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Abstract

The ability of polyvalent anions to influence protein-protein interactions and protein net
charge was investigated through solubility and turbidity experiments, determination of
osmotic second virial coefficients (B,,) and zeta potential values for lysozyme solutions. B,
values showed that all anions reduce protein-protein repulsion between positively charged
lysozyme molecules and those anions with higher net valencies are more effective. The
polyvalent anions pyrophosphate and tripolyphosphate were observed to induce protein
reentrant condensation, which has been previously observed with negatively charged
proteins in the presence of trivalent cations. Reentrant condensation is a phenomenon in
which low concentrations of polyvalent ions induce protein precipitation, but further
increasing polyvalent ion concentration causes the protein precipitate to resolubilise.
Interestingly, citrate anion does not induce lysozyme reentrant condensation despite having
a similar charge, size and shape to pyrophosphate. We observe qualitative differences in
protein behaviour when compared against negatively charged proteins in solutions of
trivalent cations. The poly-phosphate ions induce a much stronger protein-protein
attraction, which correlates with the occurrence of a liquid-gel transition that replaces the
liquid-liquid transition observed with trivalent cations. The results indicate solutions of poly-
phosphate ions provide a model system for exploring the link between the protein phase
diagram and model interaction potentials and also highlight the importance ion-specific
effects can have on protein solubility.
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Introduction

The desire to understand the mechanism behind protein-protein interactions and
how they can be modulated by the presence of co-excipients has attracted the attention of
researchers for over a century.l'4 The desire to quantify the mechanisms of how cosolutes
influence protein-protein interactions is important for understanding protein behaviours
such as ligand binding, protein unfolding, crystallisation pathways, liquid-liquid phase
separation (LLPS) and liquid-solid phase separation (LSPS). The need to understand protein
phase behaviour in greater detail has been spurred on by the pharmaceutical industries
ambition to develop stable liquid formulations of therapeutic biologics and provide a
greater understanding into how biomolecular condensates form inside cells.”® The
presence of certain cosolvents can improve biopharmaceutical solubility, stability and
activity profiles when present in a formulation and are used by the industry to circumvent

solubility and stability issues.™” %48

Excipients are often discovered through large-scale
screening and development of new solution additives, which aim to increase
biopharmaceutical solubility, minimise poor rheological properties in concentrated
formulations and maintain storage-stability for up to 2 years. A quantitative understanding
of what makes certain additives solubilise, stabilise and improve activity is needed if future
researchers are to take a more rational approach to formulation optimisation and

understand cellular phase behaviour.

Salts are often integral components of formulations due to their ability to modulate
protein solubility and thermal stability. Franz Hofmeister was the first to show that
moderate-high concentrations of certain salts influence protein solubility in a consistent
manner. This consistency enabled the salts to be ordered based on their ability to influence
protein solubility into the Hofmeister series.” This series has been found to exist in terms
of how salts modulate protein thermal stability, water surface tension and viscosity.

414151925 At Jower salt

However, the exact mechanism is subject to active debate.
concentrations (ionic strength < 100 mM), salts appear to modulate protein thermal stability
and solubility via ion-specific interactions, which are inconsistent with the Hofmeister
Effect.”>?®?” These inconsistencies appear to arise from differences in ion binding affinity

and differences in protein surface topography.’>?*?°

The effects of these ion-specific
interactions in some cases follow the inverse Hofmeister series for anions and are reflected
by the dual nature multivalent cations and anions have on the solubility of proteins (also

6,26,28,30-31

termed reentrant condensation). they depend upon man factors such as the net

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

concentration and the distribution of residues on the surface of the protein.26'28'3'0'35

With positively charged proteins, the inverse Hofmeister effect is observed at low
ionic strengths when chaotropic anions are more effective at decreasing protein solubility,
but at higher ionic strengths protein solubility reverts back to classical Hofmeister
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For example the model protein lysozyme is least soluble under low ionic
strength conditions in the presence of thiocyanate and most soluble in the presence of
sulfate.”” The mechanism for the inverse Hofmeister effect has been rationalised from lower
critical solution temperature (LCST) studies of lysozyme.?®*” The LCST of a protein, also
known as the cloud-point temperature (CPT), corresponds to the temperature on-set of
protein precipitation upon cooling. Under low ionic strength conditions, electrostatic
repulsion between lysozyme molecules leads to increased solubility. Chaotropic anions
increase the CPT when they interact with positively charged surface residues and reduce the
surface charge of the protein which leads to an increase in protein-protein attraction. 2%
Further increasing the chaotropic ion concentration causes the CPT to decrease (protein-
protein attractions become weaker) and protein resolubilisation occurs. The first phase has
been modelled through a Langmuir-type isotherm that describes the ability of the anions to
bind to the protein and neutralise the surface charge, which correlates with the anion
polarizability, which in turn, follows the inverse Hofmeister series. The second phase has
been attributed to hydration effects and how the anions modify the surface tension of the
solvent around the protein, which is related to the classical Hofmeister salting-in/out

phenomenon.28'37'39

Trivalent cations such as yttrium (Y**), lanthanum (La*") and iron (Fe**) have a dual
effect on the solubility of some proteins, which has been termed reentrant

2630 addition of trivalent cations to a solution of human serum albumin (HSA),

condensation.
bovine serum albumin (BSA), ovalbumin and B-lactoglobulin cause protein precipitation, but
further addition of trivalent cations causes the protein precipitate to resolubilise. The
proteins previously listed are negatively charged under the experimental conditions used
and repel each other through long-range electrostatics when no ions are present.
Precipitation and resolubilisation occur at critical salt concentrations denoted by c* and c**,
respectively that are roughly proportional to protein concentration indicating the
boundaries occur at a constant ratio of ion to protein concentration. Initially, when trivalent
cations bind to solvent exposed acidic residues there is neutralisation of the long-range
electrostatic interactions and formation of short-ranged ion-bridging attractive forces
between proteins. The combination of these effects causes protein condensation to take
place at the critical salt concentration c*corresponding to when the proteins have net
negative charge. At concentration c** protein resolubilisation occurs, which has been
attributed to either overcharging the protein by further binding of the trivalent cation or

4041 solutions of negatively charged proteins and trivalent

due to a charge screening effect.
cations have been used as a model system for understanding the link between
intermolecular interactions and phase behaviour as the condensed region contains a liquid-
liquid equilibrium, gel formation at higher protein concentrations, and cluster formation
and/or amorphous precipitation at lower protein concentrations. The presence of the liquid-
liquid equilibrium is especially important because protein crystallization can be enhanced

near to the phase boundaries.
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While the trivalent cation system provides a good model for understanding and
controlling protein phase behaviour, it is of limited practical use for biopharmaceuticals
production due to the toxic nature of the cations. However, it is feasible that similar
behaviour can be induced using small multivalent anions. Small anions such as
pyrophosphate (PP) and tripolyphosphate (TPP) are already approved by multiple regulatory

bodies for use in foods and in cosmetics.*>**

Currently the effects of polyvalent anions on
protein-protein interactions and protein phase behaviour are not well known or studied.
Similar features to reentrant condensation have been observed to occur with polyvalent
anions and proteins that have a net positive charge, most notably with the compound phytic

acid (myo-inositol hexaphosphate, 1P6).**>*

IP6 has a number of antinutritive properties
linked to its ability to chelate positively charged metals and modulate the solubility of
positively charged ingested and digestive proteins making them less available for the body

to absorb, which causes the antinutritional effects.>**°

This was confirmed in a study by
Bye et al 2012, phytic acid was seen to precipitate positively charged lysozyme but have no
effect on the solubility of myoglobin and HSA which were neutrally and negatively charged

respectively.31

There are other instances where re-entrant condensation does not occur for systems
of multivalent ions and oppositely charged proteins. The multivalent cation spermidine is
not capable of causing precipitation of negatively charged proteins, which has been
attributed to the diffuse charge distribution on the polycation.50 Mellitate, a small
multivalent anion, precipitates lysozyme at very low salt concentrations, but no
resolubilisation occurs at higher salt concentration.® As such, it is not clear to what extent
the universal behaviour observed for trivalent metal cations with negatively charged
proteins can be transferred to multivalent anions interacting with positively charged
proteins.

As a first step towards addressing this issue, we determine how multivalent anions
alter lysozyme phase behaviour and protein-protein interactions based on their ability to
neutralise lysozyme charged groups. We show that the sodium salts of pyrophosphate (SPP)
and sodium tripolyphosphate (STPP) induce lysozyme reentrant condensation, where the
structures of SPP and STPP are shown in figure 1. It should be noted that the abbreviations
STPP and SPP refer to the sodium salts of each anion, whereas the abbreviations PP and TPP
refer to the pyrophosphate and tripolyphosphate anions respectively. It is likely the
polyvalent anions effect protein interactions through similar mechanism of protein charge
neutralization and ion-bridging effects, but the condensed phases have different properties
from those formed in trivalent cation systems. We also show the trivalent anion citrate is
incapable of inducing protein condensation, which highlights the important role of ion

specific effects.>>*6>2

The difference is likely due to the inability of citrate to cross-link
proteins together even though it has nearly the same effectiveness as pyrophosphate at

neutralizing the positive charge on lysozyme.
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Experimental Section
2.1 Materials

Lysozyme was sourced from Sigma Aldrich (Sigma Aldrich, Gillingham, U.K.) and used
without further purification. Tris base, sodium chloride, monobasic sodium phosphate,
dibasic sodium phosphate, disodium sulfate and trisodium citrate were sourced from Sigma
Aldrich with purities <99%. Sodium pyrophosphate (SPP) was sourced from Alfa Aesar, (Alfa
Aesar, Heysham, U.K.) with a purity of <98% and sodium tripolyphosphate (STPP) was
sourced from Fisher Scientific U.K. Ltd, (Fisher Scientific, Loughborough U.K.) with a purity of
<99%. Water sourced from a Milli-Q® Advantage A10® water purification system (Merck,
Darmstadt, Germany) with a resistivity of 18.2 MQ.cm was used as the solvent for all salt
and protein solutions.

All buffer solutions used for dialysis and excipient solutions were prepared
volumetrically and filtered with a 0.2 um hydrophilic nylon membrane (Merck Millipore Ltd.,
Ireland) regardless of the experiment being conducted. lonic strength was calculated for
each salt using literature pK; values and the Henderson-Hasselbalch equation.53

2.2 Static Light Scattering Experiments

Static light scattering (SLS) measurements were used to determine the osmotic
second virial coefficient (B,,) for lysozyme as a function of ionic strength. The value of B,,is
related to a separation and orientation averaged free energy of interaction between a pair
of proteins. Positive values reflect net repulsive protein-protein interactions, while negative
values relate to averaged attractive protein-protein interactions.

10 mL stock lysozyme solutions were prepared and dialysed against 500 mL of the
desired buffer solution for 4 hours twice and again overnight. After dialysis the pH of the
lysozyme stock solution was adjusted to pH 9.0 (+ 0.02). Next, the lysozyme stock solutions
were adjusted to 20 mg/mL; pH was checked and adjusted again after this step. Finally the
lysozyme stock solution was passed through a 0.02 um Whatman Anotop syringe filter
(Scientific Laboratory Supplies Ltd, Nottingham, U.K.).

SLS experiments were conducted on a Wyatt miniDAWN TREOS 3 angle (49°, 90° and
131°) detector (Wyatt Technology Corporation, Santa Barbara, CA 93117) with a flow cell;
instrument details are given in a previous publication.8 Samples were delivered and mixed
using a Wyatt Calypso Il (Wyatt Technology Corporation, Santa Barbara, CA 93117), an
automated syringe pump. The Calypso Il contains three programmable syringe pumps
capable of generating precise concentration step gradients. The flow from each syringe
pump passes through an in-line 0.1 um pore size membrane. A static mixer is used to mix
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the streams after the filtration step before the sample enters the flowcell. In a typical light
scattering experiment, pump 1 will uptake the protein stock solution, pump 2 will uptake a
stock solution containing the co-solute and pump 3 will uptake the buffer solution. The
Calypso Il was then programmed to generate a series of experiments. B,; values were
obtained by decreasing the protein concentration in a linear stepwise fashion from the
starting protein concentration (10 mg/mL) to zero concentration; this was repeated in the
presence of different co-solute concentrations to assess how salts modulate B,; values.

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

2
ke(3e)
C/T,iw.Us

ts = = + 2By;c (1)
where K is the light scattering constant 2r°no®/(Na/A%), no is the refractive index of the
solvent, A is the wavelength of the light, ¢ is the protein concentration (mg/mL), (dn/
9¢) 1,15 1S the refractive index increment of the protein (a value of 0.185 mL/g was used)
solution measured at a constant chemical potential of the water (u,,) and salt (us), Rg is the
measured excess Rayleigh scattering ratio of the protein solution over the solvent, M is the
molecular weight of the protein and B,, is the osmotic second virial coefficient. The error
bars reported on the values of By, correspond to the standard error in the slope estimate
from plotting Kc/Rg versus protein concentration (g/mL). In some instances, error bars are
not visible due to them being the same size or smaller than the corresponding symbols in
the plot.

2.3 Protein Precipitation and Turbidity Experiments

25 mL of 125 mg/mL lysozyme in 10 mM tris buffer at pH 9.0 was prepared and
dialysed against 500 mL of 10 mM tris three times for 4 hours and again overnight. After
dialysis the pH of the lysozyme stock solution was adjusted to pH 9.0 (+ 0.02) and the stock
solution was adjusted to 100 mg/mL lysozyme, 10 mM tris buffer; pH was checked again
after this step. Finally, the protein stock solution was filtered with a 0.02 um Whatman
Anotop syringe filter. 420 mM stock solutions of sodium tripolyphosphate (STPP) and 300
mM sodium pyrophosphate (SPP) in 10 mM tris buffer at pH 9.0 (+ 0.02) were prepared.
New stock solutions of lysozyme at 2, 10, 20, 40 and 60 mg/mL were prepared from the
original 100 mg/mL stock solution. 500 ul of the new lysozyme stock solutions were
combined with 500 ul of SPP-tris or STPP-tris solutions to give samples containing the
desired lysozyme-SPP/STPP concentrations. After mixing, samples were allowed to
equilibrate at 25 °C for 1 hour before being centrifuged at 10,000 rpm for 2 minutes using a
Heraeus Pico 17 Centrifuge (ThermoFisher Scientific Ltd., U.K.). The equilibration and
centrifugation steps were repeated one more time. After the second centrifugation step the
supernatant was collected and its 280 nm absorbance measured using a NanoDrop™
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One/One® Microvolume UV-Vis spectrophotometer (ThermoFisher Scientific Ltd., U.K.).
Absorbance values were then plotted against SPP and STPP concentration.

Turbidity experiments were conducted using a Brinkmann Probe Colorimeter PC 950
(STH Company, Cocoa Beach, FL 32931) at 490 nm. All lysozyme solutions were prepared in
the same manner as the precipitation experiments. Instrument transmittance was initially
blanked to 100 % for each lysozyme concentration. The starting volume of each lysozyme
sample was 10 mL to which SPP and STPP were titrated into to give the desired SPP/STPP
concentration while the sample was continuously stirred. For 1, 5, 10 and 20 mg/mL
lysozyme samples transmission readings were taken every 2 minutes after SPP/STPP
addition. For 30 and 50 mg/mL lysozyme readings were taken every 5 minutes until
transmittance reached zero.

2.4 Zeta Potential Measurements

(-potentials for lysozyme were determined on a Zetasizer Nano ZSP (Malvern
Instruments Ltd., Malvern, U.K.) using DTS1070 folded capillary cells (Malvern Instruments
Ltd., Malvern, U.K.). A 10 mg/mL stock solution of lysozyme was prepared and filtered using
the same method described in section 2.2. All ¢-potential measurements were made with 1
mg/mL protein in 10 mM tris buffer at pH 9.0 (+ 0.02) for lysozyme (the relatively low 1
mg/mL lysozyme concentration was used to ensure that phase-separation could be avoided
for most SPP and STPP samples). All -potential measurements were conducted with the
same applied voltage (40 V). In this study an F(ka) of 1.5 (i.e. Smoluchowski’s
approximation) and the dielectric constant of water were used. All experiments were run at
25 °C, the sample was allowed to equilibrate for 300 seconds before the measurements
were made, 10 measurements were collected and averaged for each ionic strength tested
and were repeated six times. In figures 3A and 3B it should be noted that standard deviations
were calculated for all data points, but the standard deviation for some points was small enough
that the bars do not appear over the data point.

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

The effect of increasing ionic strength by adding different salts on the osmotic
second virial coefficient (B;;) of lysozyme at pH 9.0 was assessed through static light
scattering (SLS); these results are reported in figure 2, molecular weights for each condition
tested are given in table S1. Positive B,, values at low ionic strength indicate strong

repulsion between positively charged lysozyme molecules.””*>’

Increasing the
concentration of each salt causes B,; values to decrease and plateau at slightly negative

values. The main effect of changing ionic strength in the range of 0-100 mM is to alter

9



357
358
359
360
361
362

363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380

electrostatic interactions between proteins. At pH 9.0, titration experiments indicate
lysozyme has a net charge of around +6-7 e.”® The positive charge on lysozyme gives rise to
repulsive double layer forces under low ionic strength conditions. Increasing ionic strength
compresses the double layer and reduces the range of the force causing the observed
decrease in B,; values and the plateauing behaviour observed at higher ionic strengths
(>100 mm).>+>"=8
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Figure 2. Experimental data for B,, values of lysozyme as function of chloride (H),
phosphate (®), sulfate (A) and citrate () ionic strength in 10 mM tris buffer (ionic
strength contribution 1.05 mM) at pH 9.0.

The trends of B, with respect to salt type indicate how anions with increasing
charge influence the strength of lysozyme-lysozyme interactions. Anions with higher
valencies are more effective at reducing lysozyme-lysozyme repulsion under low ionic
strength conditions. This pattern of protein-protein interactions, when comparing the
sodium salts of phosphate, sulfate and citrate, has been previously observed for a
monoclonal antibody and rationalized in terms of a charge neutralization mechanism

effecting electrical double layer forces.®*®

At a given ionic strength condition, the double
layer force depends on the fixed charge of the protein including any tightly bound ions
contained in the stern layer. As such, the increased efficiency of the ions at reducing
protein-protein interactions is likely due to their ability to bind to and neutralise the positive
charge of the basic residues. lons with increasing valency are more effective because

binding is in part driven by electrostatic interactions, which are stronger with the increase in

10
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ion charge. It appears that the ion binding only alters the electrostatic interactions between
proteins as anion-specific differences are reduced under high ionic strength conditions.

(-potential measurements shown in figures 3A and 3B, were used to determine how
different anions influence the fixed charge of lysozyme. The Z-potential reflects the
electrostatic potential at the slip plane of the protein, which depends on the charge that is
immobilized on the protein including any counterions or co-ions. When comparing the -
potential measured at a fixed ionic strength for lysozyme in different salt solutions, the
difference arises due to changes in the number of anions bound to the protein. As such, the
decrease observed in the solutions of multivalent anions reflects the initial neutralization of
the positive charge. The same pattern of ion binding is found as deduced from the B,
trends, where the ability of the anion at neutralizing the lysozyme positive charge follows
the order citrate > sulfate > chloride. The increased binding affinity of multivalent anions
such as sulfate or citrate to proteins has also been observed from calculating the effective
charge (Q*) of lysozyme in the presence of different salts and simulation studies.>®®® The
poly-phosphate anions are more effective at neutralizing the protein due to their larger ion
valency when compared against citrate.
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Figure 3. (A) Zeta potentials for 1 mg/mL lysozyme in the presence of 0-12 mM ionic
strength NaCl (M), sulfate (A), citrate (@), SPP (X) and STPP (4) in 10 mM tris at pH 9.0. (B)
1 mg/mL lysozyme in the presence of 0-200 mM ionic strength NaCl (M), sulfate (A), citrate
(@), SPP (X) and STPP (4) in 10 mM tris at pH 9.0. Tris Buffer ionic strength contribution is

1.05 mM at pH 9.0.

The {-potential measurements indicate lysozyme net charge decreases quickly at low
ionic strengths and plateaus at a negative value at higher ionic strengths indicating the
multivalent anions overcharge the protein. The magnitude of the charge inversion also
follows what is expected based on the ion valency as the overcharging effect follows the
order TPP > PP > citrate > sulfate, where the average charge of PP and TPP at pH 9.0 are
equal to -3.32e and -4.76e respectively.61

The protein-protein interactions measured in the solutions containing poly-
phosphate ions indicates the protein behaviour differs qualitatively to what happens in
solutions with citrate or sulfate ions. It was hypothesised that there would be a non-
monotonic dependence of By, in poly-phosphate solutions as protein-protein interactions
should initially be screened by increasing salt concentration followed by an increase in

12
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repulsion due to over-charging. However, values of B,, could not be determined at low ionic
strengths (<300 mM) of SPP or STPP due to lysozyme phase separation occurring at the
protein concentrations used in the light scattering analysis. By, values were obtained at
higher ionic strengths as shown in figure 4. The inset of figure 4 shows that the B,, values of
SPP and STPP overlap when they are plotted as a function of molar concentration. B,, values
become more negative as the ionic strength of SPP and STPP is decreased below 1 M,
indicating an increase in protein-protein attraction much stronger than that observed in
other salt solutions. Further reducing ionic strength is expected to lead to an even greater
protein-protein attraction, which would explain why lysozyme precipitates in solutions with
low poly-phosphate concentrations conditions. Conversely, at high ionic strengths, protein-
protein interactions are more repulsive in solutions containing either SPP or STPP versus
NaCl. The change in protein-protein interactions occurs over an ionic strength range where
electrostatics should be screened indicating approaches based on the Poisson-Boltzmann
equation cannot be used to rationalize all the effects of the polyvalent anions.
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Figure 4. Experimental data for B,, values for lysozyme as function of ionic strength for
chloride (W), NaCl+25 mM (1.812 mM) STPP (), SPP (X) and STPP (4) in 10 mM tris Buffer
(ionic strength contribution 1.05 mM) at pH 9.0. Insert shows molar concentrations for all
salts tested.

In order to further investigate how the poly-phosphate ions modulate protein-
protein interactions, we determined B,, values as a function of sodium chloride

13
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concentration in solutions with a fixed STPP concentration of 1.812 mM, which corresponds
to an ionic strength contribution from the salt equal to 25 mM. Measurements were only
possible once the concentration of NaCl was greater than 80 mM. With increasing NaCl
concentration, there is a weakening of the protein-protein attraction induced by the TPP. At
higher concentrations of NaCl, B,; values start to overlap with those obtained in solutions
with no SPP or STPP. If the only effect of NaCl is to screen protein-protein interactions, then
we would expect a monotonic increase in B, values as electrostatic interactions between
proteins are weakened with increasing salt concentration. As such, the non-monotonic
dependence of B, reflects a combination of effects. We suggest the initial addition of NaCl
screens TPP binding to the protein, which in turn, weakens any protein-protein attraction
induced by the TPP. At a critical NaCl concentration, there is no TPP binding and the B,,
values follow the curves obtained in the absence of TPP, where the main effect of sodium
chloride is to screen the repulsive electrostatic interactions between proteins. A similar
behaviour has been previously observed to occur with IP6. Low concentrations of IP6 were
shown to decrease the thermal stability of lysozyme, myoglobin and HSA as measured by
differential scanning calorimetry (DSC), which is due to IP6 binding protein surface through
electrostatic interactions causing distortion of the peptide backbone and tertiary structure
of the protein.31 Adding NaCl to the solutions caused an increase in protein structural
stability, which was attributed to displacing the IP6 molecules from the proteins through a
salt screening effect.*

Reentrant Condensation of Lysozyme by the Polyvalent Anions Pyrophosphate and
Tripolyphosphate but not Citrate

We initially mapped out precipitation phase boundaries by preparing a range of
solutions at multiple lysozyme concentrations between 1-100 mg/mL and SPP or STPP
concentrations between 0-210 mM. In some of the samples an amorphous solid precipitate
formed immediately after preparing the solution. In these cases, the solid-phase was
separated from the liquid-phase by centrifuging the sample at 10,000 rpm for 2 minutes and
the supernatant concentration was measured. Figure 5A shows a plot of protein
concentration in the supernatant phase as a function of STPP concentration for different
initial protein concentrations (an equivalent plot for SPP is shown in figure S2A). The flat
parts of the precipitation profiles correspond to solutions where there is no lysozyme
precipitation. The behaviour follows what is expected for reentrant condensation. An initial
increase of salt concentration causes protein precipitation, where the critical concentration
of SPP or STPP that causes protein precipitation is denoted by c*°. A superscript p is used to
denote that the boundary corresponds to a precipitation experiment. The amount of
lysozyme precipitated from solution by SPP or by STPP reaches a maximum as indicated by
the lowest protein concentration on each curve. Increasing the concentrations of SPP and
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STPP past this point results in an increase in supernatant protein concentration followed by

full protein resolubilisation at a poly-phosphate concentration denoted here as c*P.
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Figure 5. (A) Data for lysozyme precipitation experiments tested at 1 mg/mL (®), 5 mg/mL
(H), 10 mg/mL (®), 20 mg/mL (A), 30 mg/mL (¥) and 100 mg/mL (X) in 10 mM tris pH 9.0
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buffer with increasing STPP concentration. (B) Comparison between 10 mg/mL (4) and 30
mg/mL (V) lysozyme precipitation data (filled symbols) and transmission data (empty
symbols) in 10 mM tris pH 9.0 buffer with increasing STPP concentration.

A number of observations can be made from the data in figures 5A, and S2A and a
direct comparison between SPP and STPP with 10 and 30 mg/mL lysozyme given in figure
S3. First, for SPP or STPP, more poly-phosphate ions are needed to precipitate higher
concentrations of lysozyme. Second, STPP is more effective than SPP at precipitating
lysozyme as the initial precipitation occurs at lower STPP concentrations and the solubility
of lysozyme at the maximum precipitation point is lower for STPP than for SPP. Lastly, the
resolubilisation part of the curve at higher lysozyme concentrations appears similar for SPP
and STPP (figure S3). The offset at lower lysozyme concentrations could be due to the
greater amount of lysozyme having to be resolubilised when STPP is used as the precipitant.

In addition we have carried out turbidimetric titrations by adding SPP or STPP to
lysozyme solutions. Example plots of the titrations for solutions of lysozyme at either 10
mg/mL or 30 mg/mL in STPP solutions are compared against the turbidity titrations in figure
5B. The boundary c* was taken to occur when transmittance reached 95 % with increasing
salt concentration. For STPP the boundary c* occurs at lower STPP concentrations than c*P,
whereas for SPP the c* and ¢*® boundaries overlap at equivalent lysozyme concentrations. A
slight decrease in turbidity occurs in solutions containing 1 mg/mL lysozyme and SPP,
despite no observable precipitation occurring. The turbidity titrations were also used to
determine the c¢** boundary corresponding to the salt concentration when the
transmittance of the solution returned to 100 %. In contrast to the c* boundaries, the
c** values determined by turbidimetric titrations coincided with the corresponding values
determined by the precipitation experiments for solutions containing either SPP or STPP.

The phase behaviour observed here is similar to the reentrant condensation
behaviour reported for trivalent cations with negatively charged proteins.s’ze’:*}o’33 Figure 6A
and 6B show the phase diagram of lysozyme in the presence of SPP and STPP containing the
boundaries c¢*, c*?, and ¢**°, which demarcate the different types of protein solution
behaviour. Lysozyme is fully soluble in solutions located below the ¢** boundary, solid-
liquid phase separation occurs at locations between c¢*°, and c¢***, and lysozyme
resolubilisation occurs above ¢**P. Following the trivalent cation work, we denote region |
and lll to occur below c* and above c*” respectively, while region Il is located between those
boundaries. The turbidity titrations have confirmed the existence of cluster formation in
regions located between c* and c*” for STPP and for solutions of SPP to the left of the solid-
liguid equilibrium. We have not observed any lysozyme crystallization to occur in the cluster
region, which is in direct contrast to solutions with trivalent cations, where the clustering

30,62

region leads to protein crystal formation. Another key difference is that the liquid-liquid

16



605 equilibrium observed in solutions with trivalent cations has been replaced with a solid-liquid
606  equilibrium in poly-phosphate containing solutions.
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642 Figure 6. Phase diagram of lysozyme as a function of SPP (A), STPP (B) and lysozyme

643 concentration in 10 mM tris pH 9 buffer. Solid data points on the lower solid line in A and B
644 were taken as the point lysozyme precipitation starts to occur (c*”) and the data points on
645 the top solid lines were taken when full lysozyme resolubilisation occurs (c**P). The dashed
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line with open symbols in A and B were determined from turbidity experiments and are
when transmittance decreased to 95 % (c*) from increasing SPP and STPP concentration.
Shaded areas indicate regions where cluster formation takes place.

Sodium citrate does not induce reentrant condensation of lysozyme when studied
under the same conditions as SPP (sodium citrate concentration was varied from 0-167 mM
in the presence of 10-50 mg/mL lysozyme) even though citrate was observed to influence
lysozyme net charge in a similar way to SPP. The similar neutralization ability is expected as
citrate anion is similar to PP in size, shape and charge at pH 9.0; the pKa values for citrate
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
charge of -3.32e at pH 9.0. The lack of precipitation in citrate solutions is expected from the
B,, measurements which indicate citrate ion appears to only neutralize the double layer
forces, but does not induce any additional protein-protein attraction to that which occurs
once electrical double-layer forces are screened.

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

The combined electrophoretic light scattering and precipitation experiments indicate
poly-phosphate ions induce a similar phenomenon as observed with trivalent cations.>°
With increasing concentration of multivalent ions, a drop in the electrophoretic mobility due
to ion binding and neutralization of charged groups coincides with the initial precipitation
boundary. At higher ionic concentrations, additional ion binding leads to protein charge

305083 The minimum

reversal and an overcharging effect that resolubilises the protein.
solubility occurs between the two when the fixed charge on the protein is close to zero. The
solubility correlation is due in part to the effects of repulsive double layer forces, which

76485 When the forces are removed by

increase with the net charge of the protein.
neutralizing the protein charge through ion binding, condensation or precipitation occurs
due to the attractive contributions to protein-protein interactions. The intrinsic short-
ranged attractions between proteins, which are still poorly understood, can originate from

dispersion forces, hydrogen bonding, or hydrophobic interactions.®®®

Trivalent cation binding to negatively charged proteins induces an additional short-
ranged protein-protein attraction due to an ion-bridging mechanism.3**%% The existence of
this force was deduced by Jordan et al/ 2014 from the solubility patterns of BSA. BSA is
soluble at its isoelectric point indicating the absence of double layer forces is not enough to
cause BSA precipitation, whereas precipitation of BSA occurs readily in the presence of
trivalent cations.”®> An additional protein-protein attraction has also been observed

indirectly from fitting a two-yukawa model to structure factor profiles obtained from SAXS
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data for BSA solutions.”” A much stronger attraction was required to fit the experimental
data in solutions containing FeCl; or NiCl, versus NaCl. The ion-bridging mechanism is also
evident from crystallization behaviour of B-lactoglobulin, which forms a unique crystal
structure when precipitated using solutions of YCl5.”* The yttrium ions form bridges between
two or three carboxylate groups in protein crystal contacts that do not occur in other crystal
forms for B-lactoglobulin.

The ion-bridging attraction in lysozyme solutions is evident when comparing the
behaviour in poly-phosphate solutions to the other salts investigated here. The protein-
protein attraction which results from only neutralizing double layer forces should be
reflected by the B,, values at higher ionic strength, where electrostatics have been
sufficiently screened, or in solutions of salts with multivalent cations, such as citrate or
phosphate, once the protein has been neutralized through ion binding. In citrate solutions,
the protein is neutralized above an ionic strength of 20 mM, which corresponds to a B;;
value equal to -2.9 x 10* mL mol/g? which is also similar to the value obtained at higher
ionic strength for the other salts. None of these salt solutions have been observed to cause
protein precipitation. In particular, in the citrate solutions at concentration ranging from 0
to 167 mM, the solution remains in one phase up to a protein concentration of 50 mg/ml.
In contrast, the solubility of lysozyme in SPP and STPP solutions is as low as 1 mg/mL
indicating the presence of a much stronger protein-protein attraction, which is required to
stabilize the precipitated state. The presence of an additional attraction is also apparent
when comparing the B,, values shown in figure 4. The values in the poly-phosphate solution
are much more negative at intermediate poly-phosphate concentrations when compared
against any of the other salts. The extra protein-protein attraction is likely due to a similar
ion-bridging mechanism as observed for trivalent cation systems. The multivalent property
of the poly-phosphates provides it with the ability to cross link basic residues together.

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

More insight into the nature of the ion-bridging force can be gained from
considering the location of the lower phase boundary c*. In solutions containing trivalent
cations, the boundary has been described using an empirical relationship given by

¢t =c/ +m'c, (2)

where ¢, is protein concentration. Equation 2 is applicable when the initial precipitation at
the c¢* boundary occurs at a critical value of bound multivalent ions per protein given by

* 3083 fin turn is the free solution salt concentration that is in equilibrium with the

m
protein complex when it has m* bound ions, which is independent of protein concentration
as long as protein-protein interactions are negligible. In order to check the validity of

equation 2, in the supplementary information the data shown in figure 4 has been replotted
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as a function of the salt concentration normalized by ¢, (figure S1A and S1B) where we use
the boundary c*® rather than ¢*. The curves obtained at higher protein concentration begin
to decrease at the same point, which is expected when m*c, > c/. This corresponds to the
case where the concentration of complexed ions is much greater than the concentration of
unbound ions. Because the number of complexed ions along the c* boundary is proportional
to protein concentration, decreasing protein concentration has the effect of increasing ¢/
relative to the bound ion concentration, which is reflected by a shift in the curves to the
right.

The solubility boundary ¢* has been fit to equation 2 to obtain ¢/ = 0.3 + 0.15 mM
and m* = 0.58 + 0.06, and ¢/ = 0.05 + 0.03 mM and m* = 0.27 + 0.02 for SPP and for
STPP solutions, respectively. The lower value for m* indicates that a smaller number of
bound TPP molecules versus PP are required to induce protein precipitation. This can be
rationalized in part by the greater negative charge on TPP (-4.76e) versus SPP (-3.32e).
Binding of 0.27 moles of TPP corresponds to an average reduction in charge approximately
equal to 1.3e, while the corresponding value for 0.58 moles of pyrophosphate is 1.9e. The
bare charge of lysozyme at pH 9.0 is near to +6-7 e, so that the precipitation boundary
occurs when there still exists a net positive charge on lysozyme, which is consistent with the
{-potential data for STPP in solutions at 1 mg/mL. The slight difference in the charged state
of the protein at the c*-boundary for SPP versus STPP might be due to a difference in the
protein-protein interactions upon binding the multivalent ions.

The values of m* obtained for lysozyme in poly-phosphate solutions are much lower
than what was obtained in solutions of YCl; with BSA, HSA, or ovalbumin, where the c*
boundary corresponds to near-neutral protein.”® The difference in behaviour provides
indirect evidence that the ion-bridging attraction induced by poly-phosphate is stronger
than for trivalent cations. The extra attraction is required to overcome the larger repulsive
barrier imposed by double layer forces due to the larger protein net charge in poly-
phosphate solutions along the c* precipitation boundary.

A more direct comparison of the protein-protein interactions in multivalent ion
solutions is possible when examining the behaviour at salt concentrations much greater
than c* when it is possible to directly measure values of B,,.>* Comparing protein-protein
interactions between proteins of different sizes requires using a normalized virial coefficient
defined by b,, = B,,/BS%, where BS¥ corresponds to the excluded volume contribution.””
" While it is not possible to measure BS$% directly, molecular simulation using all-atomistic
representations for proteins indicate the value can be approximated by the excluded
volume of a sphere, which has the same hydrodynamic radius as the protein.”® In figure 7
the BZZ/B%S values for lysozyme are compared against the measured values for HSA as a
function of YClz concentration where they have been normalized using a literature value for

33,76-77

Rn equal to 3.7 nm for HSA and 1.9 nm for lysozyme. In figure 7 is also shown the
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reentrant region for the protein systems, the solid arrow represents region Il for 3.1 mg/mL
HSA with YCl3 as determined by turbidity measurements. Dashed and dotted arrows
represent region Il for 5 mg/mL lysozyme with SPP or STPP respectively as determined by
solubility experiments, which reflects the concentration range between c* and c** values
for 5 mg/mL lysozyme. The reentrant region Il occurs at a slightly higher salt concentrations
for lysozyme in poly-phosphate solutions versus HSA in solutions of YCls.

100 1000

Salt Concentration (mi)

Figure 7. Plot of the reduced second virial coefficient B,,/B,,"™ for HSA with YCl; (®) and lysozyme
with SPP (X) and STPP (#) in the resolubilisation region. r, values of 3.7 and 1.9 nm were used for
HSA and lysozyme respectively in calculating B?zs. The solid arrow represents region Il for 3.1
mg/mL HSA with YCl; as determined by turbidity measurements. Dashed and dotted lines represent
region Il for 5 mg/mL lysozyme with SPP or STPP respectively as determined by turbidity
experiments for the c* boundary and solubility experiments for the c** boundary.

The By, values for BSA go through a pronounced minimum at a salt concentration of
about 0.5 mM, which likely reflects the maximum precipitation point where the protein is
near neutral. Our measurements do not exhibit a minimum because they are carried out at
a higher salt concentration relative to the maximum precipitation point. Along the c**
boundary, the protein-protein interactions are more attractive for the poly-phosphate
solutions as the B, values range from -4 to -2, while for YCls the values change from -1 to 1.
While b,, values have not been measured in solutions below a concentration of 20 mM for
the poly-phosphate solutions, we expect a decreasing trend until a minimum is reached
near to the maximum precipitation point, which is in the region of 1 to 10 mM (see figure 7).
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As such, a much stronger protein-protein attraction is expected to occur in solutions of poly-
phosphate ions. The normalized b,, values used in this analysis are very sensitive to the
choice of sphere size used to represent the protein. Rather than using Ry, an alternate
definition could be the radius of a sphere that has the same volume of the protein, which
would correspond to 2.7 nm for BSA and 1.7 nm for lysozyme. Using these values would
lead to a larger decrease in the b, values for BSA versus for lysozyme, but would not change
the overall trend that protein-protein attractions are generally more attractive in poly-
phosphate solutions versus in solutions of YCls.

Interestingly, the protein-protein interactions measured as a function of salt
concentration are similar in the STPP and SPP solutions, which is consistent with the finding
that there is little effect of changing the multivalent anion on the c** boundary. At salt
concentrations greater than 20 mM, it is likely that the binding sites for the multivalent
anions on the protein have been saturated since the {-potential curves plateau above this
concentration. As such, the results appear to indicate the protein-protein interactions are
similar for lysozyme complexes with TPP versus with PP. Further investigations would be
required to determine whether the individual contributions from the ion-bridging
interactions and the overcharging effect are similar for the different poly-phosphate ions. A
distinct possibility is that the individual contributions to the ion-bridging interaction and
overcharging differ from each other, but the net protein-protein interactions are the same.
One might expect that the increased charge of the TPP versus PP would lead to a stronger
ion-bridging interaction, but also a stronger over-charging repulsion.

The phase diagram in solutions of multivalent ions

A comparison between this work and previous work on trivalent cations needs to be
made to highlight some of the similarities and disparities between the two systems. In
Figure 8 we show a schematic of a protein phase diagram where the y-ordinate corresponds
to an equivalent temperature or a measure of the protein-protein interaction strength such
as by;. The phase diagram, which has been elucidated in detail for lysozyme and y-
crystallins, includes a liquid-liquid equilibrium, which is metastable to the crystal solubility

cu r‘Ve.E',S,74,78-86

The liquid-liquid equilibrium has the same fundamental origin as a vapour-
liquid transition for a pure fluid. Beneath the binodal is a spinodal, defined by the locus of
points where the osmotic compressibility is equal to zero. The spinodal, which bounds the
region of instability where solutions spontaneously undergo phase separation, meets the
binodal at the critical point. In addition, there is a gel transition that extends into the

spinodal.gz"m'88
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Figure 8: A schematic of a protein phase diagram where the y-ordinate corresponds to an
equivalent temperature or a measure of the protein-protein interaction strength such as
bzz.

In order to further understand the impact of poly-phosphates on the phase diagram,
a schematic of the experimentally determined phase diagram for lysozyme in terms of B, is
shown in figure 9. The circles points indicate the solubility of lysozyme crystals under a
range of different solution conditions taken from a study by Guo et al 1999, while the
diamond points correspond to the dilute branch of the liquid-liquid binodal obtained for

584 The binodals measured at lower

lysozyme in solutions with 500 mM sodium chloride.
sodium chloride concentrations occur at approximately the same location suggesting there
is a universal binodal in terms of B, for lysozyme. The binodal, as expected, occurs at a
greater strength of protein-protein attraction and is located below the crystal solubility line.
The squares correspond to the ¢** boundary determined in this work for solutions
containing either STPP or SPP, which is located at even greater strengths of protein-protein

attraction when compared against the binodal.

The location of the gel transition relative to the binodal has been investigated for
lysozyme by Dumetz et al 2008.%” For lysozyme dissolved in sodium chloride solutions, a
liquid-liquid equilibrium only occurs below a critical concentration of approximately 1.6 M,
while above, a solid precipitate is always formed. In contrast, lysozyme always forms a solid
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precipitate in ammonium sulfate solution. They showed the type of precipitation is
determined by the location relative to the point where the gelation line intersects with the
binodal. If solutions are prepared in the spinodal at a location above the intersection point,
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Figure 9. Experimental data for B,, values of lysozyme in the presence of SPP (X) and STPP
(4), lysozyme crystal solubility from different solution conditions measured by Guo et a/
1999 (®) and the diamonds correspond to the liquid-liquid binodal obtained for lysozyme in
solutions with 500 mM sodium chloride Gibaud et af 2011 (#).>>%*

a liquid-liquid equilibrium is formed through spinodal decomposition. However,
when preparing solutions at locations below this point, the spinodal decomposition is
arrested leading to the formation of a gel phase or an amorphous precipitate, where the
coexisting liquid phase is more concentrated than the dilute phase of the binodal located at
the same protein-protein interaction strength. The authors indicated that the binodal is
absent for lysozyme in ammonium sulfate solutions because the gelation line intersects the
binodal to the left of the critical point, in which case, spinodal decomposition is always
arrested.

Our experimental evidence suggests that the amorphous precipitate observed for
lysozyme in the poly-phosphate solutions is due to a gel transition. The solid precipitate
formed by lysozyme has a shiny white appearance, which resembles the observations
reported for the lysozyme precipitate in Dumetz et al 2008.%” Furthermore, the supernatant
phase concentrations obtained from the poly-phosphate experiments are always greater
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than the concentrations along the dilute branch of the binodal when compared at the same
value of B,;, which is expected if the gel transition has interrupted the liquid-liquid
transition.®® At higher poly-phosphate concentrations, the coexistence curve occurs at
values of By, that are similar to the critical point B,, in sodium chloride solutions. Because
we do not observe any liquid-liquid equilibrium, this suggests that the gelation line has
moved to the left of the critical point. This hypothesis assumes that there is a universal
binodal in terms of B,, for lysozyme under all solvent conditions. The location of the critical
point is known to depend on the anisotropy of the interaction potential, where decreasing

the anisotropy can shift the critical point to higher values of B,,.2%%?

If this is the case, liquid-
liguid equilibrium might still be possible in solutions at higher poly-phosphate
concentration. However, the protein-protein interactions are likely more, rather than less
anisotropic in solutions of multivalent ions, which is supported by the observed shift of the
critical point to lower packing fractions for the liquid-liquid equilibrium of BSA induced by
adding YCl3.%2 Nevertheless a more detailed investigation is still required to determine the
phase boundaries in particular for solutions corresponding to larger values of B,, than the

points shown on figure 9.

It is not unreasonable for the location of the gelation line to change relative to the
binodal under solution conditions where there is a significant electrostatic repulsion as
occurs with poly-phosphate solutions.®* This was demonstrated through determining the
relative location of the gelation line to the binodal for lysozyme as a function of NaCl
concentration. A near universal relationship between B,, and the binodal indicated the
liquid-liquid equilibrium depends on the integrated form of the total protein-protein
interaction, which includes an ionic-strength independent short-ranged attraction and a
long ranged repulsion that increases with decreasing salt concentration. On the other hand,
the gel transition was found to only depend on the magnitude of the short-ranged protein-
protein attraction. As a consequence, the gel transition moves to the left of the binodal
when decreasing ionic strength, because there is a greater contribution from the short-
ranged attraction required to balance the increase in the long-ranged electrostatic repulsion
to obtain the same By,. Overall, this suggests the liquid-liquid equilibrium could be obtained
by weakening the short-ranged attraction in the poly-phosphate solutions. This indeed is
consistent with a recent study examining how the phase behaviour of BSA changes in YCls
solutions as a function of the deuterated water content.?® At high levels of deuterated
water, the behaviour resembles what we observe in poly-phosphate solutions, where the
absence of a liquid-liquid equilibrium corresponds to stronger short-ranged protein-protein
attraction (as quantified in terms of B,, measurements) and an increase in the size of region
Il'in in the phase diagram.
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Difference between citrate and SPP

Citrate reduces and inverts the net charge of lysozyme in a similar manner to SPP
and STPP but does not induce reentrant condensation, despite citrate and SPP being of
similar shape, size and charge. The explanation as to why citrate does not induce lysozyme
reentrant condensation and PP does cannot be explained solely in terms of electrostatics as
lysozyme zeta potentials for both anions are similar; this suggests their different behaviours
can be explained by differences in their specific chemistry which determines how they
interact with lysozyme.

First, the P-O bonds in PP are more polarised than the C-O" groups in citrate which
would result in stronger electrostatic interactions between SPP and the solvent exposed
basic residues of lysozyme compared to those the carboxylate groups of citrate can form.
These stronger electrostatic interactions formed by PP would enable lysozyme crosslinking.
Second, carboxylate and phosphate groups have different hybridisations (shapes) which
could allow them to interact with basic residues differently. These differences are
highlighted by a body of literature investigating how hydrogen bond donors (HBD), metal

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

This work shows that phosphate-HBD geometry is different to carboxylate-HBD.”*?®
Interactions between carboxylate groups and hydrogen bond donors/some metal cations
were found to be highly directional.” Unlike carboxylates, interactions between phosphates
and hydrogen bond donors were found to be less directional; they show almost equal
preference for anti-orientation and syn-orientation interactions and no preference for in-
plane interactions; this could explain why PP induces reentrant condensation and citrate
does not.” It is possible that the highly directional orientation required for citrate-HBD
interactions prevents citrate from crosslinking lysozyme molecules because the required
orientations are sterically hindered.” For the phosphate groups of PP the interactions with
the basic residues are less directional; which means there should be less steric hindrance

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

In summary, we have shown anions with higher valencies are more effective at
reducing lysozyme-lysozyme repulsion under low ionic strength conditions by altering
electrostatic interactions between lysozyme molecules, where multivalent anions cause
reversal of lysozyme net charge and overcharging at high ionic strengths. The degree of
lysozyme charge inversion was determined by anion valency and follows the order TPP > PP
> citrate > sulfate > chloride. The poly-phosphates SPP and STPP induced precipitation of 1-
100 mg/mL lysozyme at low concentrations through an ion-bridging attraction, which is
stronger than that observed with trivalent cations and negatively charged proteins.
Resolubilization of the precipitate occurs at higher ion concentration most likely due to an
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overcharging effect. We suggest that the precipitate formed in region Il is due to a gel
transition formed through spinodal decomposition. Interestingly, we do not observe any
ion-bridging attraction or reentrant condensation behaviour for lysozyme in solutions
containing citrate even though citrate has a similar effectiveness as pyrophosphate at
neutralizing lysozyme charge.
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