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1. Materials and Methods 
All enzymes for molecular biology and competent cells [NiCo21 (DE3), BL21 (DE3), NEB-
5α] were purchased from New England Biolabs (Ipswich, MA). All primers were 
purchased from Integrated DNA Technologies (Coralville, IA). All chemicals and media 
components were purchased from Fisher Scientific (Pittsburgh, PA) or Sigma Aldrich (St. 
Louis, MO) and were used as received. Poly(4-vinyl-N-methylpyridinium iodide), qP4VP 
(Mn = 28,000, Đ = 1.2), was purchased from Polymer Source (Montreal, QC).  qP4VP 
was dissolved in 10 mM Tris to a concentration of 1 mg mL−1. The cationic polymer 
solution was adjusted to a pH of 7.4. Both protein and polymer solutions were stored at 4 
°C until use. Unless otherwise noted, all experiments were conducted using 1 mg mL−1 
working solutions of protein and polymer in 10 mM Tris (pH 7.4). 
 
2. Cloning  
The sfGFP plasmid was a gift from the Banta lab (Columbia University). Anionic GFP 
mutants were cloned using sfGFP (N-terminal, 6xHis) as a template. Forward and reverse 
primers were designed specifically for each amino acid tag sequence using NEBuilder 
(https://nebuilder.neb.com). The tag sequences were appended to the 3’ end (protein C-
terminus) of the sfGFP gene using restriction enzyme cloning or HiFi assembly. For both 
methods, the insert was amplified by PCR to include the mutations at the 3’ end of the 
gene. Briefly, template DNA, dNTPs (final conc. 200 µM), primers (final conc. 0.5 µM), 
Phusion DNA polymerase, and HF Buffer were combined as per the PCR protocol for 
Phusion High-Fidelity DNA polymerase with a total sample volume of 50 µL. PCR 
reactions were denatured (98 °C), annealed, and extended (72 °C). PCR was performed 
for a total of 35 cycles at annealing temperatures of 52 °C for restriction enzyme cloning 
or as recommended by NEBuilder for HiFi assembly. PCR products were purified using 
a Qiagen PCR purification kit. For restriction enzyme mediated cloning prior to PCR 
purification, the PCR reaction was treated with Dpn1 to digest the template DNA and NcoI 
and XhoI to digest the PCR amplified inserts. Insert DNA and vector DNA were purified 
via the Qiagen PCR purification kit and agarose gel electrophoresis (followed by Qiagen 
Gel Purification kit), respectively. Otherwise, HiFi assembly was performed following the 
HiFi DNA Assembly Reaction protocol using a 2:1 molar ratio of insert DNA to vector and 
incubating for 15 minutes at 50 °C. Ligated DNA was transformed into NEB-5α cells and 
the sequence of the resulting plasmid was confirmed by Sanger sequencing (Genewiz). 
 
Amino Acid Sequences of sfGFP mutants: 
Tag sequence is in bold, anionic residues in the tag in red, thrombin cleavage site is 
underlined  
 
sfGFP (-7) 
MGHHHHHHGGASKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFI
CTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDG
TYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKAN
FKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLE
FVTAAGITHGMDELYK 
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τ 1-1 (-9) 
MGHHHHHHGGASKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFI
CTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDG
TYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKAN
FKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLE
FVTAAGITHGMDELYKLVPRGSDEE 
 
τ 2-1 (-9) 
MGHHHHHHGGASKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFI
CTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDG
TYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKAN
FKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLE
FVTAAGITHGMDELYKLVPRGSDGDGES 
 
τ 6-1 (-9) 
MGHHHHHHGGASKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFI
CTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDG
TYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKAN
FKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLE
FVTAAGITHGMDELYKLVPRGSDDEGGS 
 
τ 1-2 (-12) 
MGHHHHHHGGASKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFI
CTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDG
TYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKAN
FKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLE
FVTAAGITHGMDELYKLVPRGSDEEEDD 
 
τ 2-2 (-12) 
MGHHHHHHGGASKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFI
CTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDG
TYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKAN
FKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLE
FVTAAGITHGMDELYKLVPRGSDGDGESDGDGES 
 
τ 6-2 (-12) 
MGHHHHHHGGASKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFI
CTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDG
TYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKAN
FKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLE
FVTAAGITHGMDELYKLVPRGSDDEGGSDDEGGS 
 
τ 12-1 (-12) 
MGHHHHHHGGASKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFI
CTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDG
TYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKAN
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FKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLE
FVTAAGITHGMDELYKLVPRGSDDEDDEGGSGGS 
 
Summary of protein mutants: 

 
Displayed electrostatic maps are approximate structures meant to illustrate differences between 
the charge distribution of protein mutants. Electrostatic maps were generated using the optimized 
sfGFP structure (PDB). Minimized polypeptide tag sequence structures were determined using 
PEP-FOLD3 (http://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal.py#forms). Tag structures 
were imported into Pymol and manually appended to the C-terminus of sfGFP. PQR files were 
generated at pH 7.4 (http://nbcr-222.ucsd.edu/pdb2pqr_2.1.1/) and the solvent-accessible 
surface was visualized using the APBS plugin in Pymol. 
 
 
GFP(-12) – Isotropic Control, Mutations from sfGFP in bold/underlined1 
MGHHHHHHGGASKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATEGKLTLKFI
CTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDG
TYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQENGIKAN
FKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEDRDHMVLLE
FVTAAGITHGMDELYK 
 
3. Protein Expression, Purification, and Preparation 
Protein Expression. Anionic GFP mutants were expressed in NiCo21 (DE3) or BL21 
(DE3) cells in 1 L cultures of LB media supplemented with 100 μg mL−1 ampicillin. Cells 
were grown at 37 °C, with shaking at 250 rpm to an OD600 between 0.6 and 0.8. 
Subsequently, protein expression was induced with 1 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG). Cultures were grown for an additional 16-20 h after 
induction at 37 °C with shaking at 250 rpm.  
 
Protein Purification. Cells were harvested by centrifugation (4000 rpm for 20 min), 
resuspended in 15-20 mL of cell lysis buffer (50 mM NaH2PO4, 300 mM NaCl, pH 8.0), 
and stored at -20 °C. Immediately prior to cell lysis by sonication, 200 μL of DMSO 
solubilized Protease Inhibitor Cocktail (Sigma Aldrich, P8849) was added to resuspended 
cells. Cells were lysed in a -20 °C aluminum bead bath using probe tip sonication for 10 
min (2 s pulse on, 4 s pulse off). Desired soluble components were separated from cell 
debris by centrifugation (10,000 rpm for 30 min). GFP was isolated from other soluble 
components via Ni-NTA affinity chromatography. Wash buffer consisted of 50 mM 
NaH2PO4, 300 mM NaCl, and 35 mM imidazole (pH 8.0), and elution buffer consisted of 
50 mM NaH2PO4, 300 mM NaCl, and 250 mM imidazole (pH 8.0). Relative volumes of 
wash and elution buffers were similar to the manufacturer’s instructions with slight 
modifications made dependent on the mutant. Fractions of the flow through, wash, and 
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elution were collected and analyzed by SDS-PAGE. Pure fractions were combined and 
concentrated by centrifugal ultrafiltration with a molecular weight cutoff (MWCO) of 10 
kDa. Buffer was exchanged into 10 mM Tris (pH 7.4) with 1 mM EDTA by dialysis using 
regenerated cellulose dialysis membranes (MWCO of 3.5 kDa) at 4 °C in the dark. At 
least seven buffer changes were performed over a minimum of 21 h (3 h per exchange). 
 
Sample Preparation. GFP mutants were characterized by MALDI-TOF mass 
spectrometry to confirm the mass and purity of each protein. Samples were prepared 
using a 10 mg mL−1 sinapinic acid matrix (7:3 acetonitrile to H2O with 0.1% trifluoroacetic 
acid) and calibrated with Protein Standard II (Bruker). Matrix (60%) and protein sample 
(40%) were premixed and 1 μL was spotted for analysis.  
 
The concentration of GFP was determined by measuring absorbance at 488 nm (ε = 
83,300 M−1 cm−1)2 using a Cary 60 UV-Vis spectrophotometer. GFP working solutions 
were prepared at 1 mg mL−1 in 10 mM Tris (pH 7.4).  
 
4. Cell Growth Kinetics and Protein Expression 
Cell growth kinetics and protein expression for different protein mutants were quantified 
in a Tecan Infinite M200 Pro plate reader. Glycerol stocks were streaked on a LB agar 
plate containing ampicillin; a single colony was selected and grown in a 5 mL culture (LB 
media supplemented with 100 µg mL-1 ampicillin) overnight to an OD600 of approximately 
2. This culture was back-diluted to an OD of 0.60 and 1 mM IPTG was added to quantify 
cell growth kinetics (Figure S3) and protein expression (Figure S4). All dilutions were 
done by using the OD600 of the overnight culture to calculate the respective volumes of 
overnight culture and LB media needed for a final volume of 1 mL. Each dilution was split 
into 6 wells (100 μL each) in flat, clear bottom, black polystyrene 96-well plates (Corning). 
Absorbance at 600 nm was used to measure optical density. The measured absorbance 
was corrected to that of a 1 cm pathlength using a measured path correction.3 
Fluorescence of GFP mutants (λex = 488 nm, λem = 530 nm, Gain = 50) was used to 
measure relative protein concentration.4 The assay was run at 37 oC for 15 h with orbital 
shaking, with measurements taken every 20 min. To verify that the direct back-dilution to 
mid-log phase (OD = 0.6) did not impact the induced protein expression, a similar 
experiment was performed with a different back-dilution. An overnight culture was grown 
to an OD600 of approximately 2. The overnight culture was back-diluted to 1 mL samples 
(n = 3) with an OD of 0.10. Replicates were then grown to an OD of 0.60 and IPTG (1 mM 
final conc.) was added to induce protein expression. Each method resulted in nearly 
identical protein yields and cell growth kinetics. 
 
5. Complex Coacervation Assays 
Results from these assays are summarized in Table S1. 
 
Turbidimetric Titration. Protein and polymer solutions were mixed at protein mass 
fractions ranging from 0 to 1 in increments of 0.04 with a total sample volume of 50 μL. 
Each mass fraction corresponded to a specific negative charge fraction, calculated using 
the expected polymer and protein charge. The expected protein charge was calculated 
using the Henderson-Hasselbalch equation and pKa values of the isolated amino acids 



5 
 

(Asp = 3.65; Glu = 4.25; Arg = 12.48; Lys = 10.53).5 At the pH used in these studies these 
are the only amino acids that contribute significantly to the protein net charge. Inclusion 
of His (pKa = 6.00) in this analysis resulted in modest changes to the predicted protein 
charge (+0.6) and even more minor changes to the calculated charge fraction (~1-3% 
change). Samples at each mass fraction were prepared in triplicate in tissue culture-
treated polystyrene 96-well half-area plates (Corning). Absorbance (λ = 600 nm) was 
used to evaluate phase separation of the protein/polycation mixtures and was measured 
using a Tecan Infinite M200 Pro plate reader after 10 s of orbital shaking. The turbidity (τ) 
was calculated from the absorbance (A) using the formula τ = 100 – 10(2 – A). Turbidity 
values are plotted as a function of negative charge fraction 𝑓! =	𝑀! (𝑀! +𝑀")⁄ , where 
M− and M+ correspond to the charge per mass of the negative (protein) and positive 
(polymer) species, respectively (Figure S5A). 
 
Encapsulation Efficiency. From the turbidity data, five specific mass fractions were 
selected for each GFP mutant to analyze the partitioning of GFP in the dense coacervate 
phase (Table S1 and Figure S5B). At these ratios, protein and polymer were mixed in 
triplicate in 1.5 mL tubes at a total sample volume of 100 μL. After spontaneous phase 
separation and 10 min incubation, the samples were microcentrifuged at 13,000 rpm for 
25 min to physically separate the dense and dilute phases. The dilute phase was removed 
via pipette and diluted 2-fold and 10-fold with 10 mM Tris (pH 7.4) in flat, clear bottom, 
black polystyrene 96-well plates (Corning). The absorbance (λ = 488 nm) and 
fluorescence (λex = 488 nm, λem = 530 nm, Gain = 47, 55) of the dilute phase was 
measured using a Tecan Infinite M200 Pro plate reader. The concentration of GFP (mg 
mL−1) in the dilute phase was calculated using calibration curves previously determined 
from serial dilutions of GFP from 0.25 μg mL−1 to 0.4 mg mL−1. 
 
Salt (NaCl) Titration. The ionic strength dependence of GFP/polycation phase 
separation was determined by titrating NaCl into protein/polymer mixtures (Figure S5C). 
Macromolecule composition was optimally selected from turbidity and encapsulation data 
at the ratio with the highest protein encapsulation. Microscopy images were considered 
in this optimization process on the basis of condensate morphology, where selected 
mixing ratios appeared to phase separate into two distinct liquid states. Mixtures were 
prepared in 4 mL poly(methyl methacrylate) cuvettes at a total sample volume of 1 mL. 
The sample was stirred at 850 rpm and the percent transmittance (%T) of the phase 
separated mixture was measured using a Cary 60 UV-Vis spectrophotometer. 5 M NaCl 
(in 10 mM Tris, pH 7.4) was added to the mixture in 1 μL increments. Transmittance 
measurements were taken 5, 10, and 15 s after each incremental addition of salt to allow 
for sample equilibration. NaCl was added following this procedure until %T stabilized and 
remained unchanged following 4-5 subsequent additions of salt. Turbidity (τ) was 
calculated from percent transmittance (%T) using the formula τ = 100 – %T. 
 
Phase Portraits. Protein and polymer solutions were prepared at 2 mg mL−1. A salt 
solution of 1 M NaCl in 10 mM Tris (pH 7.4) was prepared and used to investigate the 
effect of ionic strength on the partitioning of macromolecules in the dilute and coacervate 
phases. Protein and polymer were mixed at the maximum encapsulation ratio, as 
described above, reported in Table S1, at various salt concentrations with a total sample 
volume of 50 μL. Samples were prepared in triplicate in 96-well round-bottom plates 
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(Nunc) and incubated for approximately 10 min. Phases were separated by centrifugation 
at 3,000 rpm for 30 min. The supernatant was extracted and diluted 10-fold (1 M NaCl, 
10 mM Tris, pH 7.4). The remaining coacervate pellet was imaged using a Gel-Doc XR+ 
(Bio-Rad), thresholded using ImageJ, and computationally analyzed to determine the 
volume using a calibration curve of known volumes (Figure S7, see Matlab script). The 
coacervate pellet was dissolved and diluted in 350 μL of 1 M NaCl, 10 mM Tris (pH 7.4). 
The absorbance (λ = 488 nm) and fluorescence (λex = 488 nm, λem = 530 nm, Gain = 47, 
55) of the coacervate and dilute phases were measured in flat, clear bottom, black 
polystyrene 96-well plates (Corning) using a Tecan Infinite M200 Pro plate reader. To 
determine the binodal phase boundary, the concentration of each anionic GFP mutant 
(mg mL−1) at a range of ionic strengths (25 mM to 200 mM) was calculated for both the 
dilute and coacervate phase using calibration curves (Figure 2B).  
 
Equilibration Experiments. Phase portraits were also investigated for multiple 
equilibration conditions. Figure S8 represents this equilibration data for variant τ 6-2. In 
each of these cases, the equilibration step was performed and immediately followed by 
the standard binodal composition assay described above. These included longer 
equilibration times prior to centrifugation (24 h, 1 week) and thermal equilibration (20 οC 
à 50 οC à 20 οC) in a thermal cycler. This temperature ramping was well below the 
thermal denaturation temperature of sfGFP.6,7 
 
Microscopy. Microscopy images were collected using an EVOS FL Auto 2 inverted 
fluorescence microscope (Invitrogen). From the turbidity data, five specific mass fractions 
were selected for each GFP mutant for analysis via microscopy. GFP mutants and 
polycation were mixed together in black 384-well plates with optically-clear bottoms 
(Nunc) at a total sample volume of 30 μL. Samples were incubated at room temperature 
for 3 h. Images were taken using a 20X, long working distance objective (NA 0.4) in both 
GFP fluorescence (λex = 470 nm, λem = 525 nm) and phase-contrast channels. 
 
6. Isothermal Titration Calorimetry.  
Data Acquisition. Isothermal Titration Calorimetry was performed in a Malvern MicroCal 
Auto-iTC200 in triplicate for a subset of protein mutants to compare coacervation 
thermodynamics. This subset included the proteins: sfGFP, τ 2-2, τ 6-2, and isotropic 
GFP(-12). This was done with 1 µL injections of polymer into a 200 µL cell containing 
protein at a temperature of 25 °C, waiting 300 s between injections. Additionally, multiple 
blanks were performed using 10 mM Tris buffer as the titrant and each respective protein 
in the cell. This blank was subtracted from collected data as a minor correction accounting 
for heat of mixing. Similarly, titrations of polymer into buffer were performed to account 
for heat of dilution. Both of these contributions to measured enthalpy changes were 
relatively minor. qP4VP was used at a concentration of 4.2 mg mL-1 (0.150 mM) and 
proteins were used at a concentration of 1 mg mL-1 (~0.034 mM). Data were exported in 
a CSV file, corrected, and parameterized in MATLAB. Rigorous cleaning with detergent 
and salt-in-salt titrations with PBS were performed after experimental runs to ensure 
dissolution of the coacervate and to prevent cross contamination between trials. 
 
ITC Data Analysis. Data analysis was performed via the Two Step Model described by 
Priftis et al.8,9 This model includes 6 parameters in the parameter space: ion-pairing 



7 
 

stoichiometry (nIP), coacervate stoichiometry (ncoac), characteristic enthalpies (ΔHIP, 
ΔHcoac), affinity constant (KA), and a constant proportional to the width of a gaussian curve 
approximating the range where coacervation occurs (α). Parameter estimates are 
provided with the corresponding standard error measurements. The MATLAB code used 
to fit the data is also included in SI Section 16. 
 
7. Fig. S1 - MALDI-TOF of Protein Mutants 

 
 
8. Fig. S2 - Electrophoresis Analysis of Engineered Proteins 
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9. Fig. S3 - E. Coli Cell Growth Kinetics  

 
 
10. Fig. S4 - Whole Cell Fluorescence Measurements in E. Coli 
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11. Table S1 - Summary of Protein and Phase Separation Parameters 
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12. Fig. S5 - Summary of Complex Coacervation Assays with sfGFP Mutants and 
qP4VP 
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13. Fig. S6 - Detailed Experimental Results for sfGFP and Tagged Protein Mutants 
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14. Fig. S7 - Measuring Coacervate Volumes: Calibration and Analysis 
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15. Fig. S8 - Testing for Equilibration in Phase Portraits for GFP mutant τ 6-2 

 
  



18 
 

16. Fig. S9 - Summary of ITC Results and Parameters 
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17. MATLAB Code. 
Coacervate Droplet Volume Analysis 
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ITC Fitting Analysis 
Script 
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Predictor Function 
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