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Abstract: A common strategy to increase aggregation resistance is through rational mutagenesis to
supercharge proteins, which leads to high colloidal stability, but often has the undesirable effect of
lowering conformational stability. We show this trade-off can be overcome by using small multivalent
polyphosphate ions, adenosine triphosphate (ATP) and tripolyphosphate (TPP) as excipients. These
ions are equally effective at suppressing aggregation of ovalbumin and bovine serum albumin (BSA)
upon thermal stress as monitored by dynamic and static light scattering. Monomer loss kinetic
studies, combined with measurements of native state protein—protein interactions and (-potentials,
indicate the ions reduce aggregate growth by increasing the protein colloidal stability through
binding and overcharging the protein. Out of three additional proteins studied, ribonuclease A
(RNaseA), a-chymotrypsinogen («-Cgn), and lysozyme, we only observed a reduction in aggregate
growth for RNaseA, although overcharging by the poly-phosphate ions still occurs for lysozyme and
a-Cgn. Because the salts do not alter protein conformational stability, using them as excipients could
be a promising strategy for stabilizing biopharmaceuticals once the protein structural factors that
determine whether multivalent ion binding will increase colloidal stability are better elucidated. Our
findings also have biological implications. Recently, it has been proposed that ATP also plays an
important role in maintaining intracellular biological condensates and preventing protein aggregation
in densely packed cellular environments. We expect electrostatic interactions are a significant factor
in determining the stabilizing ability of ATP towards maintaining proteins in non-dispersed states

in vivo.

Keywords: biopharmaceuticals; protein aggregation; protein—protein interactions; ATP; membrane-
less organelles; protein self assembly

1. Introduction

Next-generation antibody therapeutics include antibody-drug conjugates, multispe-
cific antibodies and antibody fusions are heavily engineered to meet biological efficacy,
but often leading to poor stability and increased propensity to form aggregates, which are
strictly regulated and need to be mitigated against [1-5]. One approach to offset the unde-
sirable behaviour is to increase the protein colloidal stability through protein engineering or
by adding co-solvents to the formulation. However, being successful requires an improved
understanding of native-state protein—protein interactions and the relationship to colloidal
stability, and in turn, understanding the role of colloidal stability in aggregation pathways.

Temperature-induced aggregation resistance can be substantially improved by modu-
lating electrostatic interactions to increase the colloidal stability of the unfolded state. This
has been achieved by developing positive and negative supercharged variants of proteins
by selective mutagenesis of solvent-exposed regions to acidic or basic residues or by attach-
ing acidic amino acids at the N-terminus of an IgG [6-9]. Supercharged variants are more
resistant to heat-induced aggregation and most regain their native structure when cooled
after heat treatment, whereas the wild-type proteins are much more likely to undergo
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irreversible aggregation. However, supercharging causes a decrease in conformational
stability due to intramolecular electrostatic repulsion, which becomes more significant
with an increase in the charged state [10,11]. This trade-off between colloidal stability
and conformational stability also dictates the behaviour of many proteins, in particular
mAbs, under acidic conditions [12-16]. At low pH and low ionic strength conditions, a
large net positive charge causes a reduction in the unfolding free energy, but an increase
in the colloidal stability. The increased colloidal stability predominantly impacts the ag-
gregate growth mechanism leading to slower rates and causing the growth mechanism to
switch from aggregate-aggregate coalescence to growth by monomer addition and then
to nucleation dominated growth where aggregates form but do not grow [14,15,17-20].
However, under acidic conditions, although aggregate growth is suppressed, monomer
loss is greatest due to increased rates of forming non-native aggregation-prone states [14].

Recently it was proposed that the small polyvalent anion adenosine triphosphate (ATP)
plays a role in regulating the formation of membraneless organelles and suppressing protein
aggregation and amyloid formation in the crowded cell environment [21-25]. In addition,
low concentrations (10 mM) of ATP-Mg and its non-hydrolysable analogue APPCP-Mg
prevent heat-induced aggregation of crude egg white and purified egg proteins [22]. The
authors attributed the behaviour to the hydrotropic nature of ATP suggesting the adenosine
group is required to interact with solvent-exposed hydrophobic regions of folded and/or
unfolded proteins and the tri-phosphate moiety provides a protective layer of hydration.
More recently, Mehringer et al. [26] demonstrated that the tri-polyphosphate (TPP) ion
is equally effective as ATP at preventing aggregation of egg proteins and bovine serum
albumin. The authors hypothesised the stabilizing mechanism might originate from the
kosmotropic nature of phosphate groups, which would lead to preventing local exposure
of protein sticky groups upon thermal stress.

In this study, we hypothesize that ATP suppresses protein aggregate growth through
overcharging proteins causing an increase in electrostatic repulsion and colloidal stability.
In contrast to overcharging proteins through mutagenesis, we expect that multivalent ion
binding to proteins will not lead to the trade-off of poor conformational stability against
the increase in colloidal stability. If this is the case, because ATP also binds to proteins
non-specifically [23,27-29], an improved understanding of the electrostatic stabilization
mechanism could lead to a rational strategy for controlling the behaviour for a broad
range of protein types. Along these lines, we have previously shown that lysozyme phase
behaviour can be tuned through non-specific binding of tripolyphosphate (TPP) [30]. At the
same time, we hope to gain more insight into the biological role of ATP towards modulating
protein assembly processes in vivo.

The aggregation behaviour for bovine serum albumin (BSA), ovalbumin, lysozyme,
ribonuclease A (RNaseA), and «-chymotrypsinogen (x-Cgn) has been characterized in
solutions with varying concentrations of ATP, sodium tripolyphosphate (STPP), or NaCl,
which is used as a control for determining the effects of electrostatic screening. C-potential
measurements have been used to quantify the extent of protein overcharging through ion
binding, while temperature-ramped dynamic light scattering (DLS) and static light scatter-
ing (SLS) experiments have been used to evaluate how ions influence protein aggregation
behaviour. We have also measured native-state protein—protein interactions in terms of
osmotic second virial coefficients (Byp) by static light scattering, characterised the melting
temperature (Ty,) using differential scanning fluorimetry (DSF), and carried out monomer
loss kinetics at elevated temperatures.

2. Materials and Methods
2.1. Materials

x-Cgn, BSA, lysozyme, and RNaseA were sourced from Sigma Aldrich (Gillingham,
UK) with purities > 95% and ovalbumin was sourced from MP Biomedicals (Santa Ana,
CA 92707) with a purity > 80%. Tris base, sodium chloride and adenosine triphosphate
(ATP) were sourced from Sigma Aldrich (Gillingham, UK) with purities < 99%. Sodium
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tripolyphosphate (STPP) was sourced from Fisher Scientific U.K. Ltd., (Loughborough, UK)
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 M().cm was used as the
solvent for all salt and protein solutions.

All buffer solutions used for dialysis and excipient solutions were prepared volu-
metrically and filtered with a 0.2 um hydrophilic nylon membrane (Merck Millipore Ltd.,
Tullagreen, Ireland). Ionic strength was calculated for each salt using pK, values obtained
from the literature and the Henderson—Hasselbalch equation. A 10 mM tris buffer was
used for all experiments.

2.2. Sample Preparation

Five millilitres of protein stock solution at 15 mg/mL was prepared and dialysed
against 500 mL of the desired buffer for 4 h twice and again overnight at 4 °C. After
dialysis, pH was checked and adjusted if necessary to reach the desired value. Protein stock
solutions were passed through a 0.1 pm and then a 0.02 pm Whatman Anotop syringe filter
(Scientific Laboratory Supplies Ltd., Nottingham, UK) and stored on ice. The filtered stock
solutions were used in all the experiments.

A special note on the preparation of ovalbumin should be made. Dynamic light
scattering (DLS) measurements revealed the presence of large aggregates with radii around
100 nm. Prior to dialysis, the aggregates were removed by preparing a dilute ovalbumin
solution (2 mg/mL) in 10 mM tris pH 7.0 buffer, then vacuum filtering the protein solution
witha 0.1 um Durapore® membrane filter (Merck Millipore Ltd., Tullagreen, Ireland) and
then a 0.025 um Durapore® membrane filter (Merck Millipore Ltd., Tullagreen, Ireland).
After filtration, the sample was concentrated to 15 mg/mL using a Sartorius 10 kDa MWCO
Vivaspin 20 centrifugal concentration unit (Sigma Aldrich, Gillingham, UK). The protein
solution was then dialysed and filtered as described in the paragraph above.

2.3. {-Potential Measurements

(-potentials for ovalbumin and «-Cgn were determined on a Zetasizer Nano ZSP
(Malvern Instruments Ltd., Malvern, UK) using DTS1070 folded capillary cells (Malvern
Instruments Ltd., Malvern, UK). All (-potential measurements were made with 1 mg/mL
protein concentration at 25 °C. The same applied voltage (150 V) was used for all measure-
ments. Henry’s function was set equal to 1.5 according to the Smoluchowski approximation.
The sample was allowed to equilibrate for 120 s before 10 measurements were were col-
lected and averaged. Each sample condition was repeated 3-6 times. Error bars correspond
to the standard deviation across replicate measurements, and in some instances, appear
smaller than the datapoints.

2.4. Temperature Ramped Dynamic Light Scattering (DLS and SLS)

Thermal ramps and isothermal experiments at high temperatures were carried out
on a Wyatt DynaPro NanoStar (Wyatt Technology Corporation, Santa Barbara, CA, USA),
using a laser wavelength of 658 nm, with separate DLS and SLS detectors located at 90°
to the incident laser light. A sample at a protein concentration of 10 mg/mL and the
target salt concentration was prepared and passed through a 0.02 pm Whatman Anotop
syringe filter (Scientific Laboratory Supplies Ltd., Nottingham, UK). For each experiment,
100 pL of the sample was loaded into a Wyatt 1 pL Quartz Cuvette (Wyatt Technology
Corporation, Santa Barbara, CA, USA). For thermal ramp experiments, the cuvette was
allowed to equilibrate at the starting temperature for 600 s, then heated at 1 °C/min from
30-80 °C. If significant aggregation occurred before reaching the upper-temperature limit
(80 °C), the scan was stopped prematurely to prevent excessive fouling of the cuvette.
For isothermal runs, the loaded cuvette was placed in the cuvette holder after the sample
chamber had reached the target temperature and allowed to equilibrate for 300 s before
taking any readings. For all runs, the acquisition time was set at 6 s, which corresponds to
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a DLS acquisition being collected every 0.1 °C throughout the thermal ramp scans. Each
sample condition was run in duplicate unless otherwise noted.

Intensity autocorrelation functions were analysed using the DYNAMICS software
(Wyatt Technology Corporation, Santa Barbara, CA, USA). Fits to the correlation function
were performed between 1.5 and 6 x 10* ps using a cumulant analysis and regularization
analysis implemented by the DYNAMICS software. The cumulant analysis was used to
determine the z-average hydrodynamic size Ry and the polydispersity P4, which is related
to the gaussian width of decay rates. For ovalbumin and RNaseA samples, a two-decay
model was fit to the intensity autocorrelation function to separate out the contributions
from the monomer and the aggregate. The error bars correspond to the standard deviation
across the replicate measurements.

2.5. Temperature Ramped Thermal Stability to Determine T,

Protein melting temperatures were measured by monitoring fluorescence as a function
of temperature using an UNcle instrument (Unchained Laboratories, Pleasanton, CA,
USA), which contains a laser with 266 nm wavelength to excite samples. Samples were
equilibrated at 30 °C for 5 min before measurements. A 10 uL sample with 1 mg/mL protein
and varying salt concentration was loaded into each microcuvette. Unfolding experiments
were carried out over 30-90 °C with a scan rate of 1 °C min~!. All measurements were taken
in triplicate. A higher Tp, value when changing solution conditions generally indicates
the protein structure is being stabilised. The error bars reported in the results section
correspond to the standard deviation across the triplicate measurements.

2.6. Size Exclusion Chromatography Multiangle Laser Light Scattering (SEC-MALLS)

1 mL samples of 1 mg/mL ovalbumin with the desired STPP or NaCl concentration
in 10 mM Tris pH 7.0 buffer were prepared. These samples were passed through a 0.02 pm
Anotop filter membrane and incubated at 70 °C in a water bath for 0, 5, 10, 15, 20 and 30 min
before being removed and placed on ice. Samples were then loaded into an autosampler at
4 °C, which was set to inject 100 puL of sample.

Size-exclusion chromatography coupled with multi-angle laser light scattering (SEC-
MALLS) was performed using an Agilent 1100 Series HPLC (Agilent Technologies, Wald-
bronn, Germany) with a Wyatt DAWN EOS (Wyatt Technology Corporation, Santa Barbara,
CA, USA). The Agilent 1110 Series HPLC has a four-line binary pump system, degasser,
temperature-controlled auto-sampler (440 °C) and 0.6 cm cell Diode Array Detector
(DAD). Protein separation was performed with a TSKgel G3000SWxI column with a 0.5 pm
pre-filter (Tosoh Bioscience LLC, King of Prussia, PA, USA). The aqueous mobile phase
was filtered with a 0.1 pm Durapore® membrane filter (Merck Millipore Ltd., Tullagreen,
Ireland) and consisted of the corresponding TPP or NaCl concentration in 10 mM Tris at
pH 7.0, where a flow rate of 1 mL/min was used. The Wyatt DAWN EOS is an 18-angle
(15-160°) static light scattering (SLS) instrument. It uses a GaAs laser with a wavelength of
685 nm. The UV signal acquired at 280 nm was simultaneously channelled to the analogue
input on the Wyatt DAWN EOS. The Wyatt Astra 6.1 software (Wyatt Technology Corpora-
tion, Santa Barbara, CA, USA) uses the UV and SLS signals to calculate molecular weights
of eluted species.

2.7. Byp Determination by SLS

SLS experiments were conducted on a Wyatt miniDAWN TREOS 3 angle (49°, 90°
and 131°) detector (Wyatt Technology Corporation, Santa Barbara, CA, USA) and the
Wyatt Calypso II (Wyatt Technology Corporation, Santa Barbara, CA, USA) was used for
automated syringe delivery of the samples. The method and analysis of the SLS data for
obtaining By, values have been previously described [30,31]. The measurements require a
value for the protein refractive index increment, which was set equal to 0.186 mL/g for
solutions with ovalbumin or e-Cgn. The molecular weights obtained from extrapolating
light scattering data to zero protein concentration agreed within 1 kDa of the protein
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monomer sequence molecular weight (42.7 kDa for ovalbumin and 25.6 kDa for «-Cgn).
At salt concentrations of either ATP or STPP greater than 5 mM, the measured molecular
weights decrease below monomer value when using 0.186 mL/g for the refractive index
increment. For these runs, the increment was fit to obtain the monomer molecular weight
following the procedure described in Holloway et al. [32]. Results are reported in terms of
a reduced osmotic second virial coefficient given by byy = Bao/ B?g where the hard-sphere

contribution in volume units is estimated using BYs = (16/3)7R}; [33].

3. Results
3.1. ¢-Potential Measurements

{-potential measurements shown in Figure 1 were used to determine how NaCl and
STPP influence the net charge of ovalbumin and o-Cgn at pH 7.0. The (-potential indicates
the electrostatic potential at the slip plane of the protein, where strongly bound counterions
and co-ions are contained within the surface of hydrodynamic shear. -potential values of
the two proteins tested here at zero salt concentration reflect their net charge at pH 7.0. The
measured isoelectric pH value is 4.6 for ovalbumin, which is expected to have a net negative
charge in the absence of any ion binding, while a slight positive charge is expected for
«-Cgn, which has a pI around 8.3. The (-potential measurements for NaCl do not change
much with increasing ionic strength. On the other hand, increasing STPP concentration
causes the (-potential for both proteins to become markedly more negative indicating
both proteins are overcharged by TPP binding. Overcharging by TPP has been previously
observed for lysozyme [30] and an intrinsically disordered protein histatin-5 [27], while
similar effects occur for solutions of acidic proteins with salts of trivalent cations [34]. In
these previous studies, the sign of the multivalent ion charge is opposite to the protein net
charge sign. Increasing salt concentration initially leads to protein charge neutralization
followed by the overcharging effect at higher salt concentration. In contrast, in our study,
overcharging effects occur at much lower salt concentration, because x-Cgn is close to its
pl and the net charge sign of ovalbumin is the same as TPP.
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Figure 1. (-potential measurements as a function of ionic strength for solutions of ovalbumin

(triangles) or a-Cgn (circles) with either NaCl, STPP, or ATP.

3.2. Thermally Induced Aggregation Experiments

Simultaneous DLS and SLS measurements were made as a function of temperature
for solutions containing either ovalbumin, x-Cgn, or BSA with different concentrations of
NaCl, STPP and ATP. A cumulant analysis was used to determine temperature profiles of
Ry, which are shown for ovalbumin (see Figure 2), BSA (see Figure 3a), and a-Cgn (see
Figure 3b) for selected solution conditions (see Figure S1 of the SI for data at all solution
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conditions). The Ry of the three proteins remains constant at low temperatures indicating
that the proteins remain in their native states. For all runs at low temperature, Ry values of
2.9 nm, 2.5 nm, and 3.8 nm were recorded for ovalbumin, x-Cgn and BSA, which agree with
reported literature values [35-37]. Increasing NaCl concentration causes the aggregation to
shift to higher temperatures for x-Cgn and BSA (see Figure 3a,b, respectively), whereas the
addition of NaCl to ovalbumin causes aggregation to occur more at lower temperatures
(see Figure 2c).
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Figure 2. Measured values of Ry determined from thermal ramps for solutions of ovalbumin
containing different concentrations of (a) STPP, (b) ATP, (c) NaCl where the legend in (a) shows the
concentrations of the excipients in mM. The inset to (a) contains a comparison of the buffer-only
condition with samples containing either NaCl or STPP at a concentration of 10 mM. (d) corresponds
to a comparison between solutions containing either ATP or STPP. Triplicate measurements were
carried out for all samples with NaCl and all other conditions with ovalbumin were run in duplicate.
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Figure 3. Measured values of Ry determined from thermal ramps for solutions containing (a) BSA with either STPP or
NaCl and (b) a-Cgn with either STPP, ATP, or NaCl. Open, red-shaded, and blue-filled symbols correspond to NaCl, ATP,
STPP, respectively. The inset to (a) corresponds to BSA in solutions with STPP where the legend denotes the concentration
of STPP in mM. The inset to (b) is a plot of the melting temperatures measured for solutions of #-Cgn and STPP.

The effects on ovalbumin aggregation of STPP and ATP follow the same pattern.
In solutions with STPP or ATP, aggregation is shifted to a higher temperature and the
aggregation suppression effects are always greater than for NaCl at equivalent molar
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concentrations. The Ry profiles become less curved upon an initial increase in STPP or
ATP concentration, but the dependence is non-monotonic, where minimum curvature
occurs over a concentration range of 5 to 25 mM. Above a concentration of 25 mM, the
curvature remains less than the additive-free solution. Figure 2d shows that the profiles at
salt concentrations of either 10 mM or 50 mM are almost identical for ATP and STPP. The
only discrepancy between ATP and STPP occurs at a salt concentration of 0.5 mM, where
aggregation relative to the buffer solution is enhanced with ATP but suppressed by STPP.

A similar pattern of behaviour occurs for BSA and for ovalbumin in solution with
STPP (compare Figure 2a and the inset to Figure 3a). For both proteins, increasing the
concentration of STPP to 10 mM reduces the curvature in the Ry profile. For BSA, further
increasing the salt concentration increases the curvature, but to a lesser extent than observed
with ovalbumin. While we have not measured solutions of BSA with ATP, a recent study
found the aggregation behaviour upon thermal stress as a function of salt concentration is
identical for ATP and STPP at pH 7.4 with a 50 mM Tris buffer [26].

The Ry profiles observed with #-Cgn shown in Figure 3b follow a different pattern
when compared with ovalbumin or BSA. For all salts, increasing their concentration shifts
the Ry profiles to higher temperatures. However, in contrast to BSA and ovalbumin in
solutions with STPP, for a-Cgn samples, there is always a rapid increase in Ry above the
aggregation onset temperature (the temperature where an initial change in Ry is detected).
The inset to Figure 3b contains the measured melting temperatures Tr,. Increasing STPP
concentration causes a similar increase in the Ty, and the aggregation onset temperature,
which indicates the main effect of STPP on aggregate suppression is through stabilizing
a-Cgn against unfolding. Because the slopes of the Ry profiles are slightly greater for STPP
containing solutions, we expect the TPP ions are not slowing down aggregate growth. The
aggregation onset temperature is shifted upwards by 1 °C for solutions with 100 mM ATP
versus with 100 mM STPP, while similar onset temperatures are observed in solutions with
either 50 mM STPP or 50 mM ATP (see Figure S1 of the SI).

3.3. Analysis of Ovalbumin Thermal Ramp Data Suggests STPP Alters Aggregate Growth Rates

The initial increase in Ry with increasing temperature is due to aggregate formation
and growth. To gain further insight into how the salts alter the rates of these steps, we have
fit the electric-field correlation function to a two-decay model given by

g (1) = fmon exp(—Dmonq2T> + fagg exp(—DagngT)

where 7 is the delay time, g is the magnitude of the scattering vector, fmon and fagg are the
fractions of the light scattered by the monomer and the aggregate, respectively, and Dmon
and Dagg are the diffusion coefficients of the monomer and the aggregate, respectively,
which are related through the Stokes—Einstein relation to the apparent hydrodynamic
sizes, Rymon and Ry agg, respectively. The accuracy of the fits as characterised in terms
of x? values are comparable to the cumulant analysis for the conditions when the ratio
RHy,agg/ RHmon < 5. Similar x? values are obtained for larger ratios, but the cumulant
analysis is no longer accurate since the population becomes multi-nodal.

In order to check that the fitting parameters have physically realistic values, we
have compared the fit value of fyon against the calculation from the static light scattering
reading, where fmon(T) = 50, /I(T). Here ISy, is the excess light scattering intensity
of the sample before aggregation, and I**(T) corresponds to the intensity as a function
of temperature above the onset of aggregation. The comparison shown in Figure 4a
indicates there is good agreement between the fitting results (shown by symbols) and
the calculations based on the SLS signal (shown by lines). For the run with 10 mM STPP,
it is not possible to obtain accurate estimates for the fit parameters when fmon is small
due to strong correlations between the fitting parameters that arise when Ry ag¢ is only
slightly greater than Ryjmen. It should be noted that fmon is roughly proportional to the
inverse of the SLS intensity, which is why it follows the same pattern as the Ry profiles



Biomedicines 2021, 9, 1646

8 of 19

with respect to the solution conditions. The greatest shift to higher temperatures occurs for
the conditions with 10 mM STPP, while the conditions with 100 mM NaCl are shifted to
lower temperatures.
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Figure 4. Results of thermal ramp experiments for ovalbumin solutions from the DLS analysis plotted
versus temperature where salt conditions are shown in the legend. (a) The fraction of light scattering
by the monomer fraction, fmon determined from fitting two-decay model (symbols) and directly
from the measured Ig (lines). (b) The polydispersity Py determined from the cumulant analysis.
(c) The hydrodynamic radius Ry qgg determined from the long-time mode of the two-decay analysis
(symbols) and the Ry values from the cumulant analysis (lines). (d) An estimate of the monomer
concentration assuming aggregates have a fractal dimension equal to 1.8 (see text).

The value of Ry 4g¢ is @ more direct measure of the average aggregate size since Ry
corresponds to the average including the monomer population. The fit values of Ry ag¢
shown in Figure 4c as a function of temperature can be used to rationalize why there
is a peak in the Py profiles shown in Figure 4b for the conditions with STPP. The initial
increase of Py with temperature occurs along with the concomitant increase in when there
is still a significant fraction of the light being scattered by the monomer. The increase
arises because the monomer and the aggregate are contributing to the light scattering
signal. The peak in P4 occurs at a temperature where fmon ~ 0.3. With further increasing
temperature Py reduces since the light scattering intensity becomes dominated by the
aggregates. When fmon — 0, Py reflects the width of the aggregate size distribution, which
remains low for the condition with 5 to 25 mM STPP (data only shown for 10 mM STPP)
but does increase for the other STPP conditions at the higher temperatures. This provides
some evidence that there could be a cross over in the aggregate growth mechanism when
altering the salt concentration. A low polydispersity of the aggregate distribution is a
signature of growth by chain polymerization, which is most pronounced at intermediate
STPP concentrations, while an increased polydispersity reflects growth by aggregate-
aggregate coalescence [15,38], which is most evident in the absence of STPP. For solutions
with 1 and 100 mM STPP, the increase in Py above 76 °C likely indicates there is some
aggregate-aggregate coalescence.

The results of fitting to the two-decay model can also be used for estimating the
fraction of the protein that is aggregated. The excess normalised scattered light intensity
I from the aggregate is given by fago [ ~ Cagg Magg Where cagg and M,go are the mass
concentration of aggregated protein and weight average aggregate molecular weight,
which, in turn, can be approximated from the fit value for the aggregate radius Ry agg

. d
according to Magg ~ R}{ ag

approach is only approximate as d; depends upon a number of parameters such as the

o» Where d is the fractal dimension of the aggregate. This



Biomedicines 2021, 9, 1646

90f19

time evolution of the aggregate, as well as the strength of the electrostatic interactions. The
results are not very sensitive to the choice of dy, which is set equal to 1.8 based on literature

studies of ovalbumin [39]. Figure 4d contains plots of fage %/ Ri{agg ~ Cagg Which is also
expected to be a measure of the fraction of monomer loss since cagg = ¢ — Cmon Where cmon
is the mass concentration of the unaggregated protein and c is the concentration used in
the experiment. For the runs with 10 mM STPP, reliable results are only obtainable once
the temperature is greater than ~72.5 °C. All the profiles have a similar shape but are offset
from each other with respect to changes in temperature. In particular, the curves for 1 mM
and 10 mM STPP overlay with each other, even though the corresponding Ry profiles
differ considerably. This suggests the monomer loss kinetics are similar to each other, but
the aggregate growth is reduced at 10 mM versus 1 mM STPP.

In order to provide a qualitative comparison of monomer loss rates across different
solution conditions, we have defined a monomer loss temperature Timon as the temperature

where fago I/ RId—If,agg = 0.006 nm~!8 (see Figure 5a). Solutions containing STPP or ATP
over a concentration range of 1 to 10 mM exhibit similar amounts of monomer loss as the
values of Tmon remain relatively constant, although a slight increase of 2 to 3 °C occurs
when increasing the salt concentration up to 100 mM. Previous studies on ovalbumin
and charged mutants of ovalbumin indicate monomer loss kinetics under thermal stress
correlate with the protein melting temperature Tp, [40]. In Figure 5a, the measured values
of Ty, are shown for STPP and for NaCl solutions. For NaCl, there is little variation in Ty,
(less than £1 °C) which is consistent with the small variation in the corresponding Tmon
values. Similarly, for STPP solutions, the values of Ty, parallel the changes in Tynon. While
we have not measured Ty, for STPP concentrations below 10 mM, Mehringer et al. [26]
showed there is only a slight increase of T, in solutions containing 1 mM STPP relative to
a pH 7.4 buffer solution, while the values remain constant between 1 mM and 40 mM.
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Figure 5. Results from thermal ramp experiments for ovalbumin solutions. (a) A plot of Tr, (circles),
and the temperature where fage I/ Rhg = 0.006 nm 18 (up triangles) referred to as Tmon. (b) The
aggregate size Ry 5¢¢ as a function of salt concentration. Open, red-shaded, and blue-filled symbols
correspond to NaCl, ATP, STPP, respectively.

A relative measure of the aggregate growth rates is given by the aggregate size com-
pared across conditions where there is a similar extent of monomer loss. Figure 5b contains
a plot of Ry agg determined at the monomer loss temperature Tmon. With increasing NaCl
concentration, there is a dramatic increase in the Ry 5g¢ values reflecting increased aggre-
gate growth rates. On the other hand, there is a well-defined minimum in the aggregate
growth rate as a function of TPP or ATP concentration. The behaviour observed with
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NaCl follows a similar pattern already observed in the literature, where increasing NaCl
concentration does not alter monomer loss kinetics or conformational stability, but causes
the formation of larger aggregates, an effect which has been attributed to screening of elec-
trostatic repulsion [41,42]. Analogously, a similar finding has been drawn from aggregation
studies of ovalbumin mutants with varying charged states between —1 and —26 e. The
more highly charged mutants form smaller aggregates under low ionic strength conditions,
but under high salt conditions, aggregates become larger and similar-sized to those formed
by the low net-charge mutants [43]. As such, these studies suggest the minimum in aggre-
gate growth rates observed with ATP or TPP should be rationalizable in terms of how the
multivalent ions alter the electrostatic interactions between the aggregating proteins.

There is only a measurable effect of changing from STPP to ATP at a salt concentration
of 0.5 mM. For samples with 0.5 mM ATD, the aggregate growth rates and the monomer
loss kinetics appear to increase relative to the buffer solution. We currently do not have
an explanation for this behaviour, which is opposite to what happens for all other ATP or
STPP-containing solutions.

3.4. SEC-MALLS Measurements Indicate TPP Suppresses Aggregate Growth

We also carried out monomer loss kinetics during isothermal holds at 70 °C in a
solution containing either NaCl or STPP to provide further support to the aggregate
growth rates deduced from the thermal ramp experiments. Figure S2 of the SI contains
the chromatograms for the samples heated for 30 min. For each of the runs with STPP, the
chromatograms also contain a peak corresponding to aggregates eluting from the column.
For these samples, the total recovered protein calculated from integrating the aggregate
and monomer peak areas is within 99% of the injected mass indicating negligible amounts
of large aggregates in these samples. For the runs with NaCl, an aggregate peak is not
observed because the aggregated protein is so large that it has been removed by the in-line
filter. Figure 6 contains the monomer fraction and the weight-average molecular weight of
the aggregate peak plotted versus time. The observations that monomer loss is insensitive
to increasing STPP concentration, while aggregate size increases, indicates a concomitant
increase in aggregate growth rates. The decreasing aggregate size observed when using
STPP versus NaCl, or by reducing STPP concentration, is consistent with the trend of
aggregate growth rates deduced from the thermal ramp experiments.
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Figure 6. Plots obtained from the SEC-MALLS analysis of ovalbumin solutions containing either
NaCl or STPP heated at 70 °C for different lengths of time. (a) Monomer remaining as a percentage
of the initial monomer concentration plotted against time. (b) The weight average molecular weight
of the aggregate peak obtained from the STPP samples plotted versus time.
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3.5. RNase A and Lysozyme

We have also used dynamic light scattering to measure the effect of STPP on the
isothermal aggregation of RNAseA at 75 °C and pH 7 (10 mM tris buffer) and lysozyme
at 70 °C and pH 8.5 (10 mM tris buffer), where the corresponding plots are shown in
Figure 7ab, respectively. The higher pH has been used for the lysozyme experiment to
lower the temperature required to induce aggregation. RNaseA and lysozyme are expected
to carry a net positive charge under the experimental conditions as their pI values are equal
to 8.6 and 11.3, respectively. Lysozyme experiments could only be carried out at STPP
concentrations greater than 30 mM as the protein was precipitated at lower concentrations.
At 30 mM, the Ry profile shifts to a lower temperature than for the buffer solution, while
increasing STPP concentrations above this value shifts the curves to higher temperatures.
However, the slopes of the profiles are similar to each other, so we do not suspect that there
is a strong effect on aggregate growth. On the other hand, for RNaseA, a drastic change
occurs with increasing the STPP concentration from 10 mM to 25 mM. The Ry profiles for
25 mM STPP and for 50 mM NaCl are similar to each other. However, when the two-decay
model is applied to the data, we find that the aggregate size for a given Ry value is much
greater in the NaCl solutions (see inset to Figure 7a), which indicates a lower aggregate
growth rate in the STPP solutions.
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Figure 7. Results of isothermal aggregation studies for (a) RNaseA in solutions with either NaCl or STPP and (b) lysozyme

for solutions with varying STPP concentrations, where the salt concentration is shown in the legend. Triplicate measurements

were carried out for all lysozyme conditions. The inset to (a) contains Ry ag¢ determined from fitting to the two-decay model.

3.6. by Values Indicate ATP/TPP Overcharging Increases Protein—Protein Electrostatic Repulsion
for Ovalbumin, but Not for a-Cgn

To get a better understanding of how the multivalent ions alter the electrostatic interac-
tions between proteins, we have determined the reduced osmotic second virial coefficients
by; for solutions of either ovalbumin or a-Cgn. Studies focused on elucidating aggregation
pathways indicate by, values show a strong correlation with the aggregate growth mech-
anism for a number of mAbs and a-Cgn when varying pH and salt concentration under
low ionic strength conditions [14,15,17]. by, measurements, carried out at room tempera-
ture, reflect native-state protein—protein interactions, while aggregate growth likely occurs
through the addition of growth units containing proteins in partially folded states. The
strong correlation between by, and aggregate growth mechanism provides an indication
that the electrostatic interactions between native proteins are similar to those between
aggregate growth units, which might not be surprising since most charged groups occur
on protein surfaces.

Figure 8 shows a plot of the reduced osmotic second virial coefficients by; values
for ovalbumin and for a-Cgn under the same solution conditions used for monitoring
aggregation upon thermal stress. The independent variable is chosen to be ionic strength,
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which determines the range of electrostatic interactions in terms of the Debye screening
parameter, which at room temperature is given by x(nm) = 3.29,/IS(M). At pH 7, the
ionic strength of ATP or STPP solutions is a factor of 9.07 or 9.96 times greater than the salt
concentration, respectively, using the pK, values shown in Figure S3 of the SI [44,45].
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Figure 8. by plotted as a function of ionic strength for solutions with either NaCl, STPP, or ATP and
(a) ovalbumin or (b) « -Cgn. Symbols represent the experimental measurements while the solid line
in (a) represents the best fit to the DLVO potential with the fit parameter Z = 11.6 e. The values of
() Wrucns and (d) Z were determined from fitting to each By measurement for ovalbumin. For
graphs (c,d), up triangles correspond to values obtained from fitting with a screening parameter «
that includes ion-ion correlation effects (see text for more details). Open, red-shaded, and blue-filled
symbols correspond to NaCl, ATP, STPP, respectively.

The behaviour for ovalbumin follows the typical behaviour of proteins in solutions a
few pH units either below or above the pl, where increasing ionic strength over the range
of 10 to 100 mM screens electrostatic repulsion [31,46-50]. Once the repulsion is sufficiently
screened at higher ionic strengths, the by, values are less than 1 reflecting the presence of
attractive protein—protein interactions. When changing the salt from NaCl to STPP, the
increase in by, at fixed ionic strength suggests there is an increase in the magnitude of
the electrostatic repulsion due to overcharging the protein surface by binding multivalent
anions, which has also been deduced from the (-potential measurements. The increased
protein—protein repulsion observed in ATP versus STPP solutions exists even at high ionic
strength where electrostatic forces are sufficiently screened. As such, it is unclear if ATP
induces a stronger electrostatic repulsion or attenuates the attractive interactions between
proteins, or there is a combination of these two effects.

On the other hand, for a-Cgn, by, values remain less than 0 for all solution conditions
reflecting the absence of any electrostatic repulsion, which, for NaCl, is not surprising since
the {-potential is relatively small in NaCl solutions. The non-monotonic dependence of
by, arises due to the orientational anisotropy of the protein—protein interactions. Com-
putational studies have shown the main contributions to by, arise from orientationally
constrained configurations stabilised by protein surfaces with high geometric complemen-
tarity, where the electrostatic interactions are favourable [50-52]. The increase in by, at low
ionic strength arises from screening these electrostatic interactions. Although {-potential
measurements indicate STPP and ATP overcharge a-Cgn, the by, values are very simi-
lar to the corresponding ones with NaCl when plotted versus ionic strength. This trend
suggests the main effect of STPP is to act as a screening salt and there is no impact of
overcharging on the electrostatic repulsion. The lack of any electrostatic repulsion induced
by ATP or TPP might explain why there is no observed aggregate growth suppression in
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the polyphosphate-containing solutions. When a-Cgn is thermally stressed under low pH
conditions, the transition to aggregate growth by chain polymerization only occurs for
conditions where by, > 8 [15].

3.7. Aggregate Growth Rates Show Stronger Correlation with FUCHS Factor Than by

The reduction in aggregate growth rates for ovalbumin occur under conditions where
there is strong electrostatic protein—protein repulsion, but it is not clear why the values of
by, correlate with aggregate growth rates for NaCl solutions, but not for solutions with
either STPP or ATP. The well-defined minimum in aggregate growth observed for ATP
or STPP is not reproduced by the by, values. Increasing ATP or TPP concentration to 5 or
10 mM (or equivalently an ionic strength of 50 to 100 mM) has a dramatic effect on reducing
aggregate growth, but the corresponding by, values are close to 1, which are much less
than the values in the salt-free solution.

Protein aggregate growth rates are more directly related to the FUCHS factor, which
accounts for the effect of the repulsive barrier in the protein—protein interaction potential
under reaction limited cluster association (RLCA) conditions [20,53-56]. The repulsive
barrier slows down the diffusion of primary aggregate units as they collide, which leads to
a reduction in aggregate growth. For isotropic colloids, in the absence of a repulsive barrier,
every collision step leads to aggregate growth. In this case, the inverse of the FUCHS
ratio can be thought of as a sticking probability equal to the fraction of collisions in the
presence of the repulsive barrier normalised by the number of collisions that would have
happened in the absence of a barrier under diffusion-limited cluster association conditions.
For interaction potentials with a range shorter than the size of a monomer, the aggregating
unit can be approximated as the monomer protein and the FUCHS ratio is then given by:

e dr
WrucHs = 24 /2u eXP(ﬁ“)fz @

where S is the inverse reduced temperature 1/kgT, where T is temperature and kg is
Boltzmann'’s constant,  is the protein centre-to-centre separation, and a is the effective
spherical radius of the protein, which can be approximated by the hydrodynamic radius
(equal to 2.9 nm for ovalbumin). As long as the aggregate morphology remains invariant,
the FUCHS factor is expected to be proportional to the timescale for aggregates to coalesce
with each other assuming the primary aggregating unit can be described by a native protein.
Calculating the FUCHS factor requires fitting a model for the protein—protein inter-
action potential to the measured by, values. The electrostatic contribution to the interac-
tion potential 4 for charged proteins under low ionic strength conditions can be ade-
quately described by the double-layer potential from Derjaguin-Landau-Verwey—-Overbeek
(DLVO) theory:
7%y exp[—x(r — 2a)]
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where [p is the Bjerrum length, Z is the protein net charge. In addition, there are other
attractive contributions to the interaction potential that are not well defined due to the
heterogeneous nature of the protein surface. However, the attractive forces tend to be short-
ranged, in which case the virial coefficient can be approximated by by = 1+ bS) + b34 [31],
where b3l corresponds to the contributions from attractive interactions, and the electrostatic
term is given by:

bsh = 3 /OO {1 - exp(—ﬁuel)} r2dr 3)

84’ J2a

The only fitting parameters to the model are the net attractive contribution given by
b3t and the magnitude of the protein net charge Z, which is assumed to be independent
of salt concentration. In Figure 8a, we show the model calculations for the NaCl data,
assuming that Z is a constant obtained from fitting to the data. The fit value equal to 11.8
e agrees very well with values calculated from the potentiometric titration [57], which
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provides an indication the model is able to capture the electrostatic contribution to the
interaction potential.

A similar approach can be applied to the data obtained for solutions with either ATP
or TPP except the value for Z will reflect the change in protein charge due to ion binding.
As such, we have fit Z to match each by, value, where the results are presented in Figure 8c.
With increasing salt concentration, the charge parameter remains relatively constant as
expected for NaCl solutions, but there is an increase in Z for both ATP and TPP solutions
reflecting an increase in ion binding. The fit values for ATP solutions are largest reflecting
the increased by, values.

There is a strong correlation of protein aggregate growth rates with Wrycps reflecting
the significance of electrostatic interactions. Figure 8d contains the values for Wrycnhs
calculated using the fit values of Z, where increasing values of Wrycps should correlate
with decreased aggregate growth rates. With increasing concentration of ATP or TPP,
there is an increase in Wrycps. For ATP, the minimum aggregate growth is predicted to
occur above a salt concentration of 1 mM (or ionic strength of about 20 mM). On the other
hand, for STPP solutions, the increase in the FUCHS factor is mainly observed at lower
salt concentrations of 1 to 2.5 mM (ionic strengths of 20 to 36 mM), but the values at 5 to
10 mM STPP concentration are reduced, although these correspond to the minimum in the
aggregate growth rates. Our analysis relies on the applicability of the double layer potential
from DLVO theory to describe the longer-ranged electrostatic interactions between proteins.
However, the potential is derived using the Poisson—-Boltzmann equation, which is a mean-
field theory where the ions are treated as an ideal gas. The approximation works well
for salts of monovalent ions but breaks down for multivalent ions due to strong ion—ion
correlations [58,59]. In particular, for asymmetric salts, the screening length « ! is over-
estimated when using mean-field theories. In Figure 8a,d, we also show the results of fitting
the double layer potential using a value of x determined using dressed-ion theory, which
includes the effects of ion correlations [59]. Because the actual range of the potential is
reduced relative to the mean-field prediction, the magnitude of the potential must increase
to match the same by, value, which is why the fit values of Z and Wrycps are larger
(see Figure 8c,d). With this correction, the increase in the Wpycps ratio closely matches
the minimum aggregate growth observed for solutions with STPP concentrations ranging
between 2.5 mM and 10 mM (which corresponds to ionic strengths between 25 and 100 mM).
It is not possible to obtain accurate estimates for the FUCHS ratio at ionic strengths much
greater than 100 mM because values of b$, become much less than the other contributions
to by, which amplifies the uncertainty in the fitting parameter Z. However, it is not
surprising that aggregate growth rates decrease at higher salt concentrations. Aggregate
growth suppression occurs due to ion binding, which is saturable, while increased growth
occurs due to ionic screening, which increases monotonically with salt concentration.
The competition between these two effects gives rise to the minimum in the aggregate
growth rates.

Another factor we have neglected is any ion pair formation between sodium and
either ATP or TPP, which would cause the solution to be at a lower ionic strength. We
expect this to be only a minor effect, as measured association constants are on the order of
10 M~ [60,61], which corresponds to around 0.2% of the polyphosphate ions with bound
sodium at a salt concentration of 10 mM.

For monoclonal antibody solutions, FUCHS ratios have been determined from fitting
aggregate growth models to monomer loss data complemented with aggregate size mea-
surements. The obtained values are on the order of 107 to 10°, which is orders of magnitude
greater than expected from DLVO theory indicating there are additional contributions to
the stability of the aggregating units [53,55]. The high stability has been attributed to the
low protein surface coverage of sticky protein aggregation hot spots, which lowers the
likelihood that colliding units stick together. However, our analysis is still applicable if the
primary effect of changing solution conditions on the FUCHS ratio is to alter the interaction
potential, but not the distribution and nature of the aggregation prone regions.
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3.8. ATP Attenuates Native-State Attractive Interactions between Ouvalbumin Molecules

The discrepancy that aggregate growth rates are similar for ATP and TPP, while the
measured values of by, are different from each other, provides more insight into how the
multivalent ions alter the protein—protein interaction potential. According to RLCA theory,
a similar aggregate growth rate implies that the repulsive part of the interaction potential,
which is predominantly determined by electrostatic interactions, is the same for ATP versus
TPP solutions when compared at the same ionic strength. On the other hand, measured
values of by are much more sensitive to the contribution from short-ranged attractive
interactions since the integral is related to the Boltzmann factor of the interaction potential.
Taken together, these findings suggest that the difference between ATP and TPP is due to
the effectiveness of ATP in attenuating short-ranged attractive interactions for native-state
ovalbumin, rather than altering repulsive electrostatic interactions. Furthermore, at high
ionic strength, where electrostatic interactions are sufficiently screened, the by, values for
TPP-containing solution approach the curve to fit the NaCl data indicating similar attractive
protein—protein interactions, while for ATP, by, ~ 1 indicating very little protein—protein
attraction. Because a constant short-ranged attractive contribution to by, has been used
when carrying out the fitting to determine Wrycps, we expect the results obtained with
STPP are more reliable, while the repulsive barrier will be over-estimated for the ATP
solutions. We also note that the native-state attractive interactions, which are suppressed
by ATP, are not involved in aggregate growth, which supports the general understanding
that growth occurs by the addition of partially unfolded proteins [53,62].

The finding that the barrier in the interaction potential depends only on the electro-
static contribution has further implications for the nature of the attractive interactions.
If attractive protein—protein interactions are isotropic, they should contribute to the bar-
rier in the interaction potential at close separations where the electrostatic repulsion is
greatest. This is especially evident when considering the integral in Equation (1) which
is weighted by r~2. The short-ranged interactions contribute much more to the FUCHS
factor when compared against the integral for by, which is weighted by r2. As such, it is
much more likely the attractive interactions are anisotropic and constrained to occur in a
limited fraction of the relative orientation space that defines the interaction between a pair
of proteins. If this is the case, attractive interactions will only contribute a small fraction to
the integral for the FUCHS factor. The deduction that attractive interactions are anisotropic
is supported by computational modelling of protein—protein interactions [50-52,63,64] and
phase behaviour studies [65-67], where the shape and location of phase boundaries can
only be captured using anisotropic patchy models for describing proteins.

4. Discussion

By studying five different proteins, we hoped to gain an understanding of protein
structural factors that determine whether ATP or TPP will be effective at reducing aggregate
growth. The strongest suppression occurs with acidic proteins BSA or ovalbumin, where
the initial increase in salt concentrations leads to immediate overcharging since the proteins
already carry a net negative charge at neutral pH. However, the (-potential profile for
«-Cgn is very similar to ovalbumin indicating a similar salt concentration is required to
overcharge the protein. As such, it is unlikely the net charge of the protein is the only
factor in determining the aggregation behaviour. For instance, RNaseA aggregate growth
is suppressed, although the suppression occurs at higher salt concentration than observed
for ovalbumin or BSA.

One factor that might play a role is the type of basic residues on the protein surface.
A mutation study of the intrinsically disordered protein Histatin-5 involving all possible
arginine-lysine swap mutants indicated TPP interacts more strongly with arginine versus
lysine groups [27]. The arginine versus lysine mutants are more readily precipitated by
TPP, which was attributed to non-specific TPP binding by arginine groups. Interestingly,
the C-potential profiles as a function of TPP concentration are almost identical for all the
mutants indicating TPP also preferentially binds lysine groups, but with a weaker binding
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affinity compared to arginine. Analogously, while non-specific binding of TPP to basic
protein residues likely causes protein overcharging, we hypothesize that a requisite for
electrostatic repulsion is a high content of arginine groups to tightly bind the multivalent
ions. x-Cgn only contains four arginine groups which are distributed unevenly across the
protein surface. However, it is unclear then why TPP does not significantly affect the ag-
gregate growth of lysozyme, which is enriched in arginine groups. There is significant TPP
overcharging of lysozyme by a salt concentration of 10 mM [30], but no aggregate growth
suppression at concentrations of 30 mM and above, even though these concentrations are
effective for RNaseA, ovalbumin and BSA. Lysozyme is precipitated at lower salt concen-
trations due to TPP-induced attractive protein—protein interactions. A distinct possibility is
that these attractive interactions also exist at higher salt concentrations and balance any
electrostatic repulsion arising from TPP overcharging lysozyme. Indeed, the measured by,
values are less than —2 at pH 9 for the salt concentrations used in the aggregation studies
shown in Figure 6 indicating sufficiently strong protein—protein attractions, albeit in the
native state [30].

There has been much focus on determining the mechanism of how ATP alters protein
self-assembly, aggregation, and fibril formation in vivo due to the mM concentrations of
ATP occurring in intracellular environments. Our study supports the work by Mehringer
et al. [26] who showed that TPP and ATP are equally effective at preventing aggregation of
globular proteins, which we have attributed to a supercharging effect through tri-phosphate
binding to basic residues of the protein surface. This mechanism alone cannot explain the
behaviour in vivo since ATP, but not TPP, is effective at suppressing amyloid formation
or solubilizing liquid condensates formed by proteins containing intrinsically-disordered
regions. These effects have been attributed in part to the ability of the adenosine group to
form 7-m interactions with sticky aromatic groups [22,25,26,68]. However, we also expect
electrostatic interactions to be a key factor in determining how ATP alters protein assembly
in vivo since the screening length in the cytosolic environment has been estimated to be
around 2.2 nm or an ionic strength of approximately 20 mM [69].

5. Conclusions

The non-specific nature of electrostatic interactions, where increasing protein net
charge almost universally leads to a reduction in aggregate growth rates, suggests that
using small multivalent ions to enhance colloidal stability could be an effective strategy
for stabilizing a broad class of biotherapeutics. However, while the addition of the poly-
phosphate ions always leads to an overcharging effect, this only translates to a reduction
in aggregate growth rates for some of the proteins. As such we still require a better
understanding of the mechanistic effects of the multivalent ions in order to rationalize their
use. Key issues that need to be addressed are why overcharging by ions does not always
lead to an increase in colloidal stability under native conditions, and whether increased
colloidal stability due to overcharging always leads to aggregate growth suppression.
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.3390/biomedicines9111646/s1, Figure S1: Ry profiles upon heating for ovalbumin, BSA, a-Cgn, and
RNaseA in solutions containing either ATP, STPP, or NaCl. Figure S2: SEC-MALLS chromatograms
for ovalbumin STPP solutions after storage at 70 °C. Figure S3: Chemical structures for ATP and TPP.

Author Contributions: Conceptualization, J.B. and R.C.; methodology, J.B. and K.M.; formal analysis,
J.B. and R.C.; investigation, J.B. and K.M.; resources, R.C.; data curation, J.B. and R.C.; writing—
original draft preparation, J.B.; writing—review and editing, J.B. and R.C.; visualization, ].B. and
R.C.; supervision, R.C.; project administration, R.C.; funding acquisition, R.C. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Engineering and Physical Sciences Research Council
(EPSRC) grant number EP/N024796/1.

Institutional Review Board Statement: Not applicable.


https://www.mdpi.com/article/10.3390/biomedicines9111646/s1
https://www.mdpi.com/article/10.3390/biomedicines9111646/s1

Biomedicines 2021, 9, 1646 17 of 19

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank Wyatt Technology and Thomas Jowitt for instrument access
and technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wang, W,; Singh, S.K; Li, N; Toler, M.R,; King, K.R.; Nema, S. Inmunogenicity of protein aggregates-Concerns and realities. Int.
J. Pharm. 2012, 431, 1-11. [CrossRef]

2. Wang, W,; Singh, S.; Zeng, D.L.; King, K.; Nema, S. Antibody structure, instability, and formulation. J. Pharm. Sci. 2007, 96, 1-26.
[CrossRef]

3. Harris, R].; Shire, S.J.; Winter, C. Commercial manufacturing scale formulation and analytical characterization of therapeutic
recombinant antibodies. Drug Dev. Res. 2004, 61, 137-154. [CrossRef]

4.  Evans,].B; Syed, B.A. Next-generation antibodies. Nat. Rev. Drug Discov. 2014, 13, 413-414. [CrossRef]

5. Beck, A.; Wurch, T.; Bailly, C.; Corvaia, N. Strategies and challenges for the next generation of therapeutic antibodies. Nat. Rev.
Immunol. 2010, 10, 345-352. [CrossRef]

6. Lawrence, M.S,; Phillips, K.J.; Liu, D.R. Supercharging proteins can impart unusual resilience. J. Am. Chem. Soc. 2007, 129,
10110-10112. [CrossRef]

7. Simeonov, P; Berger-Hoffmann, R.; Hoffmann, R.; Straeter, N.; Zuchner, T. Surface supercharged human enteropeptidase light
chain shows improved solubility and refolding yield. Protein Eng. Des. Sel. 2011, 24, 261-268. [CrossRef]

8.  Miklos, A.E.; Kluwe, C.; Der, B.S.; Pai, S.; Sircar, A.; Hughes, R.A.; Berrondo, M.; Xu, J.; Codrea, V.; Buckley, PE.; et al.
Structure-based design of supercharged, highly thermoresistant antibodies. Chem. Biol. 2012, 19, 449—-455. [CrossRef]

9.  Schaefer, J.V.; Plueckthun, A. Engineering Aggregation Resistance in IgG by two independent mechanisms: Lessons from
comparison of pichia pastoris and mammalian cell expression. J. Mol. Biol. 2012, 417, 309-335. [CrossRef]

10. Der, B.S.; Kluwe, C.; Miklos, A.E.; Jacak, R.; Lyskov, S.; Gray, J.J.; Georgiou, G.; Ellington, A.D.; Kuhlman, B. Alternative
computational protocols for supercharging protein surfaces for reversible unfolding and retention of stability. PLoS ONE 2013, 8,
€64363. [CrossRef]

11.  Austerberry, J.I; Dajani, R.; Panova, S.; Roberts, D.; Golovanov, A.P; Pluen, A.; van der Walle, C.E;; Uddin, S.; Warwicker, J.;
Derrick, J.P.; et al. The effect of charge mutations on the stability and aggregation of a human single chain Fv fragment. Eur. J.
Pharm. Biopharm. 2017, 115, 18-30. [CrossRef]

12. Menzen, T.; Friess, W. Temperature-Ramped studies on the aggregation, unfolding, and interaction of a therapeutic monoclonal
antibody. J. Pharm. Sci. 2014, 103, 445-455. [CrossRef]

13.  Brummitt, R.K; Nesta, D.P; Chang, L.Q.; Chase, S.F.; Laue, T.M.; Roberts, C.J. Nonnative aggregation of an IgG1 antibody in
acidic conditions: Part 1. unfolding, colloidal interactions, and formation of high-molecular-weight aggregates. J. Pharm. Sci.
2011, 100, 2087-2103. [CrossRef]

14. Kim, N.; Remmele, R.L., Jr; Liu, D.; Razinkov, V.I; Fernandez, E.J.; Roberts, C.]. Aggregation of anti-streptavidin immunoglobulin
gamma-1 involves Fab unfolding and competing growth pathways mediated by pH and salt concentration. Biophys. Chem. 2013,
172, 26-36. [CrossRef]

15. Li, Y,; Ogunnaike, B.A.; Roberts, C.I. Multi-variate approach to global protein aggregation behavior and kinetics: Effects of pH,
NaCl, and temperature for alpha-chymotrypsinogen A. J. Pharm. Sci. 2010, 99, 645-662. [CrossRef]

16. Chi, E.Y;; Krishnan, S.; Kendrick, B.S.; Chang, B.S.; Carpenter, J.F.; Randolph, T.W. Roles of conformational stability and colloidal
stability in the aggregation of recombinant human granulocyte colony-stimulating factor. Protein Sci. 2003, 12, 903-913. [CrossRef]

17.  Sahin, E.; Grillo, A.O.; Perkins, M.D.; Roberts, C.J. Comparative Effects of pH and ionic strength on protein-protein interactions,
unfolding, and aggregation for IgG1 antibodies. J. Pharm. Sci. 2010, 99, 4830-4848. [CrossRef]

18.  Brummitt, R.K,; Nesta, D.P; Chang, L.; Kroetsch, A.M.; Roberts, C.]. Nonnative aggregation of an IgG1 antibody in acidic
conditions, part 2: Nucleation and growth kinetics with competing growth mechanisms. J. Pharm. Sci. 2011, 100, 2104-2119.
[CrossRef]

19. Barnett, G.V,; Qi, W,; Amin, S.; Lewis, E.N.; Razinkov, V.I.; Kerwin, B.A.; Liu, Y.; Roberts, C.J. Structural changes and aggregation
mechanisms for anti-streptavidin IgG1 at elevated concentration. J. Phys. Chem. B 2015, 119, 15150-15163. [CrossRef]

20. Nicoud, L.; Sozo, M.; Arosio, P; Yates, A.; Norrant, E.; Morbidelli, M. Role of cosolutes in the aggregation kinetics of monoclonal
antibodies. J. Phys. Chem. B 2014, 118, 11921-11930. [CrossRef]

21. Jain, S.; Wheeler, J.R.; Walters, RW.; Agrawal, A.; Barsic, A.; Parker, R. ATPase-modulated stress granules contain a diverse
proteome and substructure. Cell 2016, 164, 487-498. [CrossRef]

22. Patel, A; Malinovska, L.; Saha, S.; Wang, J.; Alberti, S.; Krishnan, Y.; Hyman, A.A. ATP as a biological hydrotrope. Science 2017,

356, 753-756. [CrossRef]


http://doi.org/10.1016/j.ijpharm.2012.04.040
http://doi.org/10.1002/jps.20727
http://doi.org/10.1002/ddr.10344
http://doi.org/10.1038/nrd4255
http://doi.org/10.1038/nri2747
http://doi.org/10.1021/ja071641y
http://doi.org/10.1093/protein/gzq104
http://doi.org/10.1016/j.chembiol.2012.01.018
http://doi.org/10.1016/j.jmb.2012.01.027
http://doi.org/10.1371/journal.pone.0064363
http://doi.org/10.1016/j.ejpb.2017.01.019
http://doi.org/10.1002/jps.23827
http://doi.org/10.1002/jps.22448
http://doi.org/10.1016/j.bpc.2012.12.004
http://doi.org/10.1002/jps.21869
http://doi.org/10.1110/ps.0235703
http://doi.org/10.1002/jps.22198
http://doi.org/10.1002/jps.22447
http://doi.org/10.1021/acs.jpcb.5b08748
http://doi.org/10.1021/jp508000w
http://doi.org/10.1016/j.cell.2015.12.038
http://doi.org/10.1126/science.aaf6846

Biomedicines 2021, 9, 1646 18 of 19

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

Sridharan, S.; Kurzawa, N.; Werner, T.; Guenthner, I.; Helm, D.; Huber, W.; Bantscheff, M.; Savitski, M.M. Proteome-wide
solubility and thermal stability profiling reveals distinct regulatory roles for ATP. Nat. Commun. 2019, 10, 1155. [CrossRef]
Greiner, ].V.; Glonek, T. Hydrotropic function of ATP in the crystalline lens. Exp. Eye Res. 2020, 190, 107862. [CrossRef]

Song, J. Adenosine triphosphate energy-independently controls protein homeostasis with unique structure and diverse mecha-
nisms. Protein Sci. 2021, 30, 1277. [CrossRef]

Mehringer, J.; Do, T.-M.; Touraud, D.; Hohenschutz, M.; Khoshsima, A.; Horinek, D.; Kunz, W. Hofmeister versus Neuberg: Is
ATP really a biological hydrotrope? Cell Rep. Phys. Sci. 2021, 2, 100343. [CrossRef]

Lenton, S.; Hervo-Hansen, S.; Popov, A.M.; Tully, M.D.; Lund, M.; Skepo, M. Impact of Arginine-phosphate interactions on the
reentrant condensation of disordered proteins. Biomacromolecules 2021, 22, 1532-1544. [CrossRef]

Dang, M.; Song, J. ALS-causing D169G mutation disrupts the ATP-binding capacity of TDP-43 RRM1 domain. Biochem. Biophys.
Res. Commun. 2020, 524, 459-464. [CrossRef]

Nishizawa, M.; Walinda, E.; Morimoto, D.; Kohn, B.; Scheler, U.; Shirakawa, M.; Sugase, K. Effects of weak nonspecific interactions
with ATP on proteins. J. Am. Chem. Soc. 2021, 143, 11982-11993. [CrossRef]

Bye, J.W,; Curtis, R.A. Controlling phase separation of lysozyme with polyvalent anions. J. Phys. Chem. B 2019, 123, 593-605.
[CrossRef]

Roberts, D.; Keeling, R.; Tracka, M.; van der Walle, C.E; Uddin, S.; Warwicker, J.; Curtis, R. The role of electrostatics in
protein-protein interactions of a monoclonal antibody. Mol. Pharm. 2014, 11, 2475-2489. [CrossRef] [PubMed]

Holloway, L.; Roche, A.; Marzouk, S.; Uddin, S; Ke, P,; Ekizoglou, S.; Curtis, R. Determination of Protein-protein interactions at
high co-solvent concentrations using static and dynamic light scattering. J. Pharm. Sci. 2020, 109, 2699-2709. [CrossRef] [PubMed]
Gruenberger, A.; Lai, P-K.; Blanco, M.A.; Roberts, C.J. Coarse-grained modeling of protein second osmotic virial coefficients:
Sterics and short-ranged attractions. J. Phys. Chem. B 2013, 117, 763-770. [CrossRef] [PubMed]

Zhang, F; Weggler, S.; Ziller, M.].; Ianeselli, L.; Heck, B.S.; Hildebrandt, A.; Kohlbacher, O.; Skoda, M.W.A_; Jacobs, RM.].;
Schreiber, F. Universality of protein reentrant condensation in solution induced by multivalent metal ions. Proteins 2010, 78,
3450-3457. [CrossRef] [PubMed]

Erickson, H.P. Size and shape of protein molecules at the nanometer level determined by sedimentation, gel filtration, and
electron microscopy. Biol. Proced. Online 2009, 11, 32-51. [CrossRef]

Hanlon, A.D.; Larkin, M.I,; Reddick, R.M. Free-solution, label-free protein-protein interactions characterized by dynamic light
scattering. Biophys. ]. 2010, 98, 297-304. [CrossRef]

Jachimska, B.; Wasilewska, M.; Adamczyk, Z. Characterization of globular protein solutions by dynamic light scattering,
electrophoretic mobility, and viscosity measurements. Langmuir 2008, 24, 6866—6872. [CrossRef]

Li, Y,; Roberts, C.J. Lumry-Eyring Nucleated-Polymerization Model of protein aggregation kinetics. 2. Competing Growth via
condensation and chain polymerization. J. Phys. Chem. B 2009, 113, 7020-7032. [CrossRef]

Weijers, M.; Visschers, R.W.; Nicolai, T. Light scattering study of heat-induced aggregation and gelation of ovalbumin. Macro-
molecules 2002, 35, 4753-4762. [CrossRef]

Broersen, K.; Weijers, M.; de Groot, J.; Hamer, R.J.; de Jongh, H.H.J. Effect of protein charge on the generation of aggregation-prone
conformers. Biomacromolecules 2007, 8, 1648-1656. [CrossRef]

Choi, S.J.; Moon, T.W. Influence of sodium chloride and glucose on the aggregation behavior of heat-denatured ovalbumin
investigated with a multiangle laser light scattering technique. J. Food Sci. 2008, 73, C41-C49. [CrossRef] [PubMed]

Delahaije, R.J.B.M.; Wierenga, P.A.; Giuseppin, M.L.E; Gruppen, H. Comparison of heat-induced aggregation of globular proteins.
J. Agric. Food Chem. 2015, 63, 5257-5265. [CrossRef] [PubMed]

Weijers, M.; Broersen, K.; Barneveld, P.A.; Stuart, M.A.C.; Hamer, R.J.; De Jongh, H.J.; Visschers, R.W. Net charge affects
morphology and visual properties of ovalbumin aggregates. Biomacromolecules 2008, 9, 3165-3172. [CrossRef]

Cosgrove, D.J. Chemistry and biochemistry of inositol polyphosphates. Rev. Pure Appl. Chem. 1966, 16, 209-224.

Alberty, R.A.; Smith, R.M.; Bock, RM. The Apparent ionization constants of the adenosinephosphates and related compounds. .
Biol. Chem. 1951, 193, 425-434. [CrossRef]

Arzensek, D.; Kuzman, D.; Podgornik, R. Colloidal interactions between monoclonal antibodies in aqueous solutions. J. Colloid
Interface Sci. 2012, 384, 207-216. [CrossRef] [PubMed]

Eberstein, W.; Georgalis, Y.; Saenger, W. Molecular interactions in crystallizing lysozyme solutions studied by photon-correlation
spectroscopy. J. Cryst. Growth 1994, 143, 71-78. [CrossRef]

Muschol, M.; Rosenberger, F. Interactions in undersaturated and supersaturated lysozyme solutions: Static and dynamic light
scattering results. J. Chem. Phys. 1995, 103, 10424-10432. [CrossRef]

Ma, Y.; Acosta, D.M.; Whitney, ].R.; Podgornik, R.; Steinmetz, N.E,; French, R.H.; Parsegian, V.A. Determination of the second
virial coefficient of bovine serum albumin under varying pH and ionic strength by composition-gradient multi-angle static light
scattering. J. Biol. Phys. 2015, 41, 85-97. [CrossRef]

Neal, B.L.; Asthagiri, D.; Velev, O.D.; Lenhoff, A.M.; Kaler, EW. Why is the osmotic second virial coefficient related to protein
crystallization? J. Cryst. Growth 1999, 196, 377-387. [CrossRef]

Neal, B.L.; Asthagiri, D.; Lenhoff, A.M. Molecular origins of osmotic second virial coefficients of proteins. Biophys. J. 1998, 75,
2469-2477. [CrossRef]


http://doi.org/10.1038/s41467-019-09107-y
http://doi.org/10.1016/j.exer.2019.107862
http://doi.org/10.1002/pro.4079
http://doi.org/10.1016/j.xcrp.2021.100343
http://doi.org/10.1021/acs.biomac.0c01765
http://doi.org/10.1016/j.bbrc.2020.01.122
http://doi.org/10.1021/jacs.0c13118
http://doi.org/10.1021/acs.jpcb.8b10868
http://doi.org/10.1021/mp5002334
http://www.ncbi.nlm.nih.gov/pubmed/24892385
http://doi.org/10.1016/j.xphs.2020.05.023
http://www.ncbi.nlm.nih.gov/pubmed/32505449
http://doi.org/10.1021/jp308234j
http://www.ncbi.nlm.nih.gov/pubmed/23245189
http://doi.org/10.1002/prot.22852
http://www.ncbi.nlm.nih.gov/pubmed/20872851
http://doi.org/10.1007/s12575-009-9008-x
http://doi.org/10.1016/j.bpj.2009.09.061
http://doi.org/10.1021/la800548p
http://doi.org/10.1021/jp8083088
http://doi.org/10.1021/ma0120198
http://doi.org/10.1021/bm0612283
http://doi.org/10.1111/j.1750-3841.2007.00615.x
http://www.ncbi.nlm.nih.gov/pubmed/18298715
http://doi.org/10.1021/acs.jafc.5b00927
http://www.ncbi.nlm.nih.gov/pubmed/25965109
http://doi.org/10.1021/bm800751e
http://doi.org/10.1016/S0021-9258(19)52468-1
http://doi.org/10.1016/j.jcis.2012.06.055
http://www.ncbi.nlm.nih.gov/pubmed/22840854
http://doi.org/10.1016/0022-0248(94)90369-7
http://doi.org/10.1063/1.469891
http://doi.org/10.1007/s10867-014-9367-7
http://doi.org/10.1016/S0022-0248(98)00855-0
http://doi.org/10.1016/S0006-3495(98)77691-X

Biomedicines 2021, 9, 1646 19 of 19

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

Elcock, A.H.; McCammon, J.A. Calculation of weak protein-protein interactions: The pH dependence of the second virial
coefficient. Biophys. J. 2001, 80, 613—-625. [CrossRef]

Nicoud, L.; Arosio, P.; Sozo, M.; Yates, A.; Norrant, E.; Morbidelli, M. Kinetic analysis of the multistep aggregation mechanism of
monoclonal antibodies. J. Phys. Chem. B 2014, 118, 10595-10606. [CrossRef] [PubMed]

Rubin, J.; San Miguel, A.; Bommarius, A.S.; Behrens, S.H. Correlating Aggregation Kinetics and stationary diffusion in protein-
sodium salt systems observed with dynamic light scattering. J. Phys. Chem. B 2010, 114, 4383-4387. [CrossRef] [PubMed]
Arosio, P; Rima, S.; Lattuada, M.; Morbidelli, M. Population balance modeling of antibodies aggregation kinetics. J. Phys. Chem.
B 2012, 116, 7066-7075. [CrossRef]

Olsen, S.N.; Andersen, K.B.; Randolph, T.W.; Carpenter, ].F.; Westh, P. Role of electrostatic repulsion on colloidal stability of
Bacillus halmapalus alpha-amylase. Biochim. Biophys. Acta Proteins Proteom. 2009, 1794, 1058-1065. [CrossRef]

Nakamura, R.; Hirai, M.; Takemori, Y. Studies on ovalbumin-s-ovalbumin transformation. 1. Some differences noted between the
properties of ovalbumin and s-ovalbumin in native-state. Agric. Biol. Chem. 1980, 44, 149-153. [CrossRef]

Mitchell, D.J.; Ninham, B.W. Range of screened coulomb interaction in electrolytes and double-layer problems. Chem. Phys. Lett.
1978, 53, 397-399. [CrossRef]

Kjellander, R.; Mitchell, D.J. Dressed-ion theory for electrolyte-solutions—A Debye-Huckel-like reformulation of the exact theory
for the primitive model. J. Chem. Phys. 1994, 101, 603—626. [CrossRef]

Smith, R.M.; Alberty, R.A. The apparent stability constants of ionic complexes of various adenosine phosphates with monovalent
cations. J. Phys. Chem. 1956, 60, 180-184. [CrossRef]

Pilatus, U.; Mayer, A.; Ofermann, W.; Leibfrtiz, D. Sodium binding to and protonation of ATP—A multinuclear magnetic
double-resonance study at 8.46 tesla. Biochim. Biophys. Acta 1987, 926, 106-113. [CrossRef]

Andrews, ].M.; Roberts, C.J. A Lumry-Eyring nucleated polymerization model of protein aggregation kinetics: 1. Aggregation
with pre-equilibrated unfolding. J. Phys. Chem. B 2007, 111, 7897-7913. [CrossRef] [PubMed]

Roberts, C.J.; Blanco, M. A. Role of anisotropic interactions for proteins and patchy nanoparticles. . Phys. Chem. B 2014, 118,
12599-12611. [CrossRef] [PubMed]

Blanco, M. A ; Sahin, E.; Robinson, A.S.; Roberts, C.J. Coarse-grained model for colloidal protein interactions, B-22, and protein
cluster formation. J. Phys. Chem. B 2013, 117, 16013-16028. [CrossRef] [PubMed]

McManus, J.J.; Lomakin, A.; Ogun, O.; Pande, A.; Basan, M.; Pande, J.; Benedek, G.B. Altered phase diagram due to a single point
mutation in human gamma D-crystallin. Proc. Natl. Acad. Sci. USA 2007, 104, 16856-16861. [CrossRef]

Lomakin, A.; Asherie, N.; Benedek, G.B. Aeolotopic interactions of globular proteins. Proc. Natl. Acad. Sci. USA 1999, 96,
9465-9468. [CrossRef]

McManus, J.J.; Charbonneau, P.; Zaccarelli, E.; Asherie, N. The physics of protein self-assembly. Curr. Opin. Colloid Interface Sci.
2016, 22, 73-79. [CrossRef]

Pal, S.; Paul, S. ATP Controls the aggregation of A beta(16-22) peptides. J. Phys. Chem. B 2020, 124, 210-223. [CrossRef]
Wennerstrom, H.; Estrada, E.V.; Danielsson, J.; Oliveberg, M. Colloidal stability of the living cell. Proc. Natl. Acad. Sci. USA 2020,
117,10113-10121. [CrossRef]


http://doi.org/10.1016/S0006-3495(01)76042-0
http://doi.org/10.1021/jp505295j
http://www.ncbi.nlm.nih.gov/pubmed/25119992
http://doi.org/10.1021/jp912126w
http://www.ncbi.nlm.nih.gov/pubmed/20178329
http://doi.org/10.1021/jp301091n
http://doi.org/10.1016/j.bbapap.2009.02.010
http://doi.org/10.1271/bbb1961.44.149
http://doi.org/10.1016/0009-2614(78)85426-8
http://doi.org/10.1063/1.468116
http://doi.org/10.1021/j150536a010
http://doi.org/10.1016/0304-4165(87)90187-5
http://doi.org/10.1021/jp070212j
http://www.ncbi.nlm.nih.gov/pubmed/17571872
http://doi.org/10.1021/jp507886r
http://www.ncbi.nlm.nih.gov/pubmed/25302767
http://doi.org/10.1021/jp409300j
http://www.ncbi.nlm.nih.gov/pubmed/24289039
http://doi.org/10.1073/pnas.0707412104
http://doi.org/10.1073/pnas.96.17.9465
http://doi.org/10.1016/j.cocis.2016.02.011
http://doi.org/10.1021/acs.jpcb.9b10175
http://doi.org/10.1073/pnas.1914599117

	Introduction 
	Materials and Methods 
	Materials 
	Sample Preparation 
	-Potential Measurements 
	Temperature Ramped Dynamic Light Scattering (DLS and SLS) 
	Temperature Ramped Thermal Stability to Determine Tm 
	Size Exclusion Chromatography Multiangle Laser Light Scattering (SEC-MALLS) 
	B22  Determination by SLS 

	Results 
	-Potential Measurements 
	Thermally Induced Aggregation Experiments 
	Analysis of Ovalbumin Thermal Ramp Data Suggests STPP Alters Aggregate Growth Rates 
	SEC-MALLS Measurements Indicate TPP Suppresses Aggregate Growth 
	RNase A and Lysozyme 
	b22  Values Indicate ATP/TPP Overcharging Increases Protein–Protein Electrostatic Repulsion for Ovalbumin, but Not for -Cgn 
	Aggregate Growth Rates Show Stronger Correlation with FUCHS Factor Than b22  
	ATP Attenuates Native-State Attractive Interactions between Ovalbumin Molecules 

	Discussion 
	Conclusions 
	References

