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Abstract  38 

 39 

The ability of polyvalent anions to influence protein-protein interactions and protein net 40 

charge was investigated through solubility and turbidity experiments, determination of 41 

osmotic second virial coefficients (B22) and zeta potential values for lysozyme solutions. B22 42 

values showed that all anions reduce protein-protein repulsion between positively charged 43 

lysozyme molecules and those anions with higher net valencies are more effective. The 44 

polyvalent anions pyrophosphate and tripolyphosphate were observed to induce protein 45 

reentrant condensation, which has been previously observed with negatively charged 46 

proteins in the presence of trivalent cations. Reentrant condensation is a phenomenon in 47 

which low concentrations of polyvalent ions induce protein precipitation, but further 48 

increasing polyvalent ion concentration causes the protein precipitate to resolubilise. 49 

Interestingly, citrate anion does not induce lysozyme reentrant condensation despite having 50 

a similar charge, size and shape to pyrophosphate. We observe qualitative differences in 51 

protein behaviour when compared against negatively charged proteins in solutions of 52 

trivalent cations. The poly-phosphate ions induce a much stronger protein-protein 53 

attraction, which correlates with the occurrence of a liquid-gel transition that replaces the 54 

liquid-liquid transition observed with trivalent cations. The results indicate solutions of poly-55 

phosphate ions provide a model system for exploring the link between the protein phase 56 

diagram and model interaction potentials and also highlight the importance ion-specific 57 

effects can have on protein solubility.  58 

 59 

 60 
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 70 
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 77 

 78 
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Introduction  79 

 80 

The desire to understand the mechanism behind protein-protein interactions and 81 

how they can be modulated by the presence of co-excipients has attracted the attention of 82 

researchers for over a century.1-4 The desire to quantify the mechanisms of how cosolutes 83 

influence protein-protein interactions is important for understanding protein behaviours 84 

such as ligand binding, protein unfolding, crystallisation pathways, liquid-liquid phase 85 

separation (LLPS) and liquid-solid phase separation (LSPS). The need to understand protein 86 

phase behaviour in greater detail has been spurred on by the pharmaceutical industries 87 

ambition to develop stable liquid formulations of therapeutic biologics and provide a 88 

greater understanding into how biomolecular condensates form inside cells.5-13 The 89 

presence of certain cosolvents can improve biopharmaceutical solubility, stability and 90 

activity profiles when present in a formulation and are used by the industry to circumvent 91 

solubility and stability issues.1,7-8,14-18 Excipients are often discovered through large-scale 92 

screening and development of new solution additives, which aim to increase 93 

biopharmaceutical solubility, minimise poor rheological properties in concentrated 94 

formulations and maintain storage-stability for up to 2 years. A quantitative understanding 95 

of what makes certain additives solubilise, stabilise and improve activity is needed if future 96 

researchers are to take a more rational approach to formulation optimisation and 97 

understand cellular phase behaviour. 98 

 99 

Salts are often integral components of formulations due to their ability to modulate 100 

protein solubility and thermal stability. Franz Hofmeister was the first to show that 101 

moderate-high concentrations of certain salts influence protein solubility in a consistent 102 

manner. This consistency enabled the salts to be ordered based on their ability to influence 103 

protein solubility into the Hofmeister series.1-2 This series has been found to exist in terms 104 

of how salts modulate protein thermal stability, water surface tension and viscosity. 105 

However, the exact mechanism is subject to active debate.4,14-15,19-25 At lower salt 106 

concentrations (ionic strength < 100 mM), salts appear to modulate protein thermal stability 107 

and solubility via ion-specific interactions, which are inconsistent with the Hofmeister 108 

Effect.15,17,26-27 These inconsistencies appear to arise from differences in ion binding affinity 109 

and differences in protein surface topography.15,28-29 The effects of these ion-specific 110 

interactions in some cases follow the inverse Hofmeister series for anions and are reflected 111 

by the dual nature multivalent cations and anions have on the solubility of proteins (also 112 

termed reentrant condensation).6,26,28,30-31 they depend upon man factors such as the net 113 

charge of the protein, ion net charge, the ion species, ion concentration, protein 114 

concentration and the distribution of residues on the surface of the protein.26-28,30-35 115 

 116 

With positively charged proteins, the inverse Hofmeister effect is observed at low 117 

ionic strengths when chaotropic anions are more effective at decreasing protein solubility, 118 

but at higher ionic strengths protein solubility reverts back to classical Hofmeister 119 
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behaviour.27-28,32 36 For example the model protein lysozyme is least soluble under low ionic 120 

strength conditions in the presence of thiocyanate and most soluble in the presence of 121 

sulfate.27 The mechanism for the inverse Hofmeister effect has been rationalised from lower 122 

critical solution temperature (LCST) studies of lysozyme.28,37 The LCST of a protein, also 123 

known as the cloud-point temperature (CPT), corresponds to the temperature on-set of 124 

protein precipitation upon cooling. Under low ionic strength conditions, electrostatic 125 

repulsion between lysozyme molecules leads to increased solubility. Chaotropic anions 126 

increase the CPT when they interact with positively charged surface residues and reduce the 127 

surface charge of the protein which leads to an increase in protein-protein attraction. 28,38 128 

Further increasing the chaotropic ion concentration causes the CPT to decrease (protein-129 

protein attractions become weaker) and protein resolubilisation occurs. The first phase has 130 

been modelled through a Langmuir-type isotherm that describes the ability of the anions to 131 

bind to the protein and neutralise the surface charge, which correlates with the anion 132 

polarizability, which in turn, follows the inverse Hofmeister series. The second phase has 133 

been attributed to hydration effects and how the anions modify the surface tension of the 134 

solvent around the protein, which is related to the classical Hofmeister salting-in/out 135 

phenomenon.28,37,39  136 

 137 

Trivalent cations such as yttrium (Y3+), lanthanum (La3+) and iron (Fe3+) have a dual 138 

effect on the solubility of some proteins, which has been termed reentrant 139 

condensation.26,30 Addition of trivalent cations to a solution of human serum albumin (HSA), 140 

bovine serum albumin (BSA), ovalbumin and β-lactoglobulin cause protein precipitation, but 141 

further addition of trivalent cations causes the protein precipitate to resolubilise. The 142 

proteins previously listed are negatively charged under the experimental conditions used 143 

and repel each other through long-range electrostatics when no ions are present. 144 

Precipitation and resolubilisation occur at critical salt concentrations denoted by c* and c**, 145 

respectively that are roughly proportional to protein concentration indicating the 146 

boundaries occur at a constant ratio of ion to protein concentration. Initially, when trivalent 147 

cations bind to solvent exposed acidic residues there is neutralisation of the long-range 148 

electrostatic interactions and formation of short-ranged ion-bridging attractive forces 149 

between proteins. The combination of these effects causes protein condensation to take 150 

place at the critical salt concentration c*corresponding to when the proteins have net 151 

negative charge. At concentration c** protein resolubilisation occurs, which has been 152 

attributed to either overcharging the protein by further binding of the trivalent cation or 153 

due to a charge screening effect.40-41 Solutions of negatively charged proteins and trivalent 154 

cations have been used as a model system for understanding the link between 155 

intermolecular interactions and phase behaviour as the condensed region contains a liquid-156 

liquid equilibrium, gel formation at higher protein concentrations, and cluster formation 157 

and/or amorphous precipitation at lower protein concentrations. The presence of the liquid-158 

liquid equilibrium is especially important because protein crystallization can be enhanced 159 

near to the phase boundaries.   160 
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While the trivalent cation system provides a good model for understanding and 161 

controlling protein phase behaviour, it is of limited practical use for biopharmaceuticals 162 

production due to the toxic nature of the cations. However, it is feasible that similar 163 

behaviour can be induced using small multivalent anions. Small anions such as 164 

pyrophosphate (PP) and tripolyphosphate (TPP) are already approved by multiple regulatory 165 

bodies for use in foods and in cosmetics.42-44 Currently the effects of polyvalent anions on 166 

protein-protein interactions and protein phase behaviour are not well known or studied. 167 

Similar features to reentrant condensation have been observed to occur with polyvalent 168 

anions and proteins that have a net positive charge, most notably with the compound phytic 169 

acid (myo-inositol hexaphosphate, IP6).31,45-46 IP6 has a number of antinutritive properties 170 

linked to its ability to chelate positively charged metals and modulate the solubility of 171 

positively charged ingested and digestive proteins making them less available for the body 172 

to absorb, which causes the antinutritional effects.31,45-49 This was confirmed in a study by 173 

Bye et al 2012, phytic acid was seen to precipitate positively charged lysozyme but have no 174 

effect on the solubility of myoglobin and HSA which were neutrally and negatively charged 175 

respectively.31  176 

 177 

There are other instances where re-entrant condensation does not occur for systems 178 

of multivalent ions and oppositely charged proteins.  The multivalent cation spermidine is 179 

not capable of causing precipitation of negatively charged proteins, which has been 180 

attributed to the diffuse charge distribution on the polycation.50  Mellitate, a small 181 

multivalent anion, precipitates lysozyme at very low salt concentrations, but no 182 

resolubilisation occurs at higher salt concentration.51 As such, it is not clear to what extent 183 

the universal behaviour observed for trivalent metal cations with negatively charged 184 

proteins can be transferred to multivalent anions interacting with positively charged 185 

proteins.   186 

 187 

As a first step towards addressing this issue, we determine how multivalent anions 188 

alter lysozyme phase behaviour and protein-protein interactions based on their ability to 189 

neutralise lysozyme charged groups. We show that the sodium salts of pyrophosphate (SPP) 190 

and sodium tripolyphosphate (STPP) induce lysozyme reentrant condensation, where the 191 

structures of SPP and STPP are shown in figure 1. It should be noted that the abbreviations 192 

STPP and SPP refer to the sodium salts of each anion, whereas the abbreviations PP and TPP 193 

refer to the pyrophosphate and tripolyphosphate anions respectively. It is likely the 194 

polyvalent anions effect protein interactions through similar mechanism of protein charge 195 

neutralization and ion-bridging effects, but the condensed phases have different properties 196 

from those formed in trivalent cation systems. We also show the trivalent anion citrate is 197 

incapable of inducing protein condensation, which highlights the important role of ion 198 

specific effects.31,46,52 The difference is likely due to the inability of citrate to cross-link 199 

proteins together even though it has nearly the same effectiveness as pyrophosphate at 200 

neutralizing the positive charge on lysozyme. 201 
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 202 

Figure 1. Structures for tripolyphosphate (STPP) anion (left) pKa1: 1, pKa2: 2.2, pKa3: 2.3, 203 

pKa4: 5.7, pKa5: 8.5 and pyrophosphate (SPP) anion (right) pKa1: 0.91, pKa2: 2.1, pKa3: 6.7, 204 

pKa4: 9.32.61 205 

 206 

 207 

 208 

 209 

 210 

 211 

 212 

 213 

 214 

 215 

 216 

 217 

 218 

 219 

 220 

 221 

 222 
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 227 
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 229 
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 234 
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Experimental Section  235 

 236 

2.1 Materials 237 

 238 

Lysozyme was sourced from Sigma Aldrich (Sigma Aldrich, Gillingham, U.K.) and used 239 

without further purification. Tris base, sodium chloride, monobasic sodium phosphate, 240 

dibasic sodium phosphate, disodium sulfate and trisodium citrate were sourced from Sigma 241 

Aldrich with purities ≤99%. Sodium pyrophosphate (SPP) was sourced from Alfa Aesar, (Alfa 242 

Aesar, Heysham, U.K.) with a purity of ≤98% and sodium tripolyphosphate (STPP) was 243 

sourced from Fisher Scientific U.K. Ltd, (Fisher Scientific, Loughborough U.K.) with a purity of 244 

≤99%. Water sourced from a Milli-Q® Advantage A10® water purification system (Merck, 245 

Darmstadt, Germany) with a resistivity of 18.2 MΩ.cm was used as the solvent for all salt 246 

and protein solutions. 247 

 248 

All buffer solutions used for dialysis and excipient solutions were prepared 249 

volumetrically and filtered with a 0.2 µm hydrophilic nylon membrane (Merck Millipore Ltd., 250 

Ireland) regardless of the experiment being conducted. Ionic strength was calculated for 251 

each salt using literature pKa values and the Henderson-Hasselbalch equation.53 252 

 253 

2.2 Static Light Scattering Experiments 254 

 255 

Static light scattering (SLS) measurements were used to determine the osmotic 256 

second virial coefficient (B22) for lysozyme as a function of ionic strength. The value of B22 is 257 

related to a separation and orientation averaged free energy of interaction between a pair 258 

of proteins. Positive values reflect net repulsive protein-protein interactions, while negative 259 

values relate to averaged attractive protein-protein interactions. 260 

 261 

10 mL stock lysozyme solutions were prepared and dialysed against 500 mL of the 262 

desired buffer solution for 4 hours twice and again overnight. After dialysis the pH of the 263 

lysozyme stock solution was adjusted to pH 9.0 (± 0.02). Next, the lysozyme stock solutions 264 

were adjusted to 20 mg/mL; pH was checked and adjusted again after this step. Finally the 265 

lysozyme stock solution was passed through a 0.02 µm Whatman Anotop syringe filter 266 

(Scientific Laboratory Supplies Ltd, Nottingham, U.K.).  267 

 268 

SLS experiments were conducted on a Wyatt miniDAWN TREOS 3 angle (49o, 90o and 269 

131o) detector (Wyatt Technology Corporation, Santa Barbara, CA 93117) with a flow cell; 270 

instrument details are given in a previous publication.8 Samples were delivered and mixed 271 

using a Wyatt Calypso II (Wyatt Technology Corporation, Santa Barbara, CA 93117), an 272 

automated syringe pump. The Calypso II contains three programmable syringe pumps 273 

capable of generating precise concentration step gradients. The flow from each syringe 274 

pump passes through an in-line 0.1 μm pore size membrane. A static mixer is used to mix 275 
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the streams after the filtration step before the sample enters the flowcell. In a typical light 276 

scattering experiment, pump 1 will uptake the protein stock solution, pump 2 will uptake a 277 

stock solution containing the co-solute and pump 3 will uptake the buffer solution. The 278 

Calypso II was then programmed to generate a series of experiments. B22 values were 279 

obtained by decreasing the protein concentration in a linear stepwise fashion from the 280 

starting protein concentration (10 mg/mL) to zero concentration; this was repeated in the 281 

presence of different co-solute concentrations to assess how salts modulate B22 values.  282 

 283 

B22 values can be calculated for a system containing protein, water and salt from 284 

 285 

𝐾𝑐(
𝜕𝑛

𝜕𝑐
)

𝑇,𝜇𝑤,𝜇s

2

𝑅θ̅̅ ̅̅
=  

1

𝑀
+ 2𝐵22𝑐                                                        (1) 286 

 287 

where K is the light scattering constant 2π2n0
2/(NA/λ4), n0 is the refractive index of the 288 

solvent, λ is the wavelength of the light, c is the protein concentration (mg/mL), (𝜕𝑛/289 

𝜕𝑐)𝑇,𝜇𝑤,𝜇s
 is the refractive index increment of the protein (a value of 0.185 mL/g was used) 290 

solution measured at a constant chemical potential of the water (𝜇𝑤) and salt (𝜇𝑠), 𝑅θ
̅̅̅̅  is the 291 

measured excess Rayleigh scattering ratio of the protein solution over the solvent, M is the 292 

molecular weight of the protein and B22 is the osmotic second virial coefficient. The error 293 

bars reported on the values of B22 correspond to the standard error in the slope estimate 294 

from plotting Kc/𝑅θ versus protein concentration (g/mL). In some instances, error bars are 295 

not visible due to them being the same size or smaller than the corresponding symbols in 296 

the plot. 297 

 298 

2.3 Protein Precipitation and Turbidity Experiments  299 

 300 

25 mL of 125 mg/mL lysozyme in 10 mM tris buffer at pH 9.0 was prepared and 301 

dialysed against 500 mL of 10 mM tris three times for 4 hours and again overnight. After 302 

dialysis the pH of the lysozyme stock solution was adjusted to pH 9.0 (± 0.02) and the stock 303 

solution was adjusted to 100 mg/mL lysozyme, 10 mM tris buffer; pH was checked again 304 

after this step. Finally, the protein stock solution was filtered with a 0.02 µm Whatman 305 

Anotop syringe filter. 420 mM stock solutions of sodium tripolyphosphate (STPP) and 300 306 

mM sodium pyrophosphate (SPP) in 10 mM tris buffer at pH 9.0 (± 0.02) were prepared. 307 

New stock solutions of lysozyme at 2, 10, 20, 40 and 60 mg/mL were prepared from the 308 

original 100 mg/mL stock solution. 500 µl of the new lysozyme stock solutions were 309 

combined with 500 µl of SPP-tris or STPP-tris solutions to give samples containing the 310 

desired lysozyme-SPP/STPP concentrations. After mixing, samples were allowed to 311 

equilibrate at 25 oC for 1 hour before being centrifuged at 10,000 rpm for 2 minutes using a 312 

Heraeus Pico 17 Centrifuge (ThermoFisher Scientific Ltd., U.K.). The equilibration and 313 

centrifugation steps were repeated one more time. After the second centrifugation step the 314 

supernatant was collected and its 280 nm absorbance measured using a NanoDrop™ 315 
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One/OneC Microvolume UV-Vis spectrophotometer (ThermoFisher Scientific Ltd., U.K.). 316 

Absorbance values were then plotted against SPP and STPP concentration. 317 

 318 

Turbidity experiments were conducted using a Brinkmann Probe Colorimeter PC 950 319 

(STH Company, Cocoa Beach, FL 32931) at 490 nm. All lysozyme solutions were prepared in 320 

the same manner as the precipitation experiments. Instrument transmittance was initially 321 

blanked to 100 % for each lysozyme concentration. The starting volume of each lysozyme 322 

sample was 10 mL to which SPP and STPP were titrated into to give the desired SPP/STPP 323 

concentration while the sample was continuously stirred. For 1, 5, 10 and 20 mg/mL 324 

lysozyme samples transmission readings were taken every 2 minutes after SPP/STPP 325 

addition. For 30 and 50 mg/mL lysozyme readings were taken every 5 minutes until 326 

transmittance reached zero.  327 

 328 

2.4 Zeta Potential Measurements 329 

 330 

 ζ-potentials for lysozyme were determined on a Zetasizer Nano ZSP (Malvern 331 

Instruments Ltd., Malvern, U.K.) using DTS1070 folded capillary cells (Malvern Instruments 332 

Ltd., Malvern, U.K.).  A 10 mg/mL stock solution of lysozyme was prepared and filtered using 333 

the same method described in section 2.2. All ζ-potential measurements were made with 1 334 

mg/mL protein in 10 mM tris buffer at pH 9.0 (± 0.02) for lysozyme (the relatively low 1 335 

mg/mL lysozyme concentration was used to ensure that phase-separation could be avoided 336 

for most SPP and STPP samples). All ζ-potential measurements were conducted with the 337 

same applied voltage (40 V). In this study an F(ka) of 1.5 (i.e. Smoluchowski’s 338 

approximation) and the dielectric constant of water were used. All experiments were run at 339 

25 oC, the sample was allowed to equilibrate for 300 seconds before the measurements 340 

were made, 10 measurements were collected and averaged for each ionic strength tested 341 

and were repeated six times. In figures 3A and 3B it should be noted that standard deviations 342 

were calculated for all data points, but the standard deviation for some points was small enough 343 

that the bars do not appear over the data point. 344 

 345 

Results 346 

 347 

The Effect of Increasing Anion Valency on Lysozyme-Lysozyme Interactions 348 

 349 

The effect of increasing ionic strength by adding different salts on the osmotic 350 

second virial coefficient (B22) of lysozyme at pH 9.0 was assessed through static light 351 

scattering (SLS); these results are reported in figure 2, molecular weights for each condition 352 

tested are given in table S1. Positive B22 values at low ionic strength indicate strong 353 

repulsion between positively charged lysozyme molecules.7,54-55 Increasing the 354 

concentration of each salt causes B22 values to decrease and plateau at slightly negative 355 

values. The main effect of changing ionic strength in the range of 0-100 mM is to alter 356 
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electrostatic interactions between proteins. At pH 9.0, titration experiments indicate 357 

lysozyme has a net charge of around +6-7 e.56 The positive charge on lysozyme gives rise to 358 

repulsive double layer forces under low ionic strength conditions. Increasing ionic strength 359 

compresses the double layer and reduces the range of the force causing the observed 360 

decrease in B22 values and the plateauing behaviour observed at higher ionic strengths 361 

(>100 mM).54,57-58 362 

 363 

 364 

Figure 2. Experimental data for B22 values of lysozyme as function of chloride (), 365 

phosphate (), sulfate () and citrate () ionic strength in 10 mM tris buffer (ionic 366 

strength contribution 1.05 mM) at pH 9.0. 367 

 368 

The trends of B22 with respect to salt type indicate how anions with increasing 369 

charge influence the strength of lysozyme-lysozyme interactions. Anions with higher 370 

valencies are more effective at reducing lysozyme-lysozyme repulsion under low ionic 371 

strength conditions. This pattern of protein-protein interactions, when comparing the 372 

sodium salts of phosphate, sulfate and citrate, has been previously observed for a 373 

monoclonal antibody and rationalized in terms of a charge neutralization mechanism 374 

effecting electrical double layer forces.8,18 At a given ionic strength condition, the double 375 

layer force depends on the fixed charge of the protein including any tightly bound ions 376 

contained in the stern layer. As such, the increased efficiency of the ions at reducing 377 

protein-protein interactions is likely due to their ability to bind to and neutralise the positive 378 

charge of the basic residues. Ions with increasing valency are more effective because 379 

binding is in part driven by electrostatic interactions, which are stronger with the increase in 380 
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ion charge. It appears that the ion binding only alters the electrostatic interactions between 381 

proteins as anion-specific differences are reduced under high ionic strength conditions.  382 

 383 

ζ-potential measurements shown in figures 3A and 3B, were used to determine how 384 

different anions influence the fixed charge of lysozyme. The ζ-potential reflects the 385 

electrostatic potential at the slip plane of the protein, which depends on the charge that is 386 

immobilized on the protein including any counterions or co-ions. When comparing the ζ-387 

potential measured at a fixed ionic strength for lysozyme in different salt solutions, the 388 

difference arises due to changes in the number of anions bound to the protein. As such, the 389 

decrease observed in the solutions of multivalent anions reflects the initial neutralization of 390 

the positive charge.  The same pattern of ion binding is found as deduced from the B22 391 

trends, where the ability of the anion at neutralizing the lysozyme positive charge follows 392 

the order citrate > sulfate > chloride. The increased binding affinity of multivalent anions 393 

such as sulfate or citrate to proteins has also been observed from calculating the effective 394 

charge (Q*) of lysozyme in the presence of different salts and simulation studies.59-60 The 395 

poly-phosphate anions are more effective at neutralizing the protein due to their larger ion 396 

valency when compared against citrate. 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 

 414 

 415 

 416 

 417 

 418 

 419 

 420 

 421 



12 
 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 

 441 

 442 

 443 

Figure 3. (A) Zeta potentials for 1 mg/mL lysozyme in the presence of 0-12 mM ionic 444 

strength NaCl (), sulfate (), citrate (), SPP () and STPP () in 10 mM tris at pH 9.0. (B) 445 

1 mg/mL lysozyme in the presence of 0-200 mM ionic strength NaCl (), sulfate (), citrate 446 

(), SPP () and STPP () in 10 mM tris at pH 9.0. Tris Buffer ionic strength contribution is 447 

1.05 mM at pH 9.0.  448 

 449 

The ζ-potential measurements indicate lysozyme net charge decreases quickly at low 450 

ionic strengths and plateaus at a negative value at higher ionic strengths indicating the 451 

multivalent anions overcharge the protein. The magnitude of the charge inversion also 452 

follows what is expected based on the ion valency as the overcharging effect follows the 453 

order TPP > PP > citrate > sulfate, where the average charge of PP and TPP at pH 9.0 are 454 

equal to -3.32e and -4.76e respectively.61 455 

 456 

The protein-protein interactions measured in the solutions containing poly-457 

phosphate ions indicates the protein behaviour differs qualitatively to what happens in 458 

solutions with citrate or sulfate ions. It was hypothesised that there would be a non-459 

monotonic dependence of B22 in poly-phosphate solutions as protein-protein interactions 460 

should initially be screened by increasing salt concentration followed by an increase in 461 
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repulsion due to over-charging. However, values of B22 could not be determined at low ionic 462 

strengths (<300 mM) of SPP or STPP due to lysozyme phase separation occurring at the 463 

protein concentrations used in the light scattering analysis. B22 values were obtained at 464 

higher ionic strengths as shown in figure 4. The inset of figure 4 shows that the B22 values of 465 

SPP and STPP overlap when they are plotted as a function of molar concentration. B22 values 466 

become more negative as the ionic strength of SPP and STPP is decreased below 1 M, 467 

indicating an increase in protein-protein attraction much stronger than that observed in 468 

other salt solutions. Further reducing ionic strength is expected to lead to an even greater 469 

protein-protein attraction, which would explain why lysozyme precipitates in solutions with 470 

low poly-phosphate concentrations conditions. Conversely, at high ionic strengths, protein-471 

protein interactions are more repulsive in solutions containing either SPP or STPP versus 472 

NaCl. The change in protein-protein interactions occurs over an ionic strength range where 473 

electrostatics should be screened indicating approaches based on the Poisson-Boltzmann 474 

equation cannot be used to rationalize all the effects of the polyvalent anions. 475 

 476 

Figure 4. Experimental data for B22 values for lysozyme as function of ionic strength for 477 

chloride (), NaCl+25 mM (1.812 mM) STPP (), SPP () and STPP () in 10 mM tris Buffer 478 

(ionic strength contribution 1.05 mM) at pH 9.0. Insert shows molar concentrations for all 479 

salts tested. 480 

 481 

 482 

In order to further investigate how the poly-phosphate ions modulate protein-483 

protein interactions, we determined B22 values as a function of sodium chloride 484 
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concentration in solutions with a fixed STPP concentration of 1.812 mM, which corresponds 485 

to an ionic strength contribution from the salt equal to 25 mM. Measurements were only 486 

possible once the concentration of NaCl was greater than 80 mM. With increasing NaCl 487 

concentration, there is a weakening of the protein-protein attraction induced by the TPP. At 488 

higher concentrations of NaCl, B22 values start to overlap with those obtained in solutions 489 

with no SPP or STPP. If the only effect of NaCl is to screen protein-protein interactions, then 490 

we would expect a monotonic increase in B22 values as electrostatic interactions between 491 

proteins are weakened with increasing salt concentration. As such, the non-monotonic 492 

dependence of B22 reflects a combination of effects.  We suggest the initial addition of NaCl 493 

screens TPP binding to the protein, which in turn, weakens any protein-protein attraction 494 

induced by the TPP. At a critical NaCl concentration, there is no TPP binding and the B22 495 

values follow the curves obtained in the absence of TPP, where the main effect of sodium 496 

chloride is to screen the repulsive electrostatic interactions between proteins. A similar 497 

behaviour has been previously observed to occur with IP6.  Low concentrations of IP6 were 498 

shown to decrease the thermal stability of lysozyme, myoglobin and HSA as measured by 499 

differential scanning calorimetry (DSC), which is due to IP6 binding protein surface through 500 

electrostatic interactions causing distortion of the peptide backbone and tertiary structure 501 

of the protein.31 Adding NaCl to the solutions caused an  increase in protein structural 502 

stability, which was attributed to displacing the IP6 molecules from the proteins through a 503 

salt screening effect.31  504 

 505 

 506 

Reentrant Condensation of Lysozyme by the Polyvalent Anions Pyrophosphate and 507 

Tripolyphosphate but not Citrate 508 

 509 

We initially mapped out precipitation phase boundaries by preparing a range of 510 

solutions at multiple lysozyme concentrations between 1-100 mg/mL and SPP or STPP 511 

concentrations between 0-210 mM. In some of the samples an amorphous solid precipitate 512 

formed immediately after preparing the solution. In these cases, the solid-phase was 513 

separated from the liquid-phase by centrifuging the sample at 10,000 rpm for 2 minutes and 514 

the supernatant concentration was measured. Figure 5A shows a plot of protein 515 

concentration in the supernatant phase as a function of STPP concentration for different 516 

initial protein concentrations (an equivalent plot for SPP is shown in figure S2A). The flat 517 

parts of the precipitation profiles correspond to solutions where there is no lysozyme 518 

precipitation. The behaviour follows what is expected for reentrant condensation. An initial 519 

increase of salt concentration causes protein precipitation, where the critical concentration 520 

of SPP or STPP that causes protein precipitation is denoted by c*p. A superscript p is used to 521 

denote that the boundary corresponds to a precipitation experiment. The amount of 522 

lysozyme precipitated from solution by SPP or by STPP reaches a maximum as indicated by 523 

the lowest protein concentration on each curve. Increasing the concentrations of SPP and 524 
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STPP past this point results in an increase in supernatant protein concentration followed by 525 

full protein resolubilisation at a poly-phosphate concentration denoted here as c*p.  526 

 527 

 528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 

 541 

 542 

 543 

 544 

 545 

 546 

 547 

 548 

 549 

 550 

 551 

 552 

 553 

 554 

 555 

 556 

 557 

 558 

 559 

 560 

 561 

 562 

Figure 5. (A) Data for lysozyme precipitation experiments tested at 1 mg/mL (), 5 mg/mL 563 

(), 10 mg/mL (), 20 mg/mL (), 30 mg/mL () and 100 mg/mL () in 10 mM tris pH 9.0 564 
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buffer with increasing STPP concentration. (B) Comparison between 10 mg/mL () and 30 565 

mg/mL () lysozyme precipitation data (filled symbols) and transmission data (empty 566 

symbols) in 10 mM tris pH 9.0 buffer with increasing STPP concentration. 567 

 568 

A number of observations can be made from the data in figures 5A, and S2A and a 569 

direct comparison between SPP and STPP with 10 and 30 mg/mL lysozyme given in figure 570 

S3. First, for SPP or STPP, more poly-phosphate ions are needed to precipitate higher 571 

concentrations of lysozyme. Second, STPP is more effective than SPP at precipitating 572 

lysozyme as the initial precipitation occurs at lower STPP concentrations and the solubility 573 

of lysozyme at the maximum precipitation point is lower for STPP than for SPP. Lastly, the 574 

resolubilisation part of the curve at higher lysozyme concentrations appears similar for SPP 575 

and STPP (figure S3). The offset at lower lysozyme concentrations could be due to the 576 

greater amount of lysozyme having to be resolubilised when STPP is used as the precipitant.  577 

 578 

In addition we have carried out turbidimetric titrations by adding SPP or STPP to 579 

lysozyme solutions. Example plots of the titrations for solutions of lysozyme at either 10 580 

mg/mL or 30 mg/mL in STPP solutions are compared against the turbidity titrations in figure 581 

5B. The boundary c* was taken to occur when transmittance reached 95 % with increasing 582 

salt concentration. For STPP the boundary c* occurs at lower STPP concentrations than c*p, 583 

whereas for SPP the c* and c*p boundaries overlap at equivalent lysozyme concentrations. A 584 

slight decrease in turbidity occurs in solutions containing 1 mg/mL lysozyme and SPP, 585 

despite no observable precipitation occurring. The turbidity titrations were also used to 586 

determine the 𝑐∗∗  boundary corresponding to the salt concentration when the 587 

transmittance of the solution returned to 100 %. In contrast to the 𝑐∗ boundaries, the 588 

𝑐∗∗ values determined by turbidimetric titrations coincided with the corresponding values 589 

determined by the precipitation experiments for solutions containing either SPP or STPP. 590 

 591 

The phase behaviour observed here is similar to the reentrant condensation 592 

behaviour reported for trivalent cations with negatively charged proteins.6,26,30,33  Figure 6A 593 

and 6B show the phase diagram of lysozyme in the presence of SPP and STPP containing the 594 

boundaries c*, c*p, and c**p, which demarcate the different types of protein solution 595 

behaviour.  Lysozyme is fully soluble in solutions located below the c*p boundary, solid-596 

liquid phase separation occurs at locations between c*p, and c**p, and lysozyme 597 

resolubilisation occurs above c**p. Following the trivalent cation work, we denote region I 598 

and III to occur below 𝑐∗ and above c*p respectively, while region II is located between those 599 

boundaries. The turbidity titrations have confirmed the existence of cluster formation in 600 

regions located between c* and c*p for STPP and for solutions of SPP to the left of the solid-601 

liquid equilibrium. We have not observed any lysozyme crystallization to occur in the cluster 602 

region, which is in direct contrast to solutions with trivalent cations, where the clustering 603 

region leads to protein crystal formation.30,62 Another key difference is that the liquid-liquid 604 
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equilibrium observed in solutions with trivalent cations has been replaced with a solid-liquid 605 

equilibrium in poly-phosphate containing solutions.  606 

 607 

 608 

 609 

 610 

 611 

 612 

 613 

 614 

 615 

 616 

 617 

 618 

 619 

 620 

 621 

 622 

 623 

 624 

 625 

 626 

 627 

 628 

 629 

 630 

 631 

 632 

 633 

 634 

 635 

 636 

 637 

 638 

 639 

 640 

 641 

Figure 6. Phase diagram of lysozyme as a function of SPP (A), STPP (B) and lysozyme 642 

concentration in 10 mM tris pH 9 buffer. Solid data points on the lower solid line in A and B 643 

were taken as the point lysozyme precipitation starts to occur (c*p) and the data points on 644 

the top solid lines were taken when full lysozyme resolubilisation occurs (c**p). The dashed 645 
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line with open symbols in A and B were determined from turbidity experiments and are 646 

when transmittance decreased to 95 % (c*) from increasing SPP and STPP concentration. 647 

Shaded areas indicate regions where cluster formation takes place. 648 

Sodium citrate does not induce reentrant condensation of lysozyme when studied 649 

under the same conditions as SPP (sodium citrate concentration was varied from 0-167 mM 650 

in the presence of 10-50 mg/mL lysozyme) even though citrate was observed to influence 651 

lysozyme net charge in a similar way to SPP. The similar neutralization ability is expected as 652 

citrate anion is similar to PP in size, shape and charge at pH 9.0; the pKa values for citrate 653 

are 3.13, 4.76 and 6.39 which would give citrate a net charge of -3e at pH 9.0; PP has a net 654 

charge of -3.32e at pH 9.0. The lack of precipitation in citrate solutions is expected from the 655 

B22 measurements which indicate citrate ion appears to only neutralize the double layer 656 

forces, but does not induce any additional protein-protein attraction to that which occurs 657 

once electrical double-layer forces are screened. 658 

 659 

 660 

Discussion 661 

 662 

The re-entrant condensation occurs due to ion binding followed by overcharging 663 

 664 

The combined electrophoretic light scattering and precipitation experiments indicate 665 

poly-phosphate ions induce a similar phenomenon as observed with trivalent cations.30,50 666 

With increasing concentration of multivalent ions, a drop in the electrophoretic mobility due 667 

to ion binding and neutralization of charged groups coincides with the initial precipitation 668 

boundary. At higher ionic concentrations, additional ion binding leads to protein charge 669 

reversal and an overcharging effect that resolubilises the protein.30,50,63 The minimum 670 

solubility occurs between the two when the fixed charge on the protein is close to zero. The 671 

solubility correlation is due in part to the effects of repulsive double layer forces, which 672 

increase with the net charge of the protein.7,64-65 When the forces are removed by 673 

neutralizing the protein charge through ion binding, condensation or precipitation occurs 674 

due to the attractive contributions to protein-protein interactions. The intrinsic short-675 

ranged attractions between proteins, which are still poorly understood, can originate from 676 

dispersion forces, hydrogen bonding, or hydrophobic interactions.66-69  677 

 678 

Trivalent cation binding to negatively charged proteins induces an additional short-679 

ranged protein-protein attraction due to an ion-bridging mechanism.30,50,63 The existence of 680 

this force was deduced by Jordan et al 2014 from the solubility patterns of BSA. BSA is 681 

soluble at its isoelectric point indicating the absence of double layer forces is not enough to 682 

cause BSA precipitation, whereas precipitation of BSA occurs readily in the presence of 683 

trivalent cations.63 An additional protein-protein attraction has also been observed 684 

indirectly from fitting a two-yukawa model to structure factor profiles obtained from SAXS 685 
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data for BSA solutions.70 A much stronger attraction was required to fit the experimental 686 

data in solutions containing FeCl3 or NiCl2 versus NaCl. The ion-bridging mechanism is also 687 

evident from crystallization behaviour of β-lactoglobulin, which forms a unique crystal 688 

structure when precipitated using solutions of YCl3.71 The yttrium ions form bridges between 689 

two or three carboxylate groups in protein crystal contacts that do not occur in other crystal 690 

forms for β-lactoglobulin.  691 

 692 

The ion-bridging attraction in lysozyme solutions is evident when comparing the 693 

behaviour in poly-phosphate solutions to the other salts investigated here. The protein-694 

protein attraction which results from only neutralizing double layer forces should be 695 

reflected by the B22 values at higher ionic strength, where electrostatics have been 696 

sufficiently screened, or in solutions of salts with multivalent cations, such as citrate or 697 

phosphate, once the protein has been neutralized through ion binding.  In citrate solutions, 698 

the protein is neutralized above an ionic strength of 20 mM, which corresponds to a B22 699 

value equal to -2.9 x 104 mL mol/g2, which is also similar to the value obtained at higher 700 

ionic strength for the other salts. None of these salt solutions have been observed to cause 701 

protein precipitation. In particular, in the citrate solutions at concentration ranging from 0 702 

to 167 mM, the solution remains in one phase up to a protein concentration of 50 mg/ml.  703 

In contrast, the solubility of lysozyme in SPP and STPP solutions is as low as 1 mg/mL 704 

indicating the presence of a much stronger protein-protein attraction, which is required to 705 

stabilize the precipitated state. The presence of an additional attraction is also apparent 706 

when comparing the B22 values shown in figure 4. The values in the poly-phosphate solution 707 

are much more negative at intermediate poly-phosphate concentrations when compared 708 

against any of the other salts.  The extra protein-protein attraction is likely due to a similar 709 

ion-bridging mechanism as observed for trivalent cation systems.  The multivalent property 710 

of the poly-phosphates provides it with the ability to cross link basic residues together. 711 

 712 

Ion-bridging attraction induced by poly-phosphates is stronger than trivalent cations  713 

 714 

More insight into the nature of the ion-bridging force can be gained from 715 

considering the location of the lower phase boundary c*.  In solutions containing trivalent 716 

cations, the boundary has been described using an empirical relationship given by 717 

 718 

𝑐∗ = 𝑐𝑓 + 𝑚∗𝑐p                                                                       (2) 719 

 720 

where 𝑐𝑝 is protein concentration. Equation 2 is applicable when the initial precipitation at 721 

the 𝑐∗ boundary occurs at a critical value of bound multivalent ions per protein given by 722 

𝑚∗.50,63  𝑐𝑓 in turn is the free solution salt concentration that is in equilibrium with the 723 

protein complex when it has  𝑚∗ bound ions, which is independent of protein concentration 724 

as long as protein-protein interactions are negligible. In order to check the validity of 725 

equation 2, in the supplementary information the data shown in figure 4 has been replotted 726 
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as a function of the salt concentration normalized by 𝑐p (figure S1A and S1B) where we use 727 

the boundary c*p rather than 𝑐∗. The curves obtained at higher protein concentration begin 728 

to decrease at the same point, which is expected when 𝑚∗𝑐p > 𝑐𝑓.  This corresponds to the 729 

case where the concentration of complexed ions is much greater than the concentration of 730 

unbound ions. Because the number of complexed ions along the 𝑐∗ boundary is proportional 731 

to protein concentration, decreasing protein concentration has the effect of increasing 𝑐𝑓 732 

relative to the bound ion concentration, which is reflected by a shift in the curves to the 733 

right.   734 

 735 

The solubility boundary 𝑐∗ has been fit to equation 2 to obtain 𝑐𝑓 = 0.3 ± 0.15 mM 736 

and 𝑚∗ = 0.58 ± 0.06, and 𝑐𝑓 = 0.05 ± 0.03 mM and 𝑚∗ = 0.27 ± 0.02 for SPP and for 737 

STPP solutions, respectively.  The lower value for 𝑚∗ indicates that a smaller number of 738 

bound TPP molecules versus PP are required to induce protein precipitation. This can be 739 

rationalized in part by the greater negative charge on TPP (-4.76e) versus SPP (-3.32e). 740 

Binding of 0.27 moles of TPP corresponds to an average reduction in charge approximately 741 

equal to 1.3e, while the corresponding value for 0.58 moles of pyrophosphate is 1.9e. The 742 

bare charge of lysozyme at pH 9.0 is near to +6-7 e, so that the precipitation boundary 743 

occurs when there still exists a net positive charge on lysozyme, which is consistent with the 744 

ζ-potential data for STPP in solutions at 1 mg/mL. The slight difference in the charged state 745 

of the protein at the 𝑐∗-boundary for SPP versus STPP might be due to a difference in the 746 

protein-protein interactions upon binding the multivalent ions.   747 

 748 

The values of 𝑚∗ obtained for lysozyme in poly-phosphate solutions are much lower 749 

than what was obtained in solutions of YCl3 with BSA, HSA, or ovalbumin, where the c* 750 

boundary corresponds to near-neutral protein.50 The difference in behaviour provides 751 

indirect evidence that the ion-bridging attraction induced by poly-phosphate is stronger 752 

than for trivalent cations. The extra attraction is required to overcome the larger repulsive 753 

barrier imposed by double layer forces due to the larger protein net charge in poly-754 

phosphate solutions along the c* precipitation boundary.   755 

 756 

A more direct comparison of the protein-protein interactions in multivalent ion 757 

solutions is possible when examining the behaviour at salt concentrations much greater 758 

than c* when it is possible to directly measure values of B22.33 Comparing protein-protein 759 

interactions between proteins of different sizes requires using a normalized virial coefficient 760 

defined by 𝑏22 = 𝐵22 𝐵22
ex⁄ , where 𝐵22

ex corresponds to the excluded volume contribution.72-761 
74 While it is not possible to measure 𝐵22

ex directly, molecular simulation using all-atomistic 762 

representations for proteins indicate the value can be approximated by the excluded 763 

volume of a sphere, which has the same hydrodynamic radius as the protein.75 In figure 7 764 

the 𝐵22/𝐵22
HS values for lysozyme are compared against the measured values for HSA as a 765 

function of YCl3 concentration where they have been normalized using a literature value for 766 

Rh equal to 3.7 nm for HSA and 1.9 nm for lysozyme.33,76-77 In figure 7 is also shown the 767 
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reentrant region for the protein systems, the solid arrow represents region II for 3.1 mg/mL 768 

HSA with YCl3 as determined by turbidity measurements. Dashed and dotted arrows 769 

represent region II for 5 mg/mL lysozyme with SPP or STPP respectively as determined by 770 

solubility experiments, which reflects the concentration range between c* and c** values 771 

for 5 mg/mL lysozyme. The reentrant region III occurs at a slightly higher salt concentrations 772 

for lysozyme in poly-phosphate solutions versus HSA in solutions of YCl3.   773 

 774 

 775 

 776 

 777 

 778 

 779 

 780 

 781 

 782 

 783 

 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

Figure 7. Plot of the reduced second virial coefficient B22/B22
HS for HSA with YCl3 () and lysozyme 792 

with SPP () and STPP () in the resolubilisation region.  rH values of 3.7 and 1.9 nm were used for 793 

HSA and lysozyme respectively in calculating 𝐵22
HS.  The solid arrow represents region II for 3.1 794 

mg/mL HSA with YCl3 as determined by turbidity measurements. Dashed and dotted lines represent 795 

region II for 5 mg/mL lysozyme with SPP or STPP respectively as determined by turbidity 796 

experiments for the c* boundary and solubility experiments for the c** boundary. 797 

 798 

 799 

The B22 values for BSA go through a pronounced minimum at a salt concentration of 800 

about 0.5 mM, which likely reflects the maximum precipitation point where the protein is 801 

near neutral.  Our measurements do not exhibit a minimum because they are carried out at 802 

a higher salt concentration relative to the maximum precipitation point. Along the c** 803 

boundary, the protein-protein interactions are more attractive for the poly-phosphate 804 

solutions as the B22 values range from -4 to -2, while for YCl3 the values change from -1 to 1. 805 

While b22 values have not been measured in solutions below a concentration of 20 mM for 806 

the poly-phosphate solutions, we expect a decreasing trend until a minimum is reached 807 

near to the maximum precipitation point, which is in the region of 1 to 10 mM (see figure 7). 808 
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As such, a much stronger protein-protein attraction is expected to occur in solutions of poly-809 

phosphate ions. The normalized b22 values used in this analysis are very sensitive to the 810 

choice of sphere size used to represent the protein. Rather than using Rh, an alternate 811 

definition could be the radius of a sphere that has the same volume of the protein, which 812 

would correspond to 2.7 nm for BSA and 1.7 nm for lysozyme. Using these values would 813 

lead to a larger decrease in the b22 values for BSA versus for lysozyme, but would not change 814 

the overall trend that protein-protein attractions are generally more attractive in poly-815 

phosphate solutions versus in solutions of YCl3. 816 

 817 

Interestingly, the protein-protein interactions measured as a function of salt 818 

concentration are similar in the STPP and SPP solutions, which is consistent with the finding 819 

that there is little effect of changing the multivalent anion on the c** boundary.  At salt 820 

concentrations greater than 20 mM, it is likely that the binding sites for the multivalent 821 

anions on the protein have been saturated since the 𝜁-potential curves plateau above this 822 

concentration. As such, the results appear to indicate the protein-protein interactions are 823 

similar for lysozyme complexes with TPP versus with PP.  Further investigations would be 824 

required to determine whether the individual contributions from the ion-bridging 825 

interactions and the overcharging effect are similar for the different poly-phosphate ions. A 826 

distinct possibility is that the individual contributions to the ion-bridging interaction and 827 

overcharging differ from each other, but the net protein-protein interactions are the same. 828 

One might expect that the increased charge of the TPP versus PP would lead to a stronger 829 

ion-bridging interaction, but also a stronger over-charging repulsion.  830 

 831 

The phase diagram in solutions of multivalent ions 832 

 833 

A comparison between this work and previous work on trivalent cations needs to be 834 

made to highlight some of the similarities and disparities between the two systems. In 835 

Figure 8 we show a schematic of a protein phase diagram where the y-ordinate corresponds 836 

to an equivalent temperature or a measure of the protein-protein interaction strength such 837 

as b22. The phase diagram, which has been elucidated in detail for lysozyme and 𝛾-838 

crystallins, includes a liquid-liquid equilibrium, which is metastable to the crystal solubility 839 

curve.35,74,78-86 The liquid-liquid equilibrium has the same fundamental origin as a vapour-840 

liquid transition for a pure fluid. Beneath the binodal is a spinodal, defined by the locus of 841 

points where the osmotic compressibility is equal to zero. The spinodal, which bounds the 842 

region of instability where solutions spontaneously undergo phase separation, meets the 843 

binodal at the critical point. In addition, there is a gel transition that extends into the 844 

spinodal.84,87-88  845 

 846 

 847 

 848 

 849 
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 866 

 867 

 868 

Figure 8: A schematic of a protein phase diagram where the y-ordinate corresponds to an 869 

equivalent temperature or a measure of the protein-protein interaction strength such as 870 

b22. 871 

 872 

In order to further understand the impact of poly-phosphates on the phase diagram, 873 

a schematic of the experimentally determined phase diagram for lysozyme in terms of B22 is 874 

shown in figure 9. The circles points indicate the solubility of lysozyme crystals under a 875 

range of different solution conditions taken from a study by Guo et al 1999, while the 876 

diamond points correspond to the dilute branch of the liquid-liquid binodal obtained for 877 

lysozyme in solutions with 500 mM sodium chloride.55,84 The binodals measured at lower 878 

sodium chloride concentrations occur at approximately the same location suggesting there 879 

is a universal binodal in terms of B22 for lysozyme. The binodal, as expected, occurs at a 880 

greater strength of protein-protein attraction and is located below the crystal solubility line. 881 

The squares correspond to the 𝑐∗∗  boundary determined in this work for solutions 882 

containing either STPP or SPP, which is located at even greater strengths of protein-protein 883 

attraction when compared against the binodal. 884 

 885 

The location of the gel transition relative to the binodal has been investigated for 886 

lysozyme by Dumetz et al 2008.87 For lysozyme dissolved in sodium chloride solutions, a 887 

liquid-liquid equilibrium only occurs below a critical concentration of approximately 1.6 M, 888 

while above, a solid precipitate is always formed. In contrast, lysozyme always forms a solid 889 
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precipitate in ammonium sulfate solution. They showed the type of precipitation is 890 

determined by the location relative to the point where the gelation line intersects with the 891 

binodal.  If solutions are prepared in the spinodal at a location above the intersection point,  892 

 893 

 894 

 895 

 896 

 897 

 898 

 899 

 900 
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 907 

 908 

 909 

Figure 9. Experimental data for B22 values of lysozyme in the presence of SPP () and STPP 910 

(), lysozyme crystal solubility from different solution conditions measured by Guo et al 911 

1999 () and the diamonds correspond to the liquid-liquid binodal obtained for lysozyme in 912 

solutions with 500 mM sodium chloride Gibaud et al 2011 ().55,84 913 

 914 

 915 

a liquid-liquid equilibrium is formed through spinodal decomposition. However, 916 

when preparing solutions at locations below this point, the spinodal decomposition is 917 

arrested leading to the formation of a gel phase or an amorphous precipitate, where the 918 

coexisting liquid phase is more concentrated than the dilute phase of the binodal located at 919 

the same protein-protein interaction strength. The authors indicated that the binodal is 920 

absent for lysozyme in ammonium sulfate solutions because the gelation line intersects the 921 

binodal to the left of the critical point, in which case, spinodal decomposition is always 922 

arrested.   923 

 924 

Our experimental evidence suggests that the amorphous precipitate observed for 925 

lysozyme in the poly-phosphate solutions is due to a gel transition. The solid precipitate 926 

formed by lysozyme has a shiny white appearance, which resembles the observations 927 

reported for the lysozyme precipitate in Dumetz et al 2008.87 Furthermore, the supernatant 928 

phase concentrations obtained from the poly-phosphate experiments are always greater 929 
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than the concentrations along the dilute branch of the binodal when compared at the same 930 

value of B22, which is expected if the gel transition has interrupted the liquid-liquid 931 

transition.84 At higher poly-phosphate concentrations, the coexistence curve occurs at 932 

values of B22 that are similar to the critical point B22 in sodium chloride solutions. Because 933 

we do not observe any liquid-liquid equilibrium, this suggests that the gelation line has 934 

moved to the left of the critical point.  This hypothesis assumes that there is a universal 935 

binodal in terms of B22 for lysozyme under all solvent conditions. The location of the critical 936 

point is known to depend on the anisotropy of the interaction potential, where decreasing 937 

the anisotropy can shift the critical point to higher values of B22.89-92 If this is the case, liquid-938 

liquid equilibrium might still be possible in solutions at higher poly-phosphate 939 

concentration. However, the protein-protein interactions are likely more, rather than less 940 

anisotropic in solutions of multivalent ions, which is supported by the observed shift of the 941 

critical point to lower packing fractions for the liquid-liquid equilibrium of BSA induced by 942 

adding YCl3.62 Nevertheless a more detailed investigation is still required to determine the 943 

phase boundaries in particular for solutions corresponding to larger values of B22 than the 944 

points shown on figure 9.    945 

 946 

It is not unreasonable for the location of the gelation line to change relative to the 947 

binodal under solution conditions where there is a significant electrostatic repulsion as 948 

occurs with poly-phosphate solutions.84 This was demonstrated through determining the 949 

relative location of the gelation line to the binodal for lysozyme as a function of NaCl 950 

concentration. A near universal relationship between B22 and the binodal indicated the 951 

liquid-liquid equilibrium depends on the integrated form of the total protein-protein 952 

interaction, which includes an ionic-strength independent short-ranged attraction and a 953 

long ranged repulsion that increases with decreasing salt concentration. On the other hand, 954 

the gel transition was found to only depend on the magnitude of the short-ranged protein-955 

protein attraction. As a consequence, the gel transition moves to the left of the binodal 956 

when decreasing ionic strength, because there is a greater contribution from the short-957 

ranged attraction required to balance the increase in the long-ranged electrostatic repulsion 958 

to obtain the same B22. Overall, this suggests the liquid-liquid equilibrium could be obtained 959 

by weakening the short-ranged attraction in the poly-phosphate solutions. This indeed is 960 

consistent with a recent study examining how the phase behaviour of BSA changes in YCl3 961 

solutions as a function of the deuterated water content.26 At high levels of deuterated 962 

water, the behaviour resembles what we observe in poly-phosphate solutions, where the 963 

absence of a liquid-liquid equilibrium corresponds to stronger short-ranged protein-protein 964 

attraction (as quantified in terms of B22 measurements) and an increase in the size of region 965 

II in in the phase diagram. 966 

 967 

 968 

 969 

 970 
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Difference between citrate and SPP 971 

 972 

Citrate reduces and inverts the net charge of lysozyme in a similar manner to SPP 973 

and STPP but does not induce reentrant condensation, despite citrate and SPP being of 974 

similar shape, size and charge. The explanation as to why citrate does not induce lysozyme 975 

reentrant condensation and PP does cannot be explained solely in terms of electrostatics as 976 

lysozyme zeta potentials for both anions are similar; this suggests their different behaviours 977 

can be explained by differences in their specific chemistry which determines how they 978 

interact with lysozyme.  979 

 980 

First, the P-O- bonds in PP are more polarised than the C-O- groups in citrate which 981 

would result in stronger electrostatic interactions between SPP and the solvent exposed 982 

basic residues of lysozyme compared to those the carboxylate groups of citrate can form. 983 

These stronger electrostatic interactions formed by PP would enable lysozyme crosslinking. 984 

Second, carboxylate and phosphate groups have different hybridisations (shapes) which 985 

could allow them to interact with basic residues differently. These differences are 986 

highlighted by a body of literature investigating how hydrogen bond donors (HBD), metal 987 

cations and covalent bonds form between sulfate, phosphate and carboxylate groups.93-96 988 

This work shows that phosphate-HBD geometry is different to carboxylate-HBD.93,96 989 

Interactions between carboxylate groups and hydrogen bond donors/some metal cations 990 

were found to be highly directional.93 Unlike carboxylates, interactions between phosphates 991 

and hydrogen bond donors were found to be less directional; they show almost equal 992 

preference for anti-orientation and syn-orientation interactions and no preference for in-993 

plane interactions; this could explain why PP induces reentrant condensation and citrate 994 

does not.93 It is possible that the highly directional orientation required for citrate-HBD 995 

interactions prevents citrate from crosslinking lysozyme molecules because the required 996 

orientations are sterically hindered.95 For the phosphate groups of PP the interactions with 997 

the basic residues are less directional; which means there should be less steric hindrance 998 

associated with crosslinking lysozyme molecules together which makes it more favourable. 999 

 1000 

Conclusions 1001 

 1002 

In summary, we have shown anions with higher valencies are more effective at 1003 

reducing lysozyme-lysozyme repulsion under low ionic strength conditions by altering 1004 

electrostatic interactions between lysozyme molecules, where multivalent anions cause 1005 

reversal of lysozyme net charge and overcharging at high ionic strengths. The degree of 1006 

lysozyme charge inversion was determined by anion valency and follows the order TPP > PP 1007 

> citrate > sulfate > chloride. The poly-phosphates SPP and STPP induced precipitation of 1-1008 

100 mg/mL lysozyme at low concentrations through an ion-bridging attraction, which is 1009 

stronger than that observed with trivalent cations and negatively charged proteins. 1010 

Resolubilization of the precipitate occurs at higher ion concentration most likely due to an 1011 
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overcharging effect. We suggest that the precipitate formed in region II is due to a gel 1012 

transition formed through spinodal decomposition. Interestingly, we do not observe any 1013 

ion-bridging attraction or reentrant condensation behaviour for lysozyme in solutions 1014 

containing citrate even though citrate has a similar effectiveness as pyrophosphate at 1015 

neutralizing lysozyme charge. 1016 
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