	



Nosé, S. A unified formulation of the constant temperature molecular dynamics methods. J. Chem. Phys. 1984, 81, 511–519. [Google Scholar] [CrossRef]

	



Hoover, W.G. Canonical dynamics: Equilibrium phase-space distributions. Phys. Rev. A 1985, 31, 1695–1697. [Google Scholar] [CrossRef]

	



Kamberaj, H.; Low, R.; Neal, M. Time reversible and symplectic integrators for molecular dynamics simulations of rigid molecules. J. Chem. Phys. 2005, 122, 224114. [Google Scholar] [CrossRef] [PubMed]

	



Espinosa, J.R.; Sanz, E.; Valeriani, C.; Vega, C. On fluid-solid direct coexistence simulations: The pseudo-hard sphere model. J. Chem. Phys. 2013, 139, 144502. [Google Scholar] [CrossRef] [PubMed]

	



Ladd, A.J.; Woodcock, L.V. Triple-point coexistence properties of the lennard-jones system. Chem. Phys. Lett. 1977, 51, 155–159. [Google Scholar] [CrossRef]

	



García Fernández, R.; Abascal, J.L.; Vega, C. The melting point of ice I h for common water models calculated from direct coexistence of the solid-liquid interface. J. Chem. Phys. 2006, 124, 144506. [Google Scholar] [CrossRef]

	



Mensch, C.; Konijnenberg, A.; Van Elzen, R.; Lambeir, A.M.; Sobott, F.; Johannessen, C. Raman optical activity of human α-synuclein in intrinsically disordered, micelle-bound α-helical, molten globule and oligomeric β-sheet state. J. Raman Spectrosc. 2017, 48, 910–918. [Google Scholar] [CrossRef]

	



Galindo, A.; Vega, C.; Sanz, E.; MacDowell, L.G.; de Miguel, E.; Blas, F. Computer simulation study of the global phase behavior of linear rigid Lennard-Jones chain molecules: Comparison with flexible models. J. Chem. Phys. 2004, 120, 3957–3968. [Google Scholar] [CrossRef]

	



Sheng, Y.J.; Panagiotopoulos, A.; Kumar, S. Effect of chain stiffness on polymer phase behavior. Macromolecules 1996, 29, 4444–4446. [Google Scholar] [CrossRef]

	



Gauger, A.; Pakula, T. Phase equilibrium in mixtures of flexible and stiff polymers studied by Monte Carlo simulation. J. Chem. Phys. 1993, 98, 3548–3553. [Google Scholar] [CrossRef]

	



Sun, S.T.; Nishio, I.; Swislow, G.; Tanaka, T. The coil–globule transition: Radius of gyration of polystyrene in cyclohexane. J. Chem. Phys. 1980, 73, 5971–5975. [Google Scholar] [CrossRef]

	



Schuler, B.; Soranno, A.; Hofmann, H.; Nettels, D. Single-molecule FRET spectroscopy and the polymer physics of unfolded and intrinsically disordered proteins. Annu. Rev. Biophys. 2016, 45, 207–231. [Google Scholar] [CrossRef]

	



Nettels, D.; Müller-Späth, S.; Küster, F.; Hofmann, H.; Haenni, D.; Rüegger, S.; Reymond, L.; Hoffmann, A.; Kubelka, J.; Heinz, B.; et al. Single-molecule spectroscopy of the temperature-induced collapse of unfolded proteins. Proc. Natl. Acad. Sci. USA 2009, 106, 20740–20745. [Google Scholar] [CrossRef] [PubMed]

	



Dignon, G.L.; Zheng, W.; Kim, Y.C.; Mittal, J. Temperature-Controlled Liquid–Liquid Phase Separation of Disordered Proteins. ACS Cent. Sci. 2019, 5, 821–830. [Google Scholar] [CrossRef] [PubMed]

	



Majumdar, A.; Dogra, P.; Maity, S.; Mukhopadhyay, S. Liquid–Liquid Phase Separation Is Driven by Large-Scale Conformational Unwinding and Fluctuations of Intrinsically Disordered Protein Molecules. J. Phys. Chem. Lett. 2019, 10, 3929–3936. [Google Scholar] [CrossRef] [PubMed]

	



Kolmogorov, A. Sulla determinazione empirica di una lgge di distribuzione. Inst. Ital. Attuari Giorn. 1933, 4, 83–91. [Google Scholar]

	



Guillén-Boixet, J.; Kopach, A.; Holehouse, A.S.; Wittmann, S.; Jahnel, M.; Schlüssler, R.; Kim, K.; Trussina, I.R.; Wang, J.; Mateju, D.; et al. RNA-induced conformational switching and clustering of G3BP drive stress granule assembly by condensation. Cell 2020, 181, 346–361. [Google Scholar] [CrossRef]

	



Uversky, V.N. Protein intrinsic disorder-based liquid–liquid phase transitions in biological systems: Complex coacervates and membrane-less organelles. Adv. Colloid Interface Sci. 2017, 239, 97–114. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Y.; Protter, D.S.; Rosen, M.K.; Parker, R. Formation and Maturation of Phase-Separated Liquid Droplets by RNA-Binding Proteins. Mol. Cell 2015, 60, 208–219. [Google Scholar] [CrossRef]

	



Zhang, H.; Elbaum-Garfinkle, S.; Langdon, E.M.; Taylor, N.; Occhipinti, P.; Bridges, A.A.; Brangwynne, C.P.; Gladfelter, A.S. RNA Controls PolyQ Protein Phase Transitions. Mol. Cell 2015, 60, 220–230. [Google Scholar] [CrossRef]

	



Mitrea, D.M.; Cika, J.A.; Stanley, C.B.; Nourse, A.; Onuchic, P.L.; Banerjee, P.R.; Phillips, A.H.; Park, C.G.; Deniz, A.A.; Kriwacki, R.W. Self-interaction of NPM1 modulates multiple mechanisms of liquid-liquid phase separation. Nat. Commun. 2018, 9, 842. [Google Scholar] [CrossRef]

	



Riback, J.A.; Zhu, L.; Ferrolino, M.C.; Tolbert, M.; Mitrea, D.M.; Sanders, D.W.; Wei, M.T.; Kriwacki, R.W.; Brangwynne, C.P. Composition-dependent thermodynamics of intracellular phase separation. Nature 2020, 581, 209–214. [Google Scholar] [CrossRef]

	



Rowlinson, J.S.; Widom, B. Molecular Theory of Capillarity; Courier Corporation: North Chelmsford, MA, USA, 2013. [Google Scholar]












	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.












[image: Molecules 25 04705 g001 550] 





Figure 1. Minimal IDR coarse-grained model to investigate the impact of the conformational ensemble in LLPS. (A) Illustration of the coarse-grained protein model developed in this work with one bead representing a group of amino acids. The excluded volume interactions among beads are depicted with grey dashed circles, and the multivalent attracting interactions with yellow dashed lines. (B) Representative snapshots of the different types of IDRs studied. (i) Intrinsically disordered protein of N = 20. (ii) Intrinsically disordered protein of N = 80. (iii) Semi-compact globular protein of N = 20. (iv) Compact globular protein of N = 20. (v) Compact globular protein of N = 80. (C) Schematic representation of the impact of the angular constant (  K θ  ) in the representative configuration of the coarse-grained IDRs of N = 20. Higher   K θ   implies conformational landscapes enriched in extended states while lower ones enhance the emergence of structures preferentially collapsed. (D) Snapshot of a direct coexistence simulation in which LLPS is driven by homotypic interactions. (E) Sketch of a binary mixture direct coexistence simulation where LLPS is driven by heterotypic interactions, phase separation takes place in presence of a high affinity partner. Multivalent interactions between proteins of the different type (heterotypic) are twice more attractive (  2 ϵ  ) than those among proteins of the same type ( ϵ ). 
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Figure 2. Direct coexistence simulation box of: (A) 128 interacting globular proteins of length N = 80 at    T *  = 2.5  . (B) 512 intrinsically disordered proteins of length N = 20 at    T *  = 2.25  . Individual proteins are depicted by different colours. 
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Figure 3. Conformational landscape and phase diagram of the different 20-bead IDRs. (A) Probability histograms of the radius of gyration of the different IDRs at    T *  = 0.65  T  c , F E  *   .   T  c , F E  *   refers to the critical temperature of the fully extended IDR,   T  c , F E  *   = 2.76, which is the highest critical temperature of the four different IDRs. Results for the fully flexible random coil (  K θ *   = 0) are depicted in purple, while those ones for the lightly (  K θ *   = 1), moderately (  K θ *   = 3) and fully extended (  K θ *   = 20) IDRs in pink, green and red, respectively. Solid lines represent the radius of gyration distribution for proteins that form part of the condensed liquid phase, whereas dashed lines account for the radius of gyration distribution of proteins belonging to the diluted liquid phase. (B) Liquid-liquid coexistence lines in the    T *  −  ρ *    plane for the fully flexible random coil (purple), lightly extended (pink), moderately extended (green) and fully extended (red) IDRs. The temperature is normalized by the critical temperature of the fully extended IDR,   T  c , F E  *  . Filled circles account for the coexisting densities computed via DC simulations and empty ones for the estimation of the critical points using Equations (4) and (5). The horizontal black dashed line represents the temperature at which the radius of gyration probability histograms in panel A were evaluated. (C) Mean value of the radius of gyration (  <  R g *  >  ) as a function of the renormalized temperature,    T *  /  T  c , F E  *   , for the previously shown IDRs. The same colour code as in panel A and B applies here. The values of   R g *   in the condensed phase along the coexisting densities are depicted by empty diamonds whereas filled circles represent the same but for IDRs in the protein-poor liquid phase. 
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Figure 4. Liquid-network connectivity explains LLPS. Average number of inter-molecular contacts per protein in the condensed liquid phase,   N  I n t e r  C  , as a function of    T *  /  T  c , F E  *    for the different 20-bead proteins described in the legend. 
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Figure 5. Impact of the liquid–liquid phase transition on the protein conformational ensemble. Boxplots of the radius of gyration vs. normalised temperature (   T *  /  T  c , F E  *   ) for the fully flexible random coil, and the lightly and moderately extended N = 20 IDRs. Orange boxplots account for   R g *   in the diluted phase while blue ones for IDRs in the condensed phase. Fully extended IDR boxplots have not been included since   R g *   is not different in both phases (according to the Kolmogorov-Smirnov test [115]) and does not vary with temperature either as shown in Figure 3C. Boxplots are a 5 number summary of the radius of gyration distribution. The box bounds represent the first and the third quartile of the histograms and the line intersecting the box is the median. The whiskers represent the maximum and minimum values of the histograms. 
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Figure 6. Role of globular and compact conformations in LLPS. (A) Phase diagram of different conformational ensembles of the 20-bead sequence. Results for the random coil are depicted in purple, for the fully extended IDR in red, while for the semi-compact and compact globular proteins in brown and grey, respectively. Filled circles represent the liquid coexisting densities evaluated by means of DC simulations, empty symbols the estimated critical point for each system via Equations (4) and (5), and continuous lines are included as a guide for the eye. (B) Phase diagram of an 80-bead fully flexible random coil with   <  R g  >   = 4.42 σ  (at    T *  /  T  c , R C  *  = 0.9  ) (blue) and a collapsed globular conformation with   <  R g  >   = 2.45 σ  (red) of length N = 80. Note that in both panels, temperature is normalised by the critical temperature of the conformational ensemble with highest critical point for each length,   T  c , F E  *   = 2.76 for the fully extended 20-bead IDR and   T  c , R C  *   = 2.68 for the random coil of 80 beads. The structured globular domains for which the phase diagram is evaluated here are shown in Figure 1. 
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Figure 7. Impact of the conformational plasticity in heterotypically driven LLPS (A) Liquid-liquid coexistence lines of two 50:50 binary mixtures of 20-bead IDRs with different conformational ensembles: filled black circles represent the coexistence densities for a mixture of fully flexible random coils while blue circles for a mixture of moderately extended IDRs. Empty circles indicate the estimated critical point of each mixture. Note that temperature is renormalized by the critical temperature of the moderately extended IDR binary mixture,   T  c , M E  *   = 3.8. (B) Average radius of gyration,   <  R g *  >   of the IDRs as a function of the renormalized temperature,    T *  /  T  c , M E  *   . Circles indicate   <  R g *  >   in the diluted liquid phase and diamonds inside the condensed one. The same colour code of the aside panel applies here. 
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Table 1. Structural conformation, molecular contacts and thermodynamic stability of the protein condensates. Average radius of gyration (  <  R g *  >  ), end-to-end distance (  <  D  E − E   >  ) and number of intra-molecular contacts per protein (  N  I n t r a  C  ) in the diluted phase; number of inter-molecular contacts per protein in the condensed phase (  N  I n t e r  C  ) and critical temperature (  T c *  ) of the different studied proteins. The given values of   <  R g *  >  ,   <  D  E − E   >  ,   N  I n t r a  C   and   N  I n t e r  C   for the 20-bead (80-bead) proteins correspond to a temperature of    T *  = 0.72  T  c , F E  *    (   T *  = 0.9  T  c , R C  *   ) and to the density of the coexisting phase of interest at such temperature.   T  c , F E  *   = 2.76 and   T  c , R C  *   = 2.68. Please note that the radius of gyration and the number of intra-molecular contacts for the globular structured proteins are temperature-independent.
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	N
	Protein Conformation
	    <  R g *  >    
	    <  D  E − E   >    
	   N Intra C    Dil. Phase
	   N Inter C    Cond. Phase
	    T c *    





	20
	Fully extended IDR
	5.49
	17.14
	0.0
	42
	2.76



	20
	Moderately extended IDR
	3.71
	10.12
	0.3
	32
	2.42



	20
	Lightly extended IDR
	2.53
	6.15
	2.0
	27
	2.37



	20
	Random coil
	2.14
	5.34
	3.4
	23
	2.34



	20
	Semi-compact globular protein
	2.40
	6.64
	2.0
	23
	2.34



	20
	Compact globular protein
	1.75
	4.18
	5.0
	16
	2.21



	80
	Random coil
	4.42
	10.54
	18
	51
	2.68



	80
	Compact globular protein
	2.45
	7.84
	63
	20
	2.54
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