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Abstract

Understanding protein stability is central to combatting protein aggregation diseases and 

developing new protein therapeutics. At the high concentrations often present in biological 

systems, purified proteins can exhibit undesirable high solution viscosities and poor solubility 

mediated by short-range electrostatic and hydrophobic protein-protein interactions. The interplay 

between protein amino acid sequence, protein structure and solvent conditions to minimize 

protein-protein interactions is key to design of well-behaved pharmaceutical proteins. However, 

theoretical approaches have yet to yield a general framework to address these problems. Here, we 

analyzed the high concentration behavior of super-folder GFP (sfGFP) and two super-charged 

sfGFP variants engineered to have formal charges of −18 or +15. Under low cosolute conditions, 

sfGFP and the −18 variant formed a gel or phase separated at ~10 mg/ml. Under conditions that 

screen surface charges, including formulations with high histidine or high NaCl concentrations, all 

three variants attained concentrations up to 250 mg/ml with moderate viscosities. Moreover, all 

three variants exhibited very similar viscosity-concentration profiles over this range. This effect 

was not mimicked by high sugar concentrations that exert excluded volume effects without 

shielding charge. Collectively, these data demonstrate that charge shielding not only neutralizes 

long-range electrostatic interactions but also, surprisingly, short-range electrostatic effects due to 

surface charge anisotropy. This work shows that supercharged sfGFP behavior under high ionic 

strength is largely determined by particle geometry, a conclusion that is supported by colloid 

models and may be applicable to pharmaceutically-relevant proteins.
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Introduction

Proteins have generated broad interest for their ubiquitous roles in cellular function as well 

as for therapeutic applications. However, many proteins have characteristics that predispose 

them to aggregation, which impedes protein activity. Aggregation of misfolded proteins 

underlies a growing number of diseases, including Alzheimer’s and Parkinson’s diseases.1–2 

Similarly, proteins such as therapeutic monoclonal antibodies can reversibly associate into 

higher molecular weight species or irreversibly aggregate during manufacturing and 

storage.3 In this state, proteins have reduced biological activity, accelerated pharmacokinetic 

clearance, and increased risks of adverse immune reactions and precipitation. Intermolecular 

forces between proteins, namely short-range attractive and long-range repulsive forces, 

contribute to protein stability in vitro and in vivo.4

Understanding these weak protein-protein interactions is thus key to maintaining protein 

solubility. In dilute protein solutions, long-range electrostatic forces dominate protein-

protein interactions.4–5 As protein concentration increases, the contributions from short-

range interactions, including hydrogen bonds, van der Waals forces, hydrophobic and 

excluded volume interactions also increase and can drive protein-protein association.6 The 

overall impact of these interactions and the resulting propensity for association can be 

quantified by experimentally determined parameters including the osmotic second virial 

coefficient (B22),7 the Kirkwood-Buff integral (G22),8 and the dynamic light scattering 

interaction parameter (kD).9 Favorable interaction parameters can guide selection of a 

protein variant for therapeutic development as well as buffer formulation to stabilize a given 

protein. Conversely, unfavorable interaction parameters can explain why one protein allele is 

more prone to aggregation and severe disease than another.10 However, as proteins are 

complex molecules able to engage in a variety of protein-protein and protein-solvent 

interactions, models attempting to predict protein solution behavior at high concentrations 

have met with mixed results.9, 11–14

The contributions of electrostatics to protein behavior have been studied extensively by 

computational15–17 and experimental approaches.4, 18 Electrostatic interactions are typically 

modeled as long-range repulsive interactions originating from a protein’s net surface charge. 

These forces can be tuned by changing the protein amino acid sequence and thus the net 
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charge or by changing the type and concentration of solute molecules present to shield 

protein surfaces. For instance, modulating the protein surface charge has been observed to 

improve protein thermostability,19–20 while adding charged residues adjacent to antibody 

binding sites can reduce aggregation.21 Similarly, optimization of the formulation buffer and 

salt concentrations can prevent protein self-association and decrease solution viscosity.14

A major outstanding question is how proteins retain solubility and activity at high protein 

concentrations. Proteins intended for pharmaceutical use require storage as a homogeneous 

preparation at concentrations up to ~250 mg/ml. This is often difficult to achieve due to 

protein association and the resulting high viscosity at these concentrations. When protein 

concentrations reach 100 mg/ml, the average protein-protein separation distance for an 

average size protein is less than 10 nm.22 At these concentrations, short-range attractive 

forces acting over nanometer and tens-of-nanometer length scales dominate over surface-

charge-mediated, repulsive electrostatic interactions.23 These net attractive forces, due to 

hydrogen bonds, hydrophobic interactions, depletion-attraction, and electrostatic attractive 

interactions, combined with the close proximity of protein species in solution, promote 

aggregation and high viscosity. In contrast, the cellular cytoplasm comprises >300 mg/ml 

total protein with comparatively little protein aggregation.24

Because of the complex physics and chemistry of protein interactions at high concentrations, 

no general theories have been developed to predict electrostatic effects and guide design of 

proteins and formulations able to achieve high concentrations. For the monoclonal 

antibodies that can remain soluble at high concentrations, this behavior has been attributed 

to unknown features of the protein amino acid sequence.25 Protein surface charge appears to 

play a major role, as a net negative charge correlates with reduced aggregation while a net 

positive charge correlates with increased aggregation in at least some cases.26–27 The role of 

protein surface charge is supported by the observation that a common strategy to stabilize 

proteins is simply adjusting the solution pH away from the protein isoelectric point, which 

confers a net charge to the protein.28 These observations have led to considerable interest in 

development of rational strategies and predictive models to guide protein engineering and 

formulation design efforts.

Here, we investigated the impact of electrostatic anisotropy on protein solubility and 

viscosity at high protein concentrations. We chose a related set of proteins, the wild-type 

superfolder GFP (sfGFP) with a formal charge of −6 and two highly charged sfGFP variants 

engineered to have surface charges of −18 and +15.29–30 Under low cosolute concentrations 

typical of pharmaceutical formulations, the −18 and sfGFP variants aggregated extensively 

at 10 mg/ml protein. However, under high cosolute concentrations, including high 

concentrations of histidine, trehalose or salt, all three variants remained soluble at protein 

concentrations exceeding 250 mg/ml. Remarkably, the protein surface charge had minimal 

effect on the overall solution viscosity under conditions that screened surface charges and 

the viscosity profiles of the supercharged variants collapsed onto that of the sfGFP. These 

experimental results provide an experimentally tractable model system to bridge protein 

structure-based and colloid based models of protein behavior.
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Experimental section

All chemicals were obtained from Fisher Scientific unless otherwise noted.

Protein expression, purification and characterization

The wild-type superfolder GFP (sfGFP), supercharged RscG-18 GFP (−18), and RscG+15 

GFP (+15) variants were engineered and cloned into pET21a vectors for cytoplasmic 

bacterial expression as described.30 Proteins were expressed in E. coli BL21 DE3 cells in 

TB media at 25°C to OD600~2.0. Cells were induced with isopropyl β-D-1-

thiogalactopyranoside (IPTG) for 18 hours at 18°C, then harvested and resuspended in cell 

lysis buffer (25 mM HEPES, 500 mM NaCl, 40 mM imidazole, pH 7.4) and lysed via french 

press (Thermo-Scientific) at 1500 psi. The cell debris was pelleted by centrifugation at 

20,000 RPM for 20 minutes at 4°C (Beckman-Coulter) and the supernatant was dialyzed 

overnight into 500 mM NaCl, 10 mM Tris, pH 8.0. The dialysate was incubated with 

charged IMAC Sepharose 6 Fast Flow beads (GE Healthcare) for at least 3 hours and eluted 

with 1.5 M NaCl, 100 mM EDTA, 20 mM Tris, pH 8.0. The eluate was applied to a HiLoad 

16/60 Superdex 200 prep grade size exclusion chromatography (SEC) column with 

phosphate buffered saline (PBS; 137 mM NaCl, 10 mM phosphate, 2.7 mM KCl, pH 7.4) as 

the running buffer.

Protein size and purity was monitored by sodium-dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) on 12% gels and analytical SEC with a Superdex 75 10/300 

GL column (GE Healthcare) on a GE ÅKTA FPLC with PBS running buffer for the sfGFP 

and −18 variants, with calculated iso-electric points of 6.4 and 5.1, respectively. To prevent 

anionic interactions between the +15 variant and the column matrix which has a calculated 

isoelectric point of 10.5, 50 mM sodium phosphate buffer with 1 M NaCl, pH 7.2 was used 

as running buffer. The specific activity of the sfGFP variants was measured as the ratio of 

the absorbance at 488 nm normalized by the absorbance at 280 nm, which is directly 

proportional to the protein concentration.30 Absorbances were measured with a Cary 

spectrophotometer, with replicate technical measurements of replicate samples.

To measure the thermal melting temperatures via loss of intrinsic green fluorescence, 

purified sfGFP proteins were adjusted to 800 μg/ml in PBS and 0.2 mm filtered. Protein 

(12.5 μl) was combined with 5 μl Protein Thermal Shift Buffer (Thermo Pierce) and PBS for 

a 20 μl final volume in a MicroAmp Fast 96-well reaction plate. The plate was subjected to a 

melt curve on an Applied Biosystems Viia7 system using two heating steps between 25°C 

and 99°C, with ramp rates of 1.6°C/s and 0.05°C/s respectively. The melting temperature 

was determined as the temperature at which the derivative fluorescence of with respect to 

temperature is zero.

For CD analysis, purified sfGFP proteins were buffer exchanged into 5 mM sodium 

phosphate pH 4.5 (sfGFP and +15) or 5 mM Tris pH 8.4 (−18) with the pH adjusted using 

sulfuric acid, adjusted to ~0.3 mg/ml and filter sterilized. Samples were analyzed from 190–

260 nm on a J-815 CD spectrometer using a 1 mm cuvette and the appropriate buffer for 

blanks.
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Protein formulation

Proteins were concentrated by centrifugation as previously described.31 Purified sfGFP 

proteins were first buffer exchanged into the desired buffer by overnight dialysis (see Table 1 

for the different compositions). The proteins were then concentrated using 10 kDa NMWL 

Amicon Ultra-15 regenerated cellulose centrifugal filters (EMD Millipore) at 3000g. The 

reduced protein volume was transferred to the smaller Amicon Ultra-4 regenerated cellulose 

centrifugal filters (EMD Millipore) for concentration at 3000g, and finally concentrated in 

10 kDa NMWL Amicon Ultra-0.5 mL centrifugal filters at 10,000g to accommodate the 

reduced volumes. Proteins were concentrated until the protein concentration reached ~250 

mg/ml or high viscosity prevented further concentration. The pH of all formulations was 

measured with a calibrated pH-meter with no added protein and at the highest protein 

concentration achieved and found to be within 0.1 unit of the initial pH for all formulations 

except the low sucrose formulation.

The high trehalose-high histidine formulation was initially generated using lyophilization. In 

this case, the proteins were first dialyzed overnight into 5 mM histidine buffer, pH 5.5. 

Proteins were next concentrated to ~20 mg/ml via Amicon Ultra-15 centrifugal filters with 

10 kDa NMWL regenerated cellulose filters (EMD Millipore) as measured by microBCA 

(Thermo Fisher Pierce). The lyoprotectant α, α trehalose dihydrate was then added in a 1:1 

mass ratio. Lyophilization was performed with a vacuum at 150 mTorr and −25°C for three 

days before increasing to 25°C over five hours. Lyophilized protein powder was weighed 

and reconstituted with 50 mM sodium phosphate buffer pH 7.2 and histidine stock solution 

such that the final conditions were ~250 mg/ml protein, ~660 mM trehalose, and ~320 mM 

histidine at pH 5.8.

Viscosity measurements

After equilibrating the sample temperature to 25°C, viscosities were measured in triplicate 

using a 25 gauge needle attached to a 1 mL syringe, as previously described.22 The time to 

draw the solution was correlated to a calibration curve following the Hagen-Pouiselle 

Equation fit using S200, N100, S60, N44, N35, N10 viscosity standards (Cannon Instrument 

Company, State College, PA) and distilled/deionized water (Figure S1). The solutions were 

serially diluted in the same solvent and viscosity measurements repeated. Solvent viscosities 

were measured using a Cannon-Fenske routine viscometer. All viscosity model fits were 

performed in MATLAB using the nlinfit non-linear regression function to the Ross-Minton 

viscosity equation (Equation 1).

Protein concentration measurements

Protein preparations were diluted such that the absorbance at 280 nm yielded values between 

0.1 and 1.0. Protein concentrations were calculated using the A280 value and experimentally 

determined extinction coefficients for each protein (Figure S2). Absorbance measurements 

were collected with a Cary 3E UV-vis spectrophotometer (Agilent Technologies) using a 

quartz cuvette with a 1 cm path length (Hellma). The concentration of protein in all final 

preparations was measured with this method.
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Zeta potential measurements

The theoretical charge of each sfGFP was calculated from the primary sequence using all 

ionizable amino acid side chains plus the C and N termini. The charge value of each of these 

groups was calculated from the Henderson-Hasselbalch equation , 

using known pKa values for each ionizable group. Changes in residue pKa values due to the 

surrounding environment were ignored and therefore these calculations are only a first 

approximation of the charge. To experimentally measure the zeta potential, two solutions of 

each sfGFP variant at low sucrose and high trehalose-high histidine conditions were 

prepared at a protein concentration of 1 mg/ml. The zeta potential was measured with a 

Malvern DTS 1070 folded capillary cell and Malvern Zetasizer Nano ZS. The zeta potential 

(ξ) was determined from the electrophoretic mobility measured at 25°C from 70 runs for 

each of the 12 individual measurements for each variant.

Electrostatic surface potential maps

All models are based on the structure of sfGFP (PDB 2B3P).29 Homology models of the −18 

and +15 variants were generated using the Rosetta supercharge protocol: 11 to Asp or Glu 

for −18 or 16 to Arg or Lys for +15, such that each variant carried the specified charge at pH 

7.30 The resulting PDB files were analyzed with PDB2PQR30 to adjust the pH to 5.8. The 

resulting PQR files were analyzed with DelPhi using the AMBER forcefield to fit charges 

and adjust the solution ionic strength (salt concentration) to the ionic strength of the 

solutions: ~6 mM for low cosolute conditions and ~270 mM for high cosolute conditions. 

Default values were used for all remaining variables to generate CUBE files.32–33 The PQR 

and CUBE files were loaded into PyMOL and the electrostatic potential maps were 

visualized with APBS.

Results

Here, we aimed to evaluate the role of patchy surface electrostatics in mediating protein 

solubility at high concentration. Since protein surface charge has been reported to influence 

protein-protein interactions and viscosity, we selected three sfGFP variants with different net 

surface charges (−18, −6 and +15 formal charges) as a model system. Attractive features of 

this system include sfGFP’s single domain structure, high stability and the previous 

description of a series of super-charged sfGFP variants.30 We selected the −18 and +15 

variants, designed by an automated physics-based Rosetta process to include 11 and 15 

residue changes, respectively (Figure S3), as representative positively and negatively super-

charged variants. These variants were selected because they are highly expressed, soluble 

and thermostable. More highly charged variants (for example, −32 and +58) were not 

considered due to poor expression and/or altered folding characteristics.19, 30 After 

expression in E. coli and purification, the proteins were concentrated in the presence of 

different buffers, cosolute molecules and pHs with the resulting protein solubilities and 

viscosities monitored.
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Low cosolute conditions prevent aggregation of only the negatively charged sfGFP variant

We initially selected a formulation with low levels of sucrose and histidine, similar to that 

used to formulate several commercial protein therapeutics (low sucrose-low histidine 

formulation: 10 mM histidine, 146 mM sucrose, pH 5.8; Table 1).34–35 This formulation is 

popular because it includes histidine as a pH buffer, sucrose to stabilize the protein and 

employs a pH that is below the isoelectric point (pI) of the typical antibody.28 Purified 

sfGFP proteins were dialyzed into this buffer at ~1 mg/ml and concentrated by 

centrifugation over a molecular weight filter.

Notably, the −18 and sfGFP proteins formed a gel or phase separated at concentrations near 

10 mg/ml, respectively, suggesting the presence of strong inter-protein interactions. A 

similar low trehalose-low histidine formulation of the −18 sfGFP using 146 mM trehalose 

instead of sucrose also gelled upon concentration, indicating that the specific sugar molecule 

did not independently enhance solubility (Table 1). In contrast, the +15 variant was readily 

concentrated to ~250 mg/ml. Serial dilution of the highly concentrated +15 sfGFP from 250 

mg/ml down to 75 mg/ml revealed an exponential relationship between protein 

concentration and solution viscosity η (Figure 1A). Since high concentrations of sugars 

increase the solvent viscosity ηo even in the absence of protein, these data are plotted as the 

relative viscosity, η/ηo, to clearly visualize the effects of protein concentration.36

High trehalose-high histidine formulation retains sfGFP variant solubility

We wondered if we might be able to solubilize all three proteins in the same formulation, 

using a lyophilization-based approach which previously supported formulation of several 

different proteins at high concentration with modest viscosities.22 The purified sfGFP 

variants were first dialyzed into 5 mM histidine buffer, pH 5.5, then trehalose was then 

added at a 1:1 mass ratio as a lyoprotectant and the resulting solution lyophilized. The 

powder was resuspended with 50 mM sodium phosphate buffer to produce a high trehalose-

high histidine formulation with ~320 mM histidine and ~660 mM trehalose, at pH 5.8 and 

~250 mg/ml protein. While this formulation is hyper-tonic relative to human serum and thus 

not suitable for injectable therapeutics, the approach resulted in clear solutions for all three 

sfGFP variants (Figure S4).

These protein solutions were serially diluted from ~250 mg/ml in high trehalose-high 

histidine buffer and the resulting relative solution viscosities plotted against protein 

concentration (Figure 1B). The viscosity again showed an exponential dependence on 

protein concentration, approaching the measured solvent viscosity (2.58 ± 0.03 cP) at low 

protein concentrations and retaining syringeable viscosities (<20 cP) at concentrations >200 

mg/ml. Remarkably, these curves showed very close correspondence for all three sfGFP 

variants in this formulation, despite small differences in thermal stability due to 

supercharging.19 To determine whether the process used to reach high concentration, 

centrifugation or lyophilization, influenced the results, we also formulated the −18 variant in 

the high trehalose-high histidine formulation by centrifugation. Comparison of the viscosity-

concentration data shows a close correspondence regardless of which process was used 

(Figure S5), as has been seen before.31
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The purified protein for the sfGFP variants all exhibit a characteristic beta sheet structure as 

measured by circular dichroism and similar intrinsic stabilities, as measured by thermal 

melting temperature (Figure S6, Table 2). These results are similar to previous results for 

sfGFP and supercharged variants.19, 30 After formulation at ~250 mg/ml in high trehalose-

high histidine buffer, the diluted proteins exhibited no indication of misfolding or 

irreversible aggregation. Analytical size exclusion chromatography traces showed that each 

of the sfGFP variants eluted in a single major peak (>99% all eluted protein), at a volume 

corresponding to monomeric protein (Figure 2A), while SDS-PAGE showed >95% pure 

protein with no observable aggregation (Figure 2B). Finally, GFP fluorescence is a sensitive 

probe of the folded state of the protein, as loss of tertiary structure surrounding the 

chromophore results in loss of fluorescence.29–30 The specific sfGFP activity, measured as 

the ratio of the absorbance at 488 nm to absorbance at 280 nm at 2 μM, was relatively 

constant, indicating no apparent change in protein folding (Figure 2C).

Comparison to colloid theory

The similarities among the viscosity curves for all three sfGFP charge variants in the high 

trehalose-high histidine formulation were particularly notable as they suggest the three 

proteins are experiencing nearly identical protein-protein interactions despite their very 

different surface charges. To explore this behavior more quantitatively, we fit the viscosity-

concentration data to Ross and Minton’s modified Mooney equation (Equation 1). This 

equation was first used to describe non-idealities in hemoglobin solutions37 and is now 

commonly used to model viscosity versus concentration data for protein solutions.38 Unlike 

other models, this semi-empirical model accounts for protein shape and the excluded volume 

contribution to solution viscosity, without making assumptions about protein hydration 

states in the volume fraction.39

(Equation 1)

Here, η is the solution viscosity, η0 is the solvent viscosity, [η] is the intrinsic viscosity of 

the specific protein, c is the protein concentration, ν is the Simha shape parameter,40 and k 

is the crowding factor that is equivalent to the reciprocal of the maximum packing fraction 

of the particle. Typically, the crowding factor and Simha shape parameter are combined into 

a single effective crowding constant (k/ν), which gives an approximation of the effect of 

self-crowding. The solvent viscosity of each formulation was measured using a Cannon-

Fenske viscometer, the protein concentration by absorbance at 280 nm and the solution 

viscosity with a syringe viscometer for each sample. The intrinsic viscosity [η] and 

crowding constant (k/ν) were determined from Equation 1, by determining which [η] and k/

ν values provide the best fit between the experimentally obtained data and the model.

The modified Mooney model fits for the experimental data are shown as solid colored lines 

in Figure 1. Notably, the fitted intrinsic viscosity and effective packing fraction values were 

within error for all three sfGFP variants (Table 2), supporting the idea that these three 

protein variants behave identically under high trehalose-high histidine conditions despite the 
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dramatically different surface charges and poor solubility under low sucrose-low histidine 

conditions for the −18 and sfGFP proteins.

Since the surface charges of the three sfGFP variants did not appear to affect their 

concentration-viscosity curves, we wondered about the strength of protein-protein 

interactions in these systems. Colloid theory predicts the behavior of non-interacting hard 

particles based only on steric constraints. Since this model does not account for specific 

protein-protein interactions due to electrostatics, this represents the lowest attainable 

viscosity for a system of homogeneous particles.

To apply hard particle theory to sfGFP, the following parameters were used. The protein was 

modeled as a prolate ellipsoid with an aspect ratio of 1.8, as measured from the sfGFP 

structure (PDB 2B3P). The crowding factor k was estimated as 1.43 from the maximum 

packing of a prolate ellipsoid,41 and ν was estimated as 2.82 from a table of shape 

parameters as a function of ellipsoid aspect ratios,40 resulting in a shape factor k/ν of 0.5. 

The dimensionless intrinsic viscosity of a prolate ellipsoid with 1.8 aspect ratio was 

estimated as 3.17, 40, 42 The approximate protein density was obtained from the sfGFP 

Matthew’s coefficient of 2.92 Å3/Da (PDB 2B3P),29 which is equivalent to 0.569 g/ml after 

units conversion.43 Together, these provide an estimated intrinsic viscosity of 5.5 ml/g for 

sfGFP.

The modified Mooney fits of the viscosity–concentration data of the supercharged variants 

are shown as solid black curves in Figure 1 and are strikingly similar to that of the sfGFP 

variants under high cosolute conditions. Moreover, the estimated intrinsic viscosity value of 

5.5 ml/g is within error of the fitted parameter for each of three sfGFP variants (Table 2). A 

Debye length calculation shows a ~6.5-fold increase in the length scale of electrostatic 

interactions under low sucrose conditions versus the high trehalose-high histidine 

conditions. Thus, the high trehalose-high histidine conditions appear to screen electrostatic 

interactions leading to overall reduced protein-protein interactions between closely adjacent 

sfGFP molecules.

The similarities between these curves led us to speculate that the −18 and +15 variants were 

subject to the same attractive and repulsive forces as the wild-type sfGFP under high 

trehalose-high histidine conditions. Since the primary difference between these three 

proteins is the presence of charged, solvent exposed residues, shielding these charges would 

be expected to neutralize long-range electrostatics effects. However, charge shielding is 

expected to have less effect on short-ranged electrostatics due to the presence of charged 

patches on these proteins that can mediate formation of percolating protein networks that 

increase solution viscosity.44 These three sfGFP variants vary considerably in the type and 

spatial distribution of their surface charges yet this had no effect of protein rheology under 

charge shielding conditions. Moreover, charge shielding did not drive protein-protein 

association via hydrophobic interactions. Taken together, these data suggest that 

neutralization of the surface charges leads the sfGFP variant to approximate hard sphere 

behavior. If true, it should not matter how we neutralize the charge, whether by changing the 

pH, the solvent ionic strength or other ways.
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Histidine is responsible for the low viscosity of the high trehalose-high histidine 
formulation

To determine which physico-chemical features of the high trehalose-high histidine 

formulation are responsible for low viscosity, we tested a series of related formulations 

designed to isolate crowding, hydrophobic and electrostatic shielding effects. For these 

experiments, we selected the −18 sfGFP variant since it exhibited poor solubility under low 

sucrose-low histidine conditions. We increased the protein concentration by centrifugation 

since this approach allowed us to adjust the trehalose concentration below that required for 

lyoprotection.

We first aimed to uncouple the contributions of histidine and trehalose in the high trehalose-

high histidine formulation. The high concentrations of these molecules could support sfGFP 

solubility at high protein concentrations via a variety of chemical and physical mechanisms. 

The aromatic imidazole ring in histidine can interact with proteins via electrostatics and 

hydrogen bond interactions, as well as hydrophobic interactions via π-π stacking and polar 

cation-π interactions. In this way, histidine may not only act as a crowding molecule, but 

may also interact with water as well as shield solvent-exposed charged, polar, and 

hydrophobic side chains.45–48 Conversely, trehalose is unlikely to interact directly with a 

protein but instead interacts with the solvent and thereby entropically drives proteins to 

assume a more compact structure.49–50

To understand the roles of histidine and trehalose in the high co-solute formulation, we 

individually reduced the concentration of each excipient and analyzed the resulting 

viscosity-concentration data. We formulated −18 sfGFP in a high trehalose-low histidine 

buffer (660 mM trehalose and sufficient histidine to maintain the pH at 5.8, 10 mM) and 

concentrated the protein by centrifugation. This formulation showed a rapid increase in 

viscosity with increasing protein concentration that did not follow an exponential curve, 

suggesting the proteins experienced stronger attractive interactions (Figure 3A).

We next formulated −18 sfGFP in high histidine buffer (320 mM histidine, pH 5.8 with no 

trehalose). Interestingly, while the viscosity-concentration curve followed a similar 

exponential shape as compared to the initial high trehalose-high histidine formulation, the 

absolute viscosity was lower at all points (Figure 3B, C). The formulation pH of 5.8 is below 

the 6.0 pKa of histidine’s imidazole side chain yet above the 5.1 pI of the −18 sfGFP variant, 

suggesting that charged histidine molecules and the HCl counter-ions may be neutralizing 

protein surface charges. Taken together, these data suggest that histidine minimized the 

protein-protein interactions, resulting in enhanced protein solubility and reduced viscosity 

while trehalose independently increased the solvent viscosity. Thus, the main contribution of 

trehalose appears to be its well-known role as a protectant during lyophilization.51–52

Charge shielding explains the low viscosity of the high trehalose-high histidine 
formulation

Next, we wanted to determine whether histidine lowered the viscosity of the protein solution 

via excluded volume effects, an ionic strength effect or interactions between the imidazole 

ring and surface-exposed hydrophobic residues. To assess the effect of ionic strength, we 
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used sodium chloride to replace the histidine in the high trehalose-high histidine 

formulation, resulting in a new high trehalose-high salt condition with 10 mM histidine pH 

5.8, 660 mM trehalose and 210 mM NaCl. This formulation was chosen such that the final 

solution had the same buffer, pH, trehalose concentration and ionic strength as the initial 

high cosolute solution, but most of the 270 mM total ionic strength is supplied by NaCl. The 

resulting solution was visually clear at protein concentrations of ~250 mg/ml and the 

viscosity-concentration data were similar to those collected in high trehalose-high histidine 

buffer (Figure 4A). We next made a high salt-low histidine formulation, comprised of just 10 

mM histidine pH 5.8 and 210 mM NaCl. This also yielded a clear solution at protein 

concentrations up to 250 mg/ml and similar viscosity-concentration profile (Figure 4B), 

albeit with lower absolute viscosities than trehalose containing formulations (Figure 4C). 

The sfGFP was also highly soluble in the high salt buffer, with no evidence of aggregation as 

measured by dynamic light scattering (DLS) at concentrations up to 137 mg/ml 

(Supplementary Figure S8). Together, these data suggest that histidine acts by shielding 

charges in this system.

Protein surface charge is altered by low and high cosolute conditions

To determine whether the other formulations tested can shield protein surface charges, we 

considered the sfGFP surface charge under the low and high co-solute conditions tested. 

Under these conditions, cosolutes and counter ions surrounding the protein can temper the 

observed surface charge. For instance, the surface charges for these proteins are expected to 

decrease with increasing pH, with the −18 variant having the lowest charge and the +15 

variant the highest charge at all pH values (Figure 5A). To provide experimental data about 

the relative charge on the sfGFP variants in different cosolute conditions, the zeta potential 

was measured at a 1 mg/ml protein concentration (Figure 5B, Table 2). Under low sucrose-

low histidine conditions, the sfGFP variants exhibited the expected trends in surface charge 

with −18 having the lowest and +15 having the highest zeta potential. However, under high 

trehalose-high histidine conditions, the measured charges were much smaller, supporting the 

idea that this high ionic strength shields the sfGFP surface charges. These experimental data 

are supported by computational electrostatic surface potentials under the same low or high 

cosolute conditions (Figure 5C). This charge shielding is expected to translate into greatly 

reduced long-range electrostatics forces and may explain why the different surface charges 

of the sfGFP variants had no observable effect on viscoelastic solution properties under high 

trehalose-high histidine conditions.

Changing pH improves sfGFP solubility under low sucrose conditions

Since the isoelectric point is the primary difference between these preparations, we 

considered whether this could explain why only the +15 variant remained could attain high 

protein concentration in our initial low sucrose-low histidine conditions. Proteins are 

generally more soluble at pH values 1–2 units away from their isoelectric point, conditions 

under which the increased net surface charge is expected to increase long-range electrostatic 

repulsive forces and prevent protein-protein association. The calculated pIs of the −18 

variant and sfGFP were calculated from the amino acid sequence to be 5.1 and 6.4, 

respectively, while that of the +15 variant was calculated at 10.5 (Figure 5A). At pH 5.8, the 

−18 and sfGFP variants are expected to have minimal net charge and a correspondingly low 
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repulsive electrostatic force to off-set the attractive forces promoting protein association as 

protein concentration increases, as observed in our initial experiments (Figure S4). In 

contrast, the +15 variant would be highly protonated at pH 5.8 and better able to remain 

soluble, consistent with our initial data in low sucrose-low histidine buffer (Figure 1A).

To test this, we evaluated the behavior of the −18 variant in a low sucrose-low tris 

formulation at pH 8.0 instead of 5.8. Since histidine does not buffer in this regime, we 

replaced it with a 10 mM Tris buffer, pH 8.0 while maintaining sucrose at 146 mM. The 

protein was now readily concentrated to >200 mg/ml (Figure 6), which coincided with pH 

drift to 6.8, still well above the protein pI. Since the isoelectric point of this variant is 5.1, 

the protein is expected to be highly charged in this formulation. While the different buffer 

molecules could affect aggregation through buffer-protein interactions, the low buffer 

concentration renders this unlikely. Thus, even for highly charged, anisotropic proteins, 

charge shielding can substantially reduce the electrostatic interactions that lead to protein 

network formation and high viscosity.

Discussion

Despite several decades of research, there is still no clear model to predict the impact of 

protein-protein interactions on the relationship between viscosity and protein concentration. 

The ability to predict viscosity from low concentration data or from protein sequence/

structure data would be of great interest to biophysicists and pharmaceutical chemists, most 

notably to aid in selection and development of protein therapeutics. Colloid theory, which 

models proteins as rigid particles of fixed volume with uniform surface charge distribution, 

appears to predict the behavior of some proteins, including bovine serum albumin (BSA), 

hemoglobin, alpha-crystallin and even mixtures of BSA and ovalbumin, with reasonable 

accuracy at concentrations up to 300–400 mg/ml.37–38

However, under conditions in which these proteins are destabilized, and for proteins with 

more complex shapes and characteristics, the colloid model has been less successful. At high 

concentration, these proteins can form networks mediated by weak, nonspecific protein-

protein interactions that increase viscosity.44 The inability of colloid theories to reliably 

predict this behavior has been attributed to the changes in protein shape, excluded volume 

and higher order associations between multiple protein molecules due to attractive and 

repulsive interactions that occur at high concentrations.53–54 In the absence of a robust 

model, these theoretical approaches have been complemented by empirical efforts to identify 

biochemical and biophysical characteristics predictive of low viscosity. For example, the net 

charge on an antibody appears to correlate with low viscosity while antibody surface 

hydrophobicity and the presence of charged dipoles with increased viscosity.55–57

Remarkably, the three variants of sfGFP studied here all exhibited similar concentration-

viscosity curves under conditions that screened surface electrostatics, whether this was 

achieved by changing pH, increasing histidine or increasing salt concentrations. We 

analyzed this by fitting experimental data relating protein concentration to the solution 

viscosity in the presence of different solutes to the modified Mooney equation with two 

adjustable parameters, the intrinsic viscosity and the shape parameter (Figures 1, 3, 4 and 5). 

Using this approach, the fitted intrinsic viscosity and packing factors were identical, within 
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error, for all three sfGFP variants. The modified Mooney equation accounts for protein shape 

and specific volume but is based upon the assumption that individual proteins do not 

appreciably self-associate and does not account for long-ranged intermolecular interactions. 

As a possible explanation for these results, the experimental data compared closely to the 

viscosity predicted for a hard particle of the same shape and specific volume as sfGFP, 

suggesting that the proteins experience minimal protein-protein interactions under high 

cosolute conditions.

A key element of this analysis is the choice of specific molar volume for the sfGFP-like 

effective hard particle. This value reflects both steric and electrostatic repulsion and thus 

varies with pH and ionic strength.38 We chose to use the specific molar volume observed in 

sfGFP crystals as this value represents a hydrated protein in an experimentally observed, 

tightly packed system with 58% solvent. Protein-protein interactions in the context of a 

crystal are similar to those in high concentration pharmaceutical formulations.58 Recent 

reports59–61 have supported using hydrated protein volumes as more appropriate choices 

than the generic value of 1.35 g/ml, which represents the specific molar volume for average 

amino acid residues, without accounting for hydration or packing in the context of a folded 

protein. Calculation of protein density using the sfGFP molecular weight (27.5 kDa) and 

hydrodynamic radius (RH = 2.6–2.8 nm) measured in low concentration dynamic light 

scattering experiments, as reported in Godfrin et al,59 predicts a density of 0.646 – 0.497 

g/ml, which is similar the value calculated from the Matthews coefficient and supports our 

approach.

This is surprising because the sfGFP proteins are highly charged, with the charges 

distributed in discrete anisotropic patches (Figure 5C) and the hard particle model does not 

account for surface charges. Previous experimental results showed that network formation at 

high protein concentrations is often dominated by electrostatic interactions. In general, when 

the protein carries a net charge, such as when the pH is less than the protein iso-electric 

point, long-range electrostatic repulsion prevents reversible protein-protein association and 

network formation. However, at high protein concentrations, charge anisotropy on the 

protein surface can allow for network formation via alignment of patches with 

complementary charge (aka dipole-dipole attraction) even when the protein carries a net 

charge.56, 62 As a test of this hypothesis, neutralization of a charged patch via substitution of 

a solvent-exposed glutamic acid with a tyrosine (E59Y) increased protein solubility and 

reduced viscosity for one antibody.63 For the sfGFP proteins studies here, anisotropy did not 

appear to play a role in enhancing viscosity. When the pH was different than the protein pI, 

the super-charged −18 and +15 sfGFP variants remained soluble at 250 mg/ml with low 

viscosity even under low sucrose conditions (Figures 1A, 5).

Electrostatic effects on protein-protein interactions can be tuned by increasing the salt 

concentration at the risk of decreasing repulsive protein-protein interactions responsible for 

increased solubility and decreased solution viscosities as well as magnifying the effects of 

hydrophobic protein-protein interactions. When repulsive electrostatics are sufficiently 

screened, short-range attractive hydrophobic interactions can mediate network formation at 

high protein concentrations, thus salt can reduce, increase or have no effect on the viscosity 

of a specific protein solution. One antibody, mAb G, was soluble at high protein 
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concentrations and moderate ionic strength but formed a gel at high ionic strength. The 

removal of two hydrophobic CDR residues resulted in a variant that retained solubility even 

under high ionic strength64. For another antibody, substitution of solvent-exposed aromatic 

residues with charged residues similarly decreased protein self-association and solution 

viscosity.65 Classic DLVO theory indicates that charges are fully screened by ionic strengths 

of >100 mM. In our sfGFP experiments, the high salt formulation (with 210 mM) did not 

increase protein-viscosity relative to the low sucrose formulation when the pH was different 

than the protein pI (Figure 4).

A critical limitation to development of robust theoretical models to support this effort is 

access to sufficient quantities of protein and the ability to systematically alter parameters 

affecting protein-protein interactions through site-directed mutagenesis. As recombinant 

proteins, antibody variants can be readily generated, but the amounts required for the 

experiments shown here are prohibitive for many labs, requiring stable cell lines and large-

scale expression efforts. This limits the number of antibody variants that can be analyzed; 

moreover, their complex, multi-domain structure is more challenging to model than a single 

domain protein. Common model proteins, such as BSA and ovalbumin, are readily available 

in large quantities but since they are purified from animals (cow serum and chicken eggs, 

respectively), cannot be readily altered at the protein amino acid sequence level. Moreover, 

they may be too simple and well-behaved to provide an accurate model for more complex 

proteins such as antibodies.

The sfGFP model system used here represents a compromise position between these 

previously used systems. GFP is a small, 27 kDa protein which is highly expressed, soluble 

and stable. As a single domain, 11-stranded beta-barrel protein, its shape approximates an 

ellipsoid that can pack tightly together and exhibits minimal conformational breathing that 

can lead to non-native aggregation. As a recombinant protein, the biophysical and 

biochemical properties can be readily tuned by amino acid changes and its high level 

bacterial expression renders it amenable to the high protein production required for the 

experiments shown here. The super-folder variant includes an A206V substitution that 

eliminates homo-dimerization even at high concentrations66 and an S30R substitution which 

mediates formation of an extended electrostatic charge network on the protein surface that 

increases global stability and confers a more compact structure as compared to other GFP 

variants.29 Moreover, sfGFP contains few solvent exposed hydrophobic residues (11 of the 

118 residues with >20% relative accessible surface area, Table S1), some of which have 

been replaced by polar or charged residues in the super-charged variants to minimize the 

potential for hydrophobic effects on flow behavior.

Conclusions

While the factors affecting protein rheology at high concentration have been studied for 

decades, there are still no theories that accurately predict this behavior for real proteins. 

Here, we showed that sfGFP and its supercharged variants exhibit identical rheology at high 

protein concentrations under conditions that shield surface charges and that this behavior can 

be accurately modeled by simple colloid theory. The sfGFP proteins used here represent a 

special case of simple, well-behaved proteins, but other GFP variants have been described 
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that exhibit more complex behavior, such as weak dimerization and reduced conformational 

stability. Analyzing the rheology of a wider range of GFP variants could provide an 

experimentally tractable system to guide modifications of colloid theory such that it can 

better predict the protein rheology. Finally, increasing protein solubility by charge screening 

takes advantage of basic physical features common to many proteins and may be applicable 

to antibodies and other pharmaceutically relevant proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CD circular dichroism

Dc collective diffusion coefficients

Do diffusion coefficient at infinite dilution

DLS dynamic light scattering

sfGFP superfolder GFP

RH hydrodynamic radius

η solution viscosity of the formulation including a specific protein 

concntration

η0 solvent viscosity of the formulation without added protein

[η] intrinsic viscosity of the specific protein

pI isoelectric point
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Figure 1. Solution viscosity increases exponentially with sfGFP protein concentration under low 
cosolute and high cosolute conditions
The solution viscosity was measured for each of three sfGFP variants at different protein 

concentrations in the two formulations. A, Under low cosolute conditions in low sucrose 

buffer (10 mM histidine, 146 mM sucrose, pH 5.8), only the +15 variant remained soluble, 

with moderate viscosities at concentrations >200 mg/ml. B, Under high cosolute conditions 

in histidine-high trehalose buffer (~320 mM histidine, ~660 mM trehalose and pH 5.8), all 

three sfGFP variants remained soluble, with moderate viscosities up to 250 mg/ml. Data for 

each protein variant was collected from at least two separate experiments with at least two 

different protein preparations. Error bars represent the range of replicate measurements; data 

points shown for each variant come from at least two independent formulations with two 

different protein preparations. The experimental data were fit to Ross and Minton’s modified 

Mooney viscosity model with the model fits shown as solid lines of the same color as the 

corresponding icons. The solid black line represents the theoretical Ross-Minton viscosity 

profile for a hard particle of the same aspect ratio sfGFP (see text for details).
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Figure 2. Supercharged sfGFP variants do not irreversibly aggregate at high protein 
concentration in high trehalose-high histidine buffer
A, Analytical SEC was used to monitor the presence of soluble aggregates at different 

processing stages using a Superdex 75 column and an ÅKTA FPLC. Chromatograms were 

collected for a 100 μl injection of 1 mg/ml each sfGFP variant after initial purification, 

lyophilization, and dilution from high trehalose-high histidine conditions. Protein molecular 

weight standards indicated that the primary peaks eluted at volumes consistent with the 27–

30 kDa sfGFP size; black triangles indicate the expected elution volume of a 27.5 kDa 

protein based on the calibration curve of protein molecular weight standards (Figure S5). B, 

SDS-PAGE analysis was used to monitor protein purity and the presence of covalent 

aggregates. Each sfGFP variant was analyzed after initial purification and after dilution from 

high concentration. The shift exhibited by the −18 variant is due to the altered 

electrophoretic mobility of the negatively charge protein. C, The specific activity for each 

sfGFP variant was measured as the ratio of absorbance at 488 nm divided by the absorbance 

at 280 nm, which proportional to total protein concentration. Error bars represent the 

standard deviation of replicate measurements; each experiment was repeated with at least 

two independent samples.
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Figure 3. Histidine is responsible for low viscosity behavior of −18 sfGFP in the high trehalose-
high histidine formulation
A, The relative viscosity in high trehalose buffer (10 mM Histidine and 660 mM trehalose, 

pH 5.8); B, the relative viscosity in high histidine buffer (320 mM histidine, pH 5.8) and C, 

the absolute viscosity in high histidine buffer are shown as solid black icons with black 

dashed lines to guide the eye. The high trehalose-high histidine data with the modified 

Mooney fit from Figure 1B is shown as hollow red icons for reference.
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Figure 4. Histidine lowers −18 sfGFP viscosity by charge shielding
A, The relative viscosity in high trehalose-high salt buffer (10 mM histidine pH 5.8, 660 mM 

trehalose and 210 mM NaCl); B, the relative viscosity in high salt (10 mM histidine pH 5.8 

and 210 mM NaCl); and C, the absolute viscosity in high salt buffer is shown as solid black 

icons with black dashed lines to guide the eye. High cosolute data with the modified 

Mooney fit from Figure 1B is shown for reference in hollow red icons.
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Figure 5. sfGFP variants have different surface charges
A, The theoretical net surface charge was calculated from the primary amino acid sequence 

of each sfGFP variant as a function of solvent pH using the Henderson-Hasselbach 

calculation. This approach predicts iso-electric points for the −18 variant of 5.1, for sfGFP 

of 6.4 and for the +15 variant of 10.5. B, The surface charge was experimentally measured 

by zeta potential for all three sfGFP variants at 1 mg/ml under low sucrose and high 

trehalose-high histidine conditions. C, Electrostatic surface potential of the sfGFP and the 

super-charged variants. Models of the supercharged sfGFP variants were constructed by 

introducing the amino acids changes into the wild-type sfGFP structure (PDB 2B3P) in 

PyMOL. Electrostatic maps were calculated with DelPhi under low (6 mM ionic strength, 

pH 5.8) and high cosolute conditions (270 mM total ionic strength, pH 5.8) and plotted 

between ±3 kBT/e. Note the overall charge and the anisotropy of the charge distribution.
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Figure 6. High pH prevents −18 sfGFP aggregation under low sucrose conditions
Viscosity-concentration curves for −18 sfGFP (pI = 5.1) in low sucrose conditions with an 

elevated pH. The protein was dialyzed against 10 mM tris, 146 mM sucrose, pH 8.0 buffer 

and concentrated by centrifugation to ~216 mg/ml. A, The absolute and B, relative viscosity-

concentration dilution curves are shown as solid black icons with black dashed lines to guide 

the eye. High sucrose-high trehalose data with the modified Mooney fit from Figure 1B is 

shown for reference in hollow red icons.
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Table 1

Formulation compositions and observations

Formulation Composition Result

Low sucrose-low histidine 10 mM histidine, 146 mM sucrose, pH 
5.8

Gelation/phase separation at ~10 mg/ml protein for sfGFP 
and −18 variant; +15 variant reached ~250 mg/ml

Low trehalose-low histidine 10 mM histidine, 146 trehalose, pH 5.8 Gelation/phase separation ~10 mg/ml for −18 sfGFP 
variant

High trehalose-high histidine, 
lyophilize

50 mM phosphate, 320 mM histidine, 660 
mM trehalose, pH 5.8, concentrated by 
lyophilization

All three sfGFP variants soluble up to ~250 mg/ml; 
exponential viscosity-protein profile

High trehalose-high histidine 50 mM phosphate, 320 mM histidine, 660 
mM trehalose, pH 5.8

Exponential viscosity-protein profile for −18 sfGFP 
variant up to ~250 mg/ml

High trehalose-low histidine 10 mM histidine, 660 mM trehalose, pH 
5.8

Viscosity increased rapidly relative to high trehalose-high 
histidine for −18 sfGFP variant

High histidine 50 mM phosphate, 320 mM histidine, pH 
5.8

Relative viscosity was similar as compared to high 
trehalose-high histidine, but absolute viscosity was lower 
for −18 sfGFP variant

High trehalose-high salt 10 mM histidine, 250 mg/ml trehalose, 
210 mM NaCl, pH 5.8

Similar viscosity profile as high trehalose-high histidine 
for −18 sfGFP variant

High salt-low histidine 10 mM histidine, 210 mM NaCl, pH 5.8 Absolute viscosity decreased as compared to high 
trehalose-high histidine, but relative viscosity was similar 
for −18 sfGFP variant

Low sucrose-low tris, pH 8.0 10 mM Tris buffer, 146 mM sucrose, pH 
8.0

−18 sfGFP variant soluble up to ~250 mg/ml; pH drift to 
6.8 at high protein concentration

*
All formulations were concentrated by centrifugation unless noted as lyophilization; all formulations used the the −18 sfGFP variant unless noted.
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