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Abstract 

The complex coacervation of proteins with other macromolecules has applications in 

protein encapsulation and delivery and for determining the function of cellular 

coacervates. Theoretical or empirical predictions for protein coacervates would enable 

the design of these coacervates with tunable and predictable structure-function 

relationships; unfortunately, no such theories exist. To help establish predictive models, 

the impact of protein-specific parameters on complex coacervation were probed in this 

study. The complex coacervation of sequence-specific, polypeptide-tagged, GFP 

variants and a strong synthetic polyelectrolyte was used to evaluate the effects of 

protein charge patterning on phase behavior. Phase portraits for the protein 

coacervates demonstrated that charge patterning dictates the protein’s binodal phase 

boundary. Protein concentrations over 100 mg mL-1 were achieved in the coacervate 

phase, with concentrations dependent on the tag polypeptide sequence covalently 

attached to the globular protein domain. In addition to shifting the binodal phase 

boundary, polypeptide charge patterning provided entropic advantages over 

isotropically patterned proteins. Together, these results show that modest changes of 

only a few amino acids in the tag polypeptide sequence alter the coacervation 

thermodynamics and can be used to tune the phase behavior of polypeptides or 

proteins of interest. 
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Introduction.

Membraneless compartments in eukaryotic cells, such as the nucleolus, Cajal bodies, 

and stress granules, have been observed for centuries.1–4 However, in the last decade, 

understanding of the underlying molecular interactions that govern the formation and behavior 

of these phase separated microcompartments has dramatically improved.2,5–8 It has been 

speculated that many membraneless organelles comprised of proteins and nucleic acids 

phase separate into two coexisting immiscible phases via complex coacervation, a liquid-liquid 

phase separation phenomenon driven by electrostatic interactions between oppositely-charged 

polyelectrolytes.9–17 These dense liquid compartments are dynamic, retain material exchange 

with their environment, and exhibit selectivity in the macromolecules that they encapsulate.18–20 

Biologically, the phase transitions of proteins (and other biopolymers) are essential for 

intracellular organization, and have demonstrated functions such as regulating RNA and 

protein homeostasis, responding to heat shock, and enhancing cellular signaling processes.21–

24 In addition to the role in normal cell physiology, biomolecular condensates are implicated in 

disease progression, such as the formation of protein aggregates observed in 

neurodegenerative diseases.24–28

Phase transitions of macromolecules are also ubiquitous in nonliving systems. 

Particularly, in polymer sciences, understanding and controlling phase transitions has enabled 

considerable progress in membrane technologies, porous glasses, composites, and thermo-

electrics.29–33 As the fundamental understanding of the phase behavior of synthetic polymers 

has progressed, efforts have turned to sequence-defined biopolymers such as proteins.34–36 

Similarly to synthetic macromolecules, understanding the phase behavior of proteins has 

potential to enable applications in the biotechnology domain, namely in protein isolation and 

protein delivery systems.20,37–39 Complex coacervates can encapsulate high concentrations of 
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protein37  (~ 200 mg mL-1) with increased stability to organic solvents,40  proteases,41 ionic 

strength,41,42 and time.43 In addition to protein stabilization, complex coacervates have also 

been shown to increase the activity of encapsulated enzymes.42,44 Developing the proper 

design rules to tune protein complex coacervation would enable novel opportunities in 

biomedicine and biocatalysis, while also potentially providing molecular-level insights into the 

relationship between protein sequence and membraneless organelle formation.

A predictive framework for the associative phase separation of globular protein 

biopolymers would enable the rational design of this behavior. For example, existing theories 

for simple coacervation of synthetic polymers or intrinsically disordered proteins (IDPs), such 

as elastin-like polypeptides (ELPs), have facilitated the rational design and tunable control of 

the phase behavior of these macromolecules.17,45–51 In polymer physics, describing course-

grained effective interactions with a χ parameter is often a sufficient descriptor of the structure-

function relationship of a polymer in a particular solvent.46,47,52 Similarly, design rules have 

been established for ELPs that have enabled a structure-function relationship between 

canonical biopolymer sequences and their respective lower critical solution temperatures 

(LCST).48,49 Unfortunately, analogous structure-function relationships for globular protein 

phase separation via complex coacervation remain unresolved. Complex coacervation of linear 

polyelectrolytes has been accurately and theoretically described using adaptations of the 

Voorn-Overbeek liquid lattice model of polymer solutions.16,17,53–55 This original model 

developed a quantitative theoretical treatment for the entropy of mixing and electrostatic 

attraction by combining the Debye-Huckel equations for electrical interactions and the Flory-

Huggins equations for entropy.15–17 Adaptations by de Pablo,55,56 Ganesan,57,58 Wang,59–61 

Olvera de la Cruz62,63, and Sing53,64 have accounted for polymer chain connectivity, excluded 
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volume interactions, and charge fluctuations to develop a comprehensive and quantitative 

description of the phase behavior of simple, flexible polyelectrolytes and colloids. As described 

by Sing et. al., non-mean field theoretical adaptations are necessary to resolve the small and 

complex molecular-length scale correlations that are critical for describing coacervate 

equilibrium dynamics in flexible, charged polymers.53,64 However, globular proteins represent a 

more complicated subset of polyelectrolytes due to their ampholytic nature and relatively fixed 

secondary structure. In order to develop robust theoretical predictions, additional experimental 

data relating protein-specific properties, such as charge patterning and conformational 

heterogeneity, to phase behavior are needed. Various macromolecular properties modulate a 

protein’s ability to form favorable interactions and ultimately phase separate.65 While weaker, 

non-electrostatic interactions such π-π stacking,  cation-π, and hydrophobic interactions are 

often essential to intracellular phase separation, manipulating the charge and charge 

patchiness of a protein via protein engineering or chemical modifications is a simple and 

effective strategy that can be used to promote coacervation.65–68 Additionally, several studies 

have shown that proteins with intrinsically disordered regions (IDRs) are more likely to phase 

separate.27,69,70 IDRs or IDPs are composed of polypeptide segments lacking the ability to 

cooperatively fold and form a stable tertiary structure.71 These proteins and protein regions are 

often characterized by a high proportion of polar or charged amino acids and have been shown 

to drive phase separation of membraneless organelles.12,71–73 Critically, it has been observed 

that the sequence of intrinsically disordered or synthetic polypeptides impacts the phase 

behavior.12,51,71–74 Recent work from Perry and Sing has demonstrated the sequence-

dependent complex coacervation of linear polypeptides, where the repeat length, or 

blockiness, of charged and neutral amino acids governed the thermodynamic driving force for 
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phase separation.73–76 Here, a similar strategy was employed for globular proteins with 

polypeptide tags consisting of charged and neutral residues. Charge patterning was achieved 

through the use of short polypeptide tag sequences that were expected to complement with 

the larger globular domain to demonstrate the interplay and relative importance of the two 

domains. The polypeptide tag charge blockiness was varied in an attempt to tune the binodal 

phase boundary of GFP variants and a strong polyelectrolyte as a function of salt 

concentration (Figure 1A).

With these considerations, a library of protein mutants was created to determine the 

effects of protein charge density and charge patterning on complex coacervation (Figure 1B). 

This was done by genetically fusing charged tags onto the C-terminus of superfolder GFP 

(sfGFP). The tag polypeptide sequences consisted of ionizable aspartate (D) and glutamate 

(E) and neutral glycine (G) and serine (S) residues. The polypeptides charge density, 

patterning, and lengths were varied in order to assess the effect of charge patchiness on 

complex coacervation when coupled with an inherently patchy globular protein domain. The 

tags exist as a source of structural disorder that was expected to promote phase separation as 

previously demonstrated with other IDRs. To narrow the large parameter space, the complex 

coacervation of these sfGFP variants was investigated with a single strong synthetic 

polyelectrolyte (quaternized poly(4-vinyl N-methyl pyridinium iodide). The balance between the 

globular protein (sfGFP) and ionic polypeptide tags with varying sequence enables evaluation 

of the relative importance of phase separation design criteria such as electrostatic interactions, 

entropy gains from the release of condensed counterions, and conformational heterogeneity. 

Here, we demonstrate that both charge and charge patterning dictate the protein’s binodal 

phase boundary as a function of salt (NaCl) concentration. Additionally, protein concentrations 
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over 100 mg mL-1 were achieved in the dense coacervate phase. This high protein 

concentration was maintained at elevated ionic strengths in a sequence-dependent manner, 

with blockier sequences promoting higher protein concentrations in the coacervate phase. 

Differences in the thermodynamics of complex coacervation were also investigated by 

isothermal titration calorimetry (ITC) and revealed that coacervation was driven by sequence 

specific entropic gains as has been seen in polypeptide-based complex coacervates. 

Results.

A library consisting of sfGFP and 7 polypeptide tagged variants were designed and 

biosynthesized to analyze the effects of polypeptide charge patterning on the complex 

coacervation of globular proteins. The polypeptide tags were designed to have a net charge of 

-3 or -6 and were fused to the C-terminus of sfGFP. The net charge for each variant was 

calculated using the isolated amino acid side chain pKa for Asp, Arg, Glu, and Lys. The naming 

convention was defined according to the polypeptide sequence periodicity, τ, and numbers x-y, 
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where x corresponds to the periodicity, and y corresponds to the number of repeat units. 

Ultimately, this resulted in eight protein variants with three possible theoretical net charges at 

pH 7.4: -7 (▲ sfGFP), -9 (■ τ 1-2, τ 2-1, τ 6-1), and -12 (● τ 1-2, τ 2-2, τ 6-2, τ 12-1). 

Additionally, an isotropically charged variant, GFP(-12), was used as a control for protein net 

charge in the binodal composition assays and thermodynamic analysis.

 GFP variants were expressed in E. coli and purified via Ni-NTA affinity 

chromatography. Purified samples were characterized via MALDI-TOF and gel electrophoresis 

(Figure S1 and S2). While the central goal of appending polypeptide tags onto the globular 

protein domain was to tune the protein’s phase behavior, for this approach to be practical, it 

was essential that the charged tags did not affect protein biosynthesis. Cell growth kinetics and 

protein expression for each mutant were quantified by monitoring optical density at 600 nm 

(OD600) and total cell fluorescence, respectively (Figure S3 and S4). Cell growth and protein 

expression were not affected by the addition of charged polypeptide tags on the C-terminus of 

sfGFP, indicating that this method of protein supercharging does not impose additional stress 

on the cell or affect protein yields.

Preliminary phase separation assays were performed to determine the relative mixing 

ratios of protein and quaternized poly(4-vinyl N-methyl pyridinium iodide) (qP4VP) that 

maximize phase separation and incorporation of GFP in the coacervate phase. The results of 

these preliminary coacervation assays are summarized in Table S1. The turbidity at 600 nm 

was used as a marker for phase separation of each mutant when mixed with the strong 

polycation qP4VP. All of the GFP mutants phase separated at low ionic strength with a 

maximum turbidity of approximately 90%. Turbidity values were plotted as a function of 

negative charge fraction (Figure S5A). For simple polyelectrolyte systems, the expected 
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maximum in turbidity would occur at a charge fraction of 0.5.77–79 For this protein-

polyelectrolyte system, turbidity maximums were observed at f - ~ 0.2, indicating that an excess 

of polymer is required relative to the theoretically optimal charge neutral mixing ratios. This 

shift is thought to be specific to protein systems as ionizable amino acids may undergo 

induced charging in the presence of cationic polymer.67,80,81 While turbidity was used as a 

marker of phase separation, optical microscopy was used to distinguish the morphological 

nature of the resulting phases; the phase separated protein and polymer mixtures formed 

dense, liquid-like coacervate phases (Figure S6iv). At the negative charge fraction 

corresponding to maximum turbidity, all of the tagged GFP variants were efficiently 

incorporated in the coacervate phase at conditions of low ionic strength (Figure S5B). In other 

words, charge distribution had minimal impact on the phase separation at low ionic strength. 

Ionic strength is an important factor governing complex coacervation.15,82,83 To evaluate 

the salt dependence of coacervation for each mutant, protein and polymer were mixed at the 

ratio corresponding to maximum turbidity, 5 M NaCl was titrated into the mixture, and the 

turbidity was measured as a function of salt concentration (Figure 2A and S5C). All tagged 

proteins phase separated at moderate (near physiological) ionic strength (-9 ~ 100 mM, -12 ~ 

150 mM). This represents a 25 – 75 mM increase in salt stability compared to sfGFP with the 

inclusion of only 3-6 charged amino acids. Detailed experimental results for each GFP variant 

can be found in Figure S6.

In this case, turbidity decreases with the addition of salt due to a gradual change in the 

free energy of the system until phase separation is no longer favorable. The increased 

concentration of free counterions in solution via the addition of salt reduces the release of 

bound counterions, resulting in smaller entropic gains.74,77,79 Proteins with increased net 
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negative charge were expected to be more resistant to salt screening due to stronger 

electrostatic interactions with the polymer and an increased initial number of bound 

counterions. Likewise, the sequence defined polypeptide tags were hypothesized to 

demonstrate varying salt stability due to charge anisotropy or charge patchiness.67,74,75 This 

behavior was expected as patchier polypeptides have more confined condensed ions, and 

thus lower entropy, such that when they are released, the entropy gains are larger.74 In order 

to assess these design criteria and the relation to protein concentration in the coacervate 

phase, the binodal phase boundary of proteins was approximated by measuring the protein 

concentration in both the coacervate and dilute phases at discrete salt concentrations. 

A thorough analysis of protein incorporation in the coacervate was performed to 

determine the interplay between protein net charge and polypeptide charge patterning. This 

enabled the construction of phase portraits that accounted for the volume of the coacervate as 

well as the ionic strength of the initial solution (Figure 2B). This analysis was performed at the 

macromolecule ratio corresponding to maximum protein concentration in the coacervate with 

no added salt. Coacervate volumes were determined via overhead fluorescence images where 

the coacervate droplet was easily identified, thresholded, and analyzed (Figure S7). Tagged 

GFP variants remained fluorescent through the phase separation process, indicating that the 

model proteins retained their secondary structure and activity upon concentration in the dense 

coacervate phase. Consistent with other findings, the preservation of fluorescence suggests 

that complex coacervation may be capable of incorporating proteins while maintaining their 

activity, an essential feature for enzyme nanoreactors or therapeutic delivery vehicles.84–86 Due 

to the small volume of the condensed phase, it was not possible to measure both the protein 

and the salt concentration in each phase. It was therefore assumed that the salt concentration 
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in the two phases were equal. For this reason, tie lines were omitted between each pair of 

points. While tie lines for other polyelectrolyte complex coacervates have demonstrated slightly 

negative slopes, a decidedly uneven distribution of salt ions between the two phases would 

decrease the entropy of mixing and therefore be unlikely.55,87 Above the ionic strengths 

displayed for each protein, phase separation did not occur.

Consistently across the library of proteins, the concentration of protein in the coacervate 

phase decreased as the thermodynamic driving force for dissolution increased (i.e. increasing 

[NaCl]). sfGFP, -9 charged mutants, and -12 charged mutants phase separated up until salt 
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concentrations of 75 mM, 100 mM, and 150 mM, respectively – a result consistent with the salt 

titration data (Figure 2A). For -9 charged mutants (Figure 2B, top), the concentrations of 

protein in the coacervate phase were comparable for each protein. At the highest salt 

concentration, more blocky polypeptide tags achieved slightly higher protein concentrations in 

the coacervate phase, but overall, the tag sequence had minimal effect on coacervation.  In 

this regime, the sfGFP globular domain remains the dominant element as the net charge of the 

globular domain (-6) is great than that of the polypeptide tag (-3). However, the effect of charge 

patterning on complex coacervation was expected to be more pronounced for the -12 charged 

group as the net charge of the polypeptide tag was equal to the net charge of the globular 

protein domain. These two groupings of the protein variants highlight the interplay between the 

phase behavior of the globular protein domain and the polypeptide tag sequence. For the -12 

charged mutants, at the maximum salt concentration with liquid-liquid phase separation (150 

mM), τ 6-2 and τ 1-2 had protein concentrations an order of magnitude higher than the less 

blocky τ 2-2 and the sterically blocked τ 12-1. The decreased concentration for τ 12-1 was 

unexpected given the charge blockiness of the polypeptide tag sequence was equivalent to τ 

1-2; however, we hypothesize that the addition of six uncharged amino acids at the end of tag 

sequence results in steric blocking at charged amino acid sites, effectively screening 

interactions and producing the observed decrease in critical salt concentration. Interestingly, all 

of the tagged mutants demonstrated an increase in their binodal phase boundary compared to 

GFP(-12), a sfGFP variant with isotropically distributed charge, reinforcing the notion that 

charge distribution is an essential design parameter in protein phase separation. To ensure 

that the dilute and coacervate phases were equilibrated when establishing these phase 

portraits, the experimental protocol was repeated for protein τ 6-2 using a variety of 
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equilibration methods (Figure S8). Thermal processing and longer equilibration times did not 

impact the determined binodal phase boundary significantly, suggesting that the analyzed 

phase behavior was at or near equilibrium. This phase behavior can be used to tune protein 

partitioning and stability in complex coacervates. For example, for enzymes with functional 

active sites, charged tags can potentially be used as a mechanism for protein supercharging 

without compromising protein structure and activity.

The underlying thermodynamic driving forces for complex coacervation were 

investigated for a subset of the sfGFP variants by isothermal titration calorimetry (ITC). This 

technique determines the amount of power that must be supplied to maintain constant 

temperature as macromolecules interact. As the titration proceeds, the amount of power 

needed to increase or decrease temperature is indicative of both the sign and magnitude of 

any interactions taking place, and thus can be used with an appropriate model to calculate 

thermodynamic properties and affinity constants for the interaction.74,79,88 Analysis of ITC data 

was performed using a Two-Step Binding Model previously described by both Priftis et al. and 

Chang et al, which is separated into two regimes: ion pairing and coacervation, shown in 

Figure 3A in blue and red, respectively.74,79 The sum of both contributions is the total energy 

and was used to fit the data (black). The thermodynamic criteria for complex coacervation is 

not unique and is common to any spontaneous process. However, the driving force for 

coacervate formation is unique in that it is system-dependent. While polyelectrolyte-

polyelectrolyte coacervation tends to be entropically driven, colloid-polyelectrolyte coacervation 

can be driven by both entropy gains in the form of counterion release or by electrostatic 

interactions.15,77 Predicting a protein’s phase behavior thermodynamics would guide the 

rational design of a charged polypeptide tag given the particular globular protein and polymer, 
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while also providing guidance for simulations to approximate the phase space of genetically 

modified globular proteins. 

ITC was performed for a subset of variants in the library to determine if the observed 

shift in the binodal curves and salt stability correlated with the system thermodynamics (Figure 

3B). The complex coacervation thermodynamics of sfGFP was compared with three of the -12 

mutants: τ 2-2, τ 6-2, and the isotropic control GFP(-12) (summarized in Figure S9). These 

mutants were selected to thermodynamically assess the relative importance of charge 

distribution (surface or tag) and charge patterning (blocky or regularly distributed) on complex 

coacervation. Enthalpically, increasing charge and/or charge anisotropy only produced minor 
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unfavorable changes. As expected in PE-PE systems, entropy was the primary thermodynamic 

driving force for phase separation and this driving force increased with increasing charge. 

Anisotropically supercharged variants (i.e. tagged) demonstrated thermodynamic advantages 

over their isotropic counterparts and these differences were consistent with the trends 

observed in the titrations and phase portraits shown in Figure 2. Specifically, as the protein net 

charge increased so did the entropic driving force. When comparing the relative entropic gains 

compared to sfGFP, τ 6-2 demonstrated a 3-fold increase (2.4 kJ/mol) in its entropic driving 

force relative to the isotropic GFP(-12) control (0.8 kJ/mol). This shift in thermodynamic driving 

force is critical to the variant’s phase behavior and once again demonstrates that complex 

coacervation is a multifaceted phenomenon that depends as much, if not more, on charge 

distribution and not only the protein’s net charge. This observation is consistent with trends 

observed in linear polypeptides, where condensed counterions are confined along with 

backbone of more charge blocky polypeptides.74 Here, the increase in thermodynamic driving 

force was attained using this relationship between charge distribution and confinement effects; 

together, these modest changes to the protein sequence with a short 12 amino acid 

polypeptide tag result in a thermodynamic difference that can be used in either linear 

polypeptides or globular proteins to tune phase behavior. 

Conclusions.

The design rules for the complex coacervation of globular proteins were investigated 

using a library of anionic sfGFP variants tagged with polypeptide sequences consisting of both 

ionizable and neutral amino acids in different arrangements. Protein supercharging via 

charged tags required only modest changes to the protein sequence and this method of 

supercharging did not affect protein yield. Using qP4VP as the cationic counterpart, the phase 
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behavior of this system was analyzed and optimized. All of the variants underwent complex 

coacervation with modest, if any, differences in turbidity and encapsulation efficiency at low 

ionic strength. When interactions were screened with salt, the net charge of sfGFP mutants 

and the charge distribution within the polypeptide tags synergistically affected the formation 

and salt stability of complex coacervates. These phase portraits are the first of their kind for 

engineered protein coacervates, and this thorough evaluation of encapsulation efficiencies 

indicated that charge distribution has a pronounced effect on globular protein phase behavior, 

especially at elevated ionic strengths. The charge distribution on the protein surface was not 

varied or analyzed in this study, but similarly “patchy” protein surface charge distributions have 

been shown to promote phase separation.67,89 Isothermal titration calorimetry indicated that the 

binodal shift in critical salt concentration was due to increased entropic gains upon phase 

separation. Charge blocky tags like τ 6-2 doubled the critical salt concentration and increased 

the entropic driving force substantially (2.4 kJ/mol) when compared to GFP without a tag. 

While these short tags substantially increased the protein net charge, equally charged isotropic 

counterparts did not demonstrate comparable thermodynamic advantages. The lack of 

structure-function relationships for the complex coacervation of globular proteins has 

prevented the theoretical prediction of such thermodynamic data. Moving forward, we hope to 

help in the collective effort to bridge this gap to better understand, design, and optimize protein 

phase behavior for a wide-range of applications.
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