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ABSTRACT 

Phase separation of globular RNA and positively charged proteins is reported from a 
combination of coarse-grained simulations parametrized based on atomistic simulations, theory 
informed by the coarse-grained simulations, and experimental validation via confocal 
microscopy and FRET spectroscopy. Phase separation is found to depend on concentration, size, 
and charge of the proteins, requiring a minimum protein size, minimum protein charge, and 
minimum protein concentration before condensates can form. The general principle for phase 
separation is based on electrostatic complementarity rather than invoking polymer character as in 
most previous studies. Simulation results furthermore suggest that such phase separation may 
occur in heterogenous cellular environment, not just between tRNA and cellular proteins but also 
between ribosomes and proteins where there may be competition for positively charged proteins.  

 

STATEMENT OF SIGNIFICANCE 

Liquid-liquid phase separation has been recognized as a key mechanism for forming membrane-
less organelles in cells. Commonly discussed mechanisms invoke a role of disordered peptides 
and specific multi-valent interactions. We report here phase separation of RNA and proteins 
based on a more universal principle of charge complementarity that does not require disorder or 
specific interactions. The findings are supported by coarse-grained simulations, theory, and 
experimental validation via microscopy and FRET spectroscopy. The implications of this work 
are that condensate formation may be an even more universal phenomenon in biological systems 
than thought to date. 
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INTRODUCTION 

Biological cells compartmentalize to support specific functions such as stress response (1, 2), 
regulation of gene expression (3, 4) and signal transduction (5). Compartmentalization by 
organelles that are surrounded by lipid membranes is well known. In addition,  membrane-less 
organelles that result from biomolecular condensation have been described (6-9). In the nucleus 
they include the nucleolus (10, 11), nuclear speckles (12, 13), and cajal bodies (14-16); stress 
granules (2, 17, 18), germ granules (19, 20), and processing bodies (21, 22) have been found in 
the cytoplasm. The formation of such condensates depends on the composition and concentration 
of biomolecules (9) as well as environmental conditions such as pH, temperature, and the 
concentration of ions (6, 23, 24). Multivalent interactions, the presence of intrinsically disordered 
peptides (IDPs) (25), and electrostatic interactions between highly charged molecules such as 
RNA (25, 26) are generally considered the key factors that promote phase separation (PS) (8, 10, 
18, 27-33). Experiments such as fluorescence recovery after photobleaching (FRAP) suggest that 
these condensates retain liquid-like behavior (34, 35) and therefore can fully support biological 
function. However, diffusion inside condensates (10, 18, 36) may be retarded and transitions 
from the liquid to gel or solid phases including aggregation to fibrils may occur (37-39). 

Biomolecular condensates have been studied extensively (40). Microscopy (23, 41, 42), nuclear 
magnetic resonance (NMR) spectroscopy (17, 43), fluorescence spectroscopy (10, 44, 45), X-ray 
diffraction (46, 47) , and scattering methods (44, 48, 49) have characterized in vitro (10, 17, 23, 
42, 43, 45-47, 49) and in vivo systems (19, 50, 51). Theoretical studies have complemented 
experiments (40, 52), including particle-based simulations (53) and analytical approaches based 
on polymer (54, 55) and colloid theories (56-58). Additional insights into specific interactions 
have come from molecular dynamics (MD) simulation studies (45, 59, 60). Polymer aspects of 
IDPs and unstructured RNA were emphasized in applications of Flory-Huggins theory in 
combination with simulations (10, 53, 61, 62). Related studies in the colloid field have described 
the phase behavior of macromolecules and nanoparticles as single spherical particles (56-58). 
However, most of the latter studies so far have focused on liquid-solid transitions and the 
formation of finite size clusters in monodisperse systems. Despite progress, it has remained 
unclear what components can lead to condensation, especially in highly heterogeneous cellular 
environments. 

In this study, we focus specifically on the question of whether disorder, in the form of IDPs or 
unstructured RNA is essential for PS and what factors may determine the propensity for PS in a 
heterogeneous system. The starting point is a molecular model of a bacterial cytoplasm that was 
established by us previously (63, 64) and that was simulated here using colloid-like spherical 
particles with a potential parameterized against atomistic MD simulations of concentrated 
protein solutions. Distinct phases enriched with highly negatively charged RNA and positively 
charged proteins were formed in the simulations, suggesting a generic electrostatic mechanism 
that does not require polymer-like components. The phase behavior seen in the cytoplasmic 
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system was reproduced in reduced five- and two-component models and described by an 
analytical model where we could systematically vary molecular charge, size, and concentrations. 
The main prediction from the simulations and theory is that mixtures of globular RNA and 
globular proteins of opposite charge can form phase separated states dependent on concentration, 
charge, and size of the proteins. The predictions were confirmed experimentally by imaging 
condensates between globular RNA and a series of globular proteins via confocal microscopy. 
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RESULTS 

Liquid condensates enriched in tRNA and ribosomes form in a model bacterial cytoplasm  

A model of the cytoplasm of Mycoplasma genitalium established previously (63, 64) was 
simulated at a coarse-grained (CG) level with one sphere per macromolecule or complex (SI 
Methods and SI Sheet 1). CG particle interactions were calibrated against results from atomistic 
MD simulations of concentrated protein solutions. The parameters involve only two particle-
dependent properties, namely size and charge (SI Methods). Droplet-like condensates formed 
spontaneously within 20 µs (Fig. 1A/B) and remained present during 1 ms simulation time. Two 
types of condensates were observed: one type contained predominantly tRNA and positively 
charged proteins; the other type contained ribosomes (RP) and positively charged proteins. The 
RP condensates also attracted the weakly negatively charged GroEL particles at the surface (Fig. 
1A). The condensates increased in size as the system size was increased from 100 to 300 nm 
(Fig. 1A). This is consistent with PS vs. finite-size cluster formation. The presence of multiple 
droplets in the 300 nm system suggests incomplete convergence, but as the droplets grow in size, 
further merging becomes kinetically limited due to slowing diffusion. Further analysis focused 
on the condensates observed in the 100-nm system. 

Cluster analysis (SI Methods) considered interactions between the nucleic acids and positively 
charged proteins to obtain trajectory-averaged cluster size distributions (Fig. 1C). Most tRNA 
(87%) was part of a condensate. The remaining fraction of tRNA existed as monomers or small 
clusters, suggesting coexistence of dilute and condensed phases. RP particles were only found in 
the RP condensates and therefore underwent a complete phase transition. Total macromolecular 
volume fractions inside tRNA and RP condensates were 0.42 and 0.58, respectively, whereas 
volume fractions for just tRNA and RP inside their respective condensates were 0.07 and 0.26. 
The condensates were significantly denser than the rest of the simulated system (Fig. S1). The 
moderately high volume fractions for tRNA condensates are still within the range of 
concentrated liquid phases (65), but the higher volume fractions in the RP condensate tend 
towards solid- or gel-like phases (65). Radial distribution functions of tRNA and RP from the 
center of the corresponding condensates show a relatively smooth decay with a soft boundary for 
tRNA condensates (Fig. S2), also consistent with a liquid-like phase, whereas distinct peaks and 
a sharper boundary for RP indicate a more ordered phase in the RP condensates.  

Both, tRNA and RP condensates contained (positively charged) proteins at high concentrations. 
tRNA and RP interactions with those proteins were favorable as evidenced by a strong peak in 
the pairwise radial distribution function g(r) at contact distance (Fig. S3). The charge and size of 
the proteins attracted to the condensates differed between tRNA and RP condensates (Fig. S4). In 
the tRNA condensates, large proteins with radii of 3 nm and above and with charges of 10 and 
above were preferred. In contrast, the proteins in the RP condensates were smaller, with radii of 
3 nm or less, and many proteins had charges below 10. 
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The dynamics inside and outside the condensates was analyzed further in terms of translational 
diffusion coefficients (Dtr) calculated based on mean-squared displacements (Fig. S5). Diffusion 
during the last 1 μs of the simulation was compared with diffusion during the first 1 μs when 
condensates were not yet formed. Molecule-specific values of Dtr are given in SI Sheet 1. As a 
function of the radius of the macromolecules (Fig. S6), Dtr values follow a similar trend as 
observed before in atomistic simulations of the same system. Diffusion outside the condensates 
is like diffusion in the dispersed phase. In tRNA condensates, the diffusion of macromolecules is 
similar to the disperse phase or moderately retarded, depending on the molecule, and consistent 
with reduced diffusion in increased protein concentrations seen in experiment (66, 67). In RP 
condensates, diffusion is reduced more, but liquid-like dynamics is still maintained for most 
types of macromolecules as they diffuse around a relatively static RP cluster (SI Movie 1). 

 

Figure 1. (A) Coarse-grained simulations of a model bacterial cytoplasm. Initial and final frames 
for 100 nm box and final frames for 200 and 300 nm boxes are shown with tRNAs in orange, 
ribosomes in magenta, and other molecules colored according to their charges (blue towards 
positive charges; red towards negative charges). Sphere sizes are shown proportional to 
molecular sizes. Large pink spheres correspond to GroEL particles. (B) Size of the largest cluster 
vs. simulation time in 100 nm system. (C) Cluster size distributions for tRNA and RP during the 
last 500 µs in 100 nm system. 
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Factors promoting RNA condensation in a reduced five-component model system 

A simplified five-component system was constructed to reproduce the RNA condensation 
observed in the cytoplasmic model. The simplified model consisted of tRNA, ribosomes (RP), 
large (POSL, q = 20, r = 3.5 nm) and small (POSS, q = 1, r = 2.52 nm) positively charged 
proteins as well as neutral crowders (CRW, q = 0, r = 2.52 nm). tRNA and RP concentrations 
were initially set as in the cytoplasmic model while concentrations and parameters of the other 
three particle types were adjusted to match the total number of particles, total molecular volume, 
and total charge of the cytoplasmic system. Subsequently, series of simulations were run at 
different concentrations and with different parameters (SI Sheet 2).  

In simulations of the five-component model, tRNA and RP condensed separately as in the 
cytoplasmic model (Fig. S7). Again, the condensates formed quickly, within 50 μs (Fig. S7), and 
cluster size distributions of tRNA and RP resembled the results from the cytoplasmic system (cf. 
Figs. 1 and S7). However, different from the cytoplasmic system, we found a small fraction (2% 
on average) of RP particles in the dilute phase. As in the cytoplasmic model, tRNA strongly 
preferred interactions with the larger POSL particles, whereas RP interacted favorably with both 
POSS and POSL (Fig. S8). tRNA condensates remained fully liquid as in the cytoplasmic system. 
From the last 100 μs of the simulation, we obtained diffusion coefficients Dtr for tRNA of 28.3 ± 
0.7 and 59.0 ± 0.5 nm2/µs inside and outside of the condensates, respectively, similar to values of 
16.3 ± 0.1 and 55.5 ± 0.8 nm2/µs in the cytoplasmic system. Diffusion coefficients for RP inside 
and outside of the RP condensates were 0.49 ± 0.01 and 0.80 ± 0.4 nm2/µs, respectively, 
compared to Dtr = 0.34 ± 0.01 nm2/µs for RP in the cytoplasmic condensates. 

RP and POSL concentrations were varied systematically, while the concentration of POSS was 
kept constant and the number of CRW particles was adjusted to maintain a constant total 
molecular volume (SI Sheet 2). Cluster size distributions were extracted (Fig. S9) and the 
fraction of tRNA and RP in the large clusters was determined (Fig. 2). Some degree of clustering 
occurs at all concentrations, but condensation requires that a significant fraction of particles is 
found in the largest clusters. Based on a criterion that at least half of the particles are found in 
one or few large clusters, tRNA and RP condensation occurs for [POSL] > 100 μM (Fig. 2).  

Increasing [RP] reduces the amount of tRNA in the tRNA condensates and effectively raises the 
critical POSL concentration above which tRNA forms condensates (Fig. 2). This can be 
understood from competition for POSL. tRNA only interacts significantly with POSL (Fig. S10) 
and needs POSL to form condensates, whereas RP interacts with both POSS and POSL (Fig. S11) 
and therefore draws POSL from tRNA condensates (Fig. S12). For [POSL] > 500 μM, the 
fraction of tRNA particles in the tRNA condensates is relatively constant (Fig. 2). However, the 
number of POSL particles in the condensates increases as the total [POSL] increases (Fig. S12A). 
This results in larger clusters and lower effective [tRNA] in the condensates at the highest values 
of [POSL] (Fig. S13). The effect of increasing [RP] is again a depletion of POSL in the tRNA 
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condensates, so that [tRNA] in the condensates increases with [RP] for a given value of [POSL] 
(Fig. S13).  

In the simulations described so far, the total volume fraction of the system was kept constant by 
reducing the crowder (CRW) concentration as [POSL] and [RP] increased. Therefore, an 
alternative explanation of the decrease in [tRNA] inside the condensates with increasing [POSL] 
could be reduced crowding by the condensate environment. To test this further, we reduced 
[CRW] without changing [POSL]. Reduced [CRW] also led to reduced [tRNA] in the 
condensate, but the effect is much smaller than when [CRW] is reduced along with an increase in 
[POSL] (Fig. S14). 

 

Figure 2. Percentage of tRNA (A) and RP (B) particles in largest clusters in coarse-grained 
simulations of the five-component model system as a function of [RP] and [POSL]. The black 
star indicates the conditions that match the cytoplasmic model.  
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tRNA condensation is a phase separation process. 

In order to construct phase diagrams, simulations of the five-component model phases were 
carried out at a range of temperatures for selected values of [RP] and [POSL]. Cluster size 
distributions were extracted (Figs. S15-S17) and the volume fractions of tRNA in dilute and 
condensed phases as a function of temperature were determined based on the number of tRNA 
outside and inside the largest tRNA clusters. The resulting curves (Fig. 3) show the typical 
features of phase diagrams with phase coexistence below critical temperatures Tc of 400 to 535 
K. An increase in [POSL] raises Tc (Fig. 3C), consistent with POSL promoting tRNA 
condensation. When [POSL] = 180 μM, near the minimum needed for PS, an increase in [RP] 
slightly decreased Tc (Fig. 3A/D). However, at a higher concentration, i.e. [POSL] = 880 μM, Tc 
increased with increasing [RP] up until 55 μM. This suggests that ribosomes also affect PS of 
tRNA although the effect appears to be complicated, presumably again because of the 
competition for POSL. 

 

Figure 3. Phase diagrams for tRNA with [POSL] = 180 μM and varying RP concentrations (A); 
with [POSL] = 880 μM and varying RP concentrations (B); and with [RP] = 55 μM and varying 
POSL concentrations (C); critical temperatures as a function of [RP] at [POSL] = 180 μM 
(squares), at [POSL] = 880 μM (diamonds), and at [POSL] = 350 μM (sphere) (D). Lines in A-C 
were fitted according to Eqs. M-5 and M-6 (SI Methods).  
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Prediction of phase separation in binary mixtures of globular RNA and proteins 

The possibility of PS in mixtures of globular RNA and positively charged proteins was studied 
further via CG simulations and a theoretical model that aims to capture the behavior seen in the 
simulations and allow further predictions. We focus here specifically on the 47-nucleotide J345 
Varkud satellite ribozyme RNA, that folds into an approximately globular shape(68), in binary 
mixtures with common proteins with positive charges and varying sizes for which we may 
expect PS: myoglobin (q = +2, r = 1.64 nm), trypsin (q = +6, r = 1.81 nm), lysozyme (q = +8, r = 
1.54 nm), cytochrome C (q = +11, r = 1.45 nm), lactate dehydrogenase (LDH; q = +4, r = 2.68 
nm), and alcohol dehydrogenase (ADH; q = +8, r = 2.79 nm)). We also compared with bovine 
serum albumin (BSA; q = -17, r = 2.58 nm), for which condensate formation is not expected due 
to its negative charge. The RNA and proteins were selected because they allowed experimental 
validation as described below. 

In CG simulations, we observed the formation of condensates at sufficiently high salt 
concentrations. With κ = 0.7 (about 20 mM salt, see SI Methods), condensates formed with 
lysozyme, trypsin, LDH, and ADH, but not with cytochrome C, myoglobin, or BSA (Fig. 4). 
This further suggests that both size and charge are determinants of RNA PS as in the cytoplasmic 
models. At κ = 0.5, all proteins form condensates since electrostatic interactions are screened so 
much that attractive close-range interactions dominate and overcome even repulsion with BSA. 
[RNA] and [protein] in the condensates with the larger LDH and ADH proteins are significantly 
lower than in the condensates with the smaller lysozyme and trypsin proteins, as expected due to 
packing considerations. At the same time, the concentration of RNA in the dilute phase is lower 
with LDH and ADH (Fig. 4), indicating a greater propensity to form condensates with the larger 
proteins. Interestingly, there are only very few proteins in the dilute phase suggesting phase 
coexistence for RNA but a complete phase transition for the proteins.   

 

Figure 4. Snapshots after 1 ms for binary RNA-protein mixtures at T=298K, [RNA] = 0.493 
mM, [protein] = 0.350 mM. Orange and blue spheres show RNA and proteins, according to size. 
Concentrations inside the condensates at κ = 0.7 were [RNA:lysozyme] = 20.2:20.2 mM; 
[RNA:trypsin] = 16.5:15.2 mM; [RNA:LDH] = 9.6:7.2 mM; [RNA:ADH] = 9.5:6.7 mM.      
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A theoretical model was developed based on the CG simulations to further understand the 
determinants of condensation. Briefly, the model approximates the chemical potential for either 
RNA or proteins in condensed and dilute phases based on a decomposition into enthalpy and 
entropy: µ = ∆ℎ − 𝑇𝑇∆𝑠𝑠. The enthalpy is determined from convoluting the coarse-grained 
interaction potential U(r) (Eq. 3) with radial distribution functions 𝑔𝑔�(𝑟𝑟) of RNA-RNA, RNA-
protein, and protein-protein interactions in the condensed and dilute phases extracted from CG 
simulations and scaled by particle densities ρ (see SI Theory): 

∆ℎ = 2𝜋𝜋𝜋𝜋 ∫𝑔𝑔�(𝑟𝑟)𝑈𝑈(𝑟𝑟)𝑟𝑟2𝑑𝑑𝑟𝑟           (1) 

The entropy was estimated from the ratio of particle densities ρ between the entire system and 
either the dilute or condensed phase: 

∆𝑠𝑠 = 𝑅𝑅log �𝜌𝜌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝜌𝜌𝑝𝑝ℎ𝑡𝑡𝑎𝑎𝑎𝑎

�            (2) 

Solutions with respect to the concentrations of protein and RNA in dilute and condensed phases 
were determined numerically under the conditions that µcondensed = µdilute for either RNA, protein, or 
both, and that molecular volume packing fractions did not exceed maximum liquid packing 
densities (SI Theory). Total free energies were then calculated, taking also into account mixing 
entropy contributions between RNA and protein particles. PS was predicted based on the 
solution with the lowest free energy. 

The theory predicts that PS should occur for a wide range of protein radii and charges if proteins 
are large enough and carry sufficiently positive charge (Fig. 5). With κ = 1.3, the model predicts 
PS with lysozyme, trypsin, LDH, and ADH, but not with myoglobin or BSA, as in the CG 
simulations. The theory also predicts PS for cytochrome C, for which PS was not seen in the 
simulations. Unexpectedly, we find additional solutions for very small radii and high charges. At 
the molecular level, such solutions could correspond to small clusters of basic amino acid 
residues either in the form of small peptides or perhaps as part of IDPs where clusters of charged 
amino acids may be connected by flexible segments. However, we emphasize that our theory 
does not consider any polymer characteristics and is therefore necessarily incomplete with 
respect to describing IDPs. 

The model reflects an expected salt and temperature dependence of PS with protein-dependent 
critical maximal temperatures and critical minimal salt concentrations (Figs. S18 and S19). 
However, the critical salt concentrations are lower (larger values of κ) than in the CG 
simulations. This may be expected since the theory assumes essentially infinite-size macroscopic 
systems. Surface-tension effects between phases are not considered but they are expected to play 
a significant destabilizing role during finite-size droplet condensate formation. This may also 
explain why cytochrome C did not lead to condensation in the simulations at κ = 0.7, since such 
condensates would be smallest with the highest surface tension compared to the other proteins. 
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According to the theory, PS also depends on the total protein and RNA concentrations (Figs. 
S20-S25). A minimal protein concentration around 50-100 µM is predicted for lysozyme (Figs. 
S22), trypsin (Figs. S23), and cytochrome C (Figs. S24), largely independent of the RNA 
concentration. For LDH and ADH, no significant minimum protein concentration is predicted. 
On the other hand, for myoglobin, the model predicts that PS may occur for high protein 
concentrations (above 0.5 mM; Fig. S25). 

 

Figure 5. Phase separation for binary RNA-protein mixtures as a function of protein charge and 
radius from theory. Colors show [RNA] (A, B) and [protein] (C, D) in dilute (A, C) and 
condensed (B, D) phases. Red indicates zero concentration. [RNA] = 0.45 mM, [protein] = 0.35 
mM, κ = 1.3, and T = 298 K. Proteins are projected as follows: myoglobin (M); trypsin (T); 
lysozyme (L); cytochrome C (C); LDH (D); ADH (A). 
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Phase separation of RNA and proteins in experiment 

The central prediction from the simulations and theory presented so far is that mixtures of 
globular RNA and globular proteins can phase separate into high-density liquid condensates that 
coexist with dilute phases. To test this prediction, experiments were carried out for mixtures 
between dye-labeled J345 RNA, known to form compact, globular-like structures, and globular 
proteins for which PS was predicted. In addition, myoglobin and BSA were also included as 
controls where the theory did not predict PS. Imaging via confocal microscopy (Fig. 6 and Figs. 
S26 to S31) shows well defined fluorescent clusters for mixtures of RNA and trypsin, ADH, 
lysozyme, LDH, but not for RNA and myoglobin and BSA. Generally, the condensates are small 
and near or below the diffraction limit of the microscope. Trypsin/RNA mixtures exhibit some 
larger clusters and the sizes follow roughly an exponential distribution (Fig. S32). The 
background fluorescence varies significantly with protein, suggesting, for example, that only a 
fraction of RNA is participating in LDH condensates.  

One key prediction from the theory is that condensates form only above a certain minimum 
protein concentration. This was confirmed for trypsin where condensates were not observed at 50 
µM but appeared at 150 µM protein concentration (Fig. S33). Förster resonance energy transfer 
(FRET) experiments also showed a significant increase in FRET efficiencies from 50 µM to 150 
µM consistent with condensation (Fig. 7A). The gradual increase in FRET efficiencies upon 
increase of trypsin concentrations is interpreted to result initially from increasing non-condensate 
cluster formation (see cluster size distributions in Fig. S9 at [RP] = 0 with increasing protein 
concentration), whereas a continued gradual increase after condensates are formed is expected 
from theory based on an increasing fraction of RNA molecules in the condensates (Fig. 7B, Fig. 
S34, and SI Theory). The comparison between the microscopy and FRET results furthermore 
establishes that RNA condensates at this RNA concentration can be recognized by FRET 
efficiencies above 0.26, whereas lower values may indicate a disperse phase.  

Finally, we confirmed via circular dichroism spectroscopy that trypsin and RNA remain in their 
folded states upon condensate formation. The spectrum for a mixture of RNA and trypsin that 
forms condensates agrees qualitatively with individual spectra for RNA and trypsin (Fig. S35).       

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 24, 2020. ; https://doi.org/10.1101/2020.04.23.057901doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.23.057901


 

Figure 6. Phase separation in mixtures of J345 RNA at 0.45 mM and various globular proteins at 
0.35 mM from confocal microscopy of labeled RNA: trypsin (A), ADH (B), lysozyme (C), LDH 
(D), myoglobin (E), BSA (F).  
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Figure 7. FRET efficiency in mixtures of J345 RNA with trypsin as a function of protein 
concentration at different RNA concentrations (as indicated by color). The average of two 
measurements is shown for 0.25 mM protein and 0.5 mM RNA concentrations with smaller 
points indicating individual measurements. (A). FRET efficiency estimated from the fraction of 
RNA in the condensed phase from theory (SI Theory) (B). 
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DISCUSSION 

This study presents a new view on charge-driven biomolecular PS supported by simulation, 
theory, and experiments. More specifically, we report a potential for PS between negatively 
charged RNA and positively charged proteins without requiring disorder or polymer-character of 
either component. Our simulations and the theoretical model are based on isotropic spheres, 
whereas experimental validation is based on a compact, approximately globular RNA and a 
variety of globular proteins not known to specifically interact with RNA. This suggests that such 
PS could be a very general phenomenon in biological cells depending on the concentrations, 
charge, and size distribution of available nucleic acid and protein components. In fact, our 
simulations of a bacterial cytoplasm provide examples of separately forming tRNA-protein and 
ribosome-protein condensates in a cytoplasmic environment.  

The idea of strong complementary interactions playing a major role in PS is well-established 
(69). While almost all of the LLPS studies to-date involve polymers and in particular IDPs (70), 
there are a few other examples in the literature that discuss PS involving folded proteins (41, 48, 
71, 72). In those cases, the ability to form condensates was generally ascribed to specific multi-
valent interactions. While those examples could be viewed as more akin to specific complex or 
amorphous aggregate formation, we are suggesting a more general principle here that does not 
require polymers, multiple specific interaction sites, or specific secondary structures as in very 
recent work (72). One factor is simply electrostatic complementarity, but a more generalized 
concept of multi-valency is implicitly assumed. Isotropic spheres without any directional 
preference for interactions are in fact infinitely multi-valent. On the other hand, globular proteins 
with basic amino acids distributed widely across their surface are effectively poly-valent 
particles with respect to interactions with nucleic acids. The key insight from this study is that 
proteins not known to interact specifically with nucleic acids under dilute conditions may form 
condensates with nucleic acids, if the proteins are present at sufficient amounts, simply based on 
such a generic poly-valency and an overall charge attraction. 

Our study suggests that size and charge are essential determinants of PS between RNA and 
proteins. Favorable condensates require optimal packing and a balance of attractive and repulsive 
interactions between the oppositely charged RNA and protein particles. Fig. S36 shows a 
snapshot from the cytoplasmic system illustrating how such packing may be achieved. The 
optimal balance depends on the size of the RNA particles: Larger proteins are required for the 
smaller RNA molecules to phase separate whereas smaller proteins allow the larger ribosomal 
particles to phase-separate (Fig. S4). This can be seen more clearly in the five-component model 
system, where a relatively modest reduction in the radius of the larger positively charged particle 
leads to a loss of close tRNA contacts (Fig. S37), therefore preventing condensate formation. 
The theoretical model for binary RNA-protein mixtures also predicts a minimum protein radius 
for PS, at least at lower charges (Fig. 5). Myoglobin is outside the predicted range and although 
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it has a net-positive charge, PS was not observed in the experiment at protein concentrations 
below the RNA concentrations (Fig. 6) as predicted by the theory.  

The total concentration of the protein is in fact another determinant for PS. Simulations and 
theory predict minimum protein concentrations depending on the protein charge and size around 
0.05 mM or more (Figs. 20-25). For trypsin, this was validated experimentally via microscopy 
and FRET spectroscopy (Figs. 6 and 7). While many cellular proteins may not be present 
individually at such high concentrations, our cytoplasmic model shows that a heterogeneous 
mixture of similar-sized and similar-charged proteins may promote PS equally well. The RNA 
concentration appears to be a less critical factor for observing PS, although a larger amount of 
RNA allows more numerous and larger condensates to form assuming that there is enough 
protein available. In binary mixtures, this is simply a question of the total protein concentration. 
In the heterogeneous cytoplasmic model, we found competition for the larger positively charged 
proteins by the ribosomes forming their condensates to be another factor affecting tRNA 
condensate formation that would need to be considered in cellular environments (Fig. S13).   

Since electrostatics is a major driving force of the PS described here, changes in salt 
concentration are expected to alter the tendency for PS. The theory predicts that there is a critical 
salt concentration depending on the protein below which PS should not be observed anymore 
(Fig. S18). We were not successful in testing this prediction for the RNA-protein systems studied 
here. However, there is only a limited range of lower salt conditions that can be applied before 
either the RNA or the protein structures become destabilized. On the other hand, the spherical 
models using Debye-Hückel theory only provide a very approximate qualitative idea of how 
changes in salt concentration may affect intermolecular interactions in the condensates at the 
atomistic level. Therefore, an accurate quantitative agreement between simulations, theory, and 
experiment with respect to salt effects should not be expected.  

A significant interest in PS in biology is related to liquid-state condensates as they would 
maintain dynamics that is necessary for many biological processes as opposed to dynamically 
retarded gels or amorphous clusters. The simulations suggest that the condensates retain a 
dynamic character based on calculated self-diffusion rates. Because diffusion estimates from CG 
simulations, especially in the absence of  hydrodynamic interactions, are not expected to be 
quantitatively accurate (73), but we believe that the relative change in diffusion found between 
dilute and condensed phases is a meaningful prediction. Dtr values inside the condensates are 
around half of the values outside the clusters. Given the higher molecular volume fractions in the 
denser condensates, such a reduction is in line with reduced diffusion in crowded, liquid 
solutions (66, 67) whereas the formation of gels or clusters would have resulted in a much more 
dramatic decrease in diffusion. This prediction remains to be tested experimentally. Other studies 
have employed fluorescence recovery after photobleaching (FRAP) to establish a liquid 
character of condensates (35) but there has been significant criticism of this approach, primarily 
because the observed range of recovery times is enormous and cannot be solely attributed to 
diffusion. (74-76). In addition, these measurements are problematic for the condensates observed 
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here because the clusters are generally smaller than the diffraction-limit of the microscope. We 
believe that nuclear magnetic resonance (NMR) spectroscopy (77) would be better suited to 
address this question in future work. 

There are many limitations in this study that will require to be revisited in future studies to gain a 
more detailed understanding of the more universal PS between RNA and proteins described here. 
The advantage of the CG models and theory is that its simplicity allowed us to explore large 
enough spatial scales and long enough time scales to predict phase behavior and propose 
experimentally testable hypotheses. Although the CG models were parameterized based on high-
resolution atomistic simulations of concentrated simulations, these models lack all but the most 
basic features of biological macromolecules. Increased levels of realism could be achieved 
without too much additional computational cost via patchy particles (78), whereas higher-
resolution, residue-based coarse-graining (70) is possible for exploring the effects of shape 
anisotropy and inhomogeneous charge distributions across RNA and protein surfaces. Although 
such models already place significant limitations on system size and length scales that could be 
covered. Finally, we expect that further insights could be gained from atomistic simulations of 
RNA-protein clusters initiated from configurations in the CG simulations to better understand the 
detailed molecular interactions stabilizing the condensates. On the experimental side, we only 
focused on RNA without visualizing protein condensation. Moreover, there is a need to follow 
up on this work with in vivo studies to establish how ubiquitous the condensates described here 
are under cellular conditions. 

 

CONCLUSIONS 

We report phase separation of RNA and proteins based on a universal principle of charge 
complementarity that does not require polymers or multi-valency via specific interactions. The 
results are supported by coarse-grained simulations, theory, and experimental validation via 
microscopy and FRET spectroscopy. Condensate formation depends on concentration, size, and 
charge of the proteins but appears to be possible for typical RNA and common proteins. 
Simulation results furthermore suggest that such phase separation may occur in heterogenous 
cellular environment, not just between tRNA and cellular proteins but also, in separate 
condensates, between ribosomes and proteins. Further computational and experimental studies 
are needed to gain more detailed insights into the exact molecular nature of the condensates 
described here.  
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METHODS 

Coarse-grained simulations 

CG simulations were run using a modified version of a previously introduced colloid-type 
spherical model (79). In this model, pair interactions consist of a short-range 10-5 Lennard-Jones 
potential and a long-range Debye Hückel potential according to: 

𝑼𝑼�𝒓𝒓𝒊𝒊𝒊𝒊� = 𝟒𝟒𝟒𝟒��𝝈𝝈𝒊𝒊𝒊𝒊
𝒓𝒓𝒊𝒊𝒊𝒊
�
𝟏𝟏𝟏𝟏
− �𝝈𝝈𝒊𝒊𝒊𝒊

𝒓𝒓𝒊𝒊𝒊𝒊
�
𝟓𝟓
� + �𝑨𝑨𝒊𝒊𝒊𝒊+𝑨𝑨𝟏𝟏�𝜿𝜿𝝈𝝈𝒊𝒊𝒊𝒊

𝒓𝒓𝒊𝒊𝒊𝒊
𝒆𝒆
−
𝒓𝒓𝒊𝒊𝒊𝒊
𝜿𝜿𝝈𝝈𝒊𝒊𝒊𝒊      (3) 

where rij is the inter-particle distance, σij is the distance between particles at which the potential 
is zero, ε is the strength of short-range attraction, Aij+A0 describes attractive or repulsive long-
range interactions, and κσij is the Debye-Hückel screening length. Only Aij and σij vary between 
different particles according to charge and size (SI Methods). 

Most systems involved box sizes of 100 nm and simulations were extended to 1 ms via Langevin 
dynamics using OpenMM (80) on graphics processing units (GPUs). The CG simulations were 
analyzed via in-house scripts and the MMTSB Tool Set (81) (SI Methods). 

Experimental materials and methods 

The J345 RNA sequence was synthesized by Dharmacon, both with and without Cy3 or Cy5 on 
the 3’ end.  The 47-base sequence is 
GCAGCAGGGAACUCACGCUUGCGUAGAGGCUAAGUGCUUCGGCACAGCACAAGCC
CGCUGCG 

All measurements were made using the buffer used by Bonneau and Legault for structure 
determination of this sequence, 10 mM sodium cacodylate (pH 6.5), 50 mM NaCl, .05% sodium 
azide, 5 mM MgCl2. Equine liver trypsin, equine alcohol dehydrogenase, bovine lactic 
dehydrogenase, equine myoglobin, hen egg lysozyme and bovine serum albumin were obtained 
from Sigma-Aldrich and used without further modification. 

Confocal microscopy images were obtained on a Nikon A1 scanning confocal microscope with 
100x magnification.  The excitation wavelength was 561 nm and detection was set for Cy3 
fluorescence using a GaAsP detector.  The diffraction-limited spatial resolution is 260 nm.  
Images were processed with ImageJ and modified only for contrast and brightness.  Images were 
cropped and enlarged to aid observation of the smallest features.  

Fluorescence spectra were obtained with PTI Q4 fluorimeter, excited at 475 nm and emission 
observed between 525 and 700 nm.  The concentration of Cy3-labeled RNA and Cy5-labeled 
RNA were kept constant at 8 uM and 42 uM, respectively, with the unlabeled concentration 
varied from 0 to 0.5 mM. The normalized FRET ratio was calculated from the total intensity 
between 525 and 650 nm for the donor and 650 and 700 nm for the acceptor,  
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 𝐹𝐹𝑅𝑅𝐹𝐹𝑇𝑇 = 𝐼𝐼𝐴𝐴
𝐼𝐼𝐷𝐷+𝐼𝐼𝐴𝐴

. 

In the absence of protein, the RNA exhibits some baseline transfer, likely due to transient 
interactions between the dyes, leading to a background FRET level of ~0.24. Upon the addition 
of protein above the threshold concentration, the mixture is visibly turbid.  

Circular dichroism measurements were made using an Applied Photophysics Chirascan 
spectrometer.  All measurements were made using a 0.1 mm pathlength cuvette at room 
temperature. 
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