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Oligomeric distribution of protein structure at 15 mg/mL ovalbumin in the absence of ammonium 

sulfate (AS) 

 

 
FIGURE S1.  (a) X-ray scattered intensities for the SAXS-elution profile of AS-free ovalbumin solution in 5 mM 
phosphate buffer pD 7 (injection of 50 μL of protein solution at 15 mg/mL). The dashed line shows the background 
signal from buffer. The main peak radius of gyration 𝑅𝑅𝑔𝑔 (blue) were calculated using liquid chromatography (LC) 
series analysis available in BioXTas RAW 1, 2. The 𝑅𝑅𝑔𝑔 of 24.8 Å fitted to the main peak is consistent with the monomer 
as the dominant species in solution. The average data for the main peak was used to produce a 1D scattering profile, 
which was then fitted to determine the reduced second virial coefficient 𝑏𝑏2∗. (b) Corresponding UV absorption profile 
for the 4 mL elution measurement. The monomer peak (eluted at 2.5 mL) represents ≈88% of the total area of the 
absorbance intensity. 
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Dynamic light scattering 

As shown in Figure S2, intensity autocorrelation function 𝑔𝑔2(𝑄𝑄, 𝑡𝑡𝑙𝑙𝑙𝑙𝑔𝑔)  was measured using a DynaPro 

Nanostar II DLS instrument from Wyatt Corporation (Santa Barbara, CA), with a wavelength of 658 nm, as 

defined below: 

𝑔𝑔2�𝑄𝑄, 𝑡𝑡𝑙𝑙𝑙𝑙𝑔𝑔� =
�𝐼𝐼(𝑄𝑄, 𝑡𝑡)𝐼𝐼�𝑄𝑄, 𝑡𝑡 + 𝑡𝑡𝑙𝑙𝑙𝑙𝑔𝑔��

⟨|𝐼𝐼(𝑄𝑄, 𝑡𝑡)|2⟩
 (S1) 

where 𝐼𝐼(𝑄𝑄, 𝑡𝑡) and 𝐼𝐼(𝑄𝑄, 𝑡𝑡 + 𝑡𝑡𝑙𝑙𝑙𝑙𝑔𝑔) are the measured scattering intensities at a particular wave vector 𝑄𝑄 (which 

depends on the scattering angle and the refractive index of the medium), and times 𝑡𝑡 and 𝑡𝑡 + 𝑡𝑡𝑙𝑙𝑙𝑙𝑔𝑔. 𝑡𝑡𝑙𝑙𝑙𝑙𝑔𝑔 is the 

time lag between intensity measurements 3. Through the Siegert relation, 𝑔𝑔2(𝑄𝑄, 𝑡𝑡𝑙𝑙𝑙𝑙𝑔𝑔) can be converted to the 

field correlation function 𝑔𝑔1(𝑄𝑄, 𝑡𝑡𝑙𝑙𝑙𝑙𝑔𝑔): 

 𝑔𝑔2�𝑄𝑄, 𝑡𝑡𝑙𝑙𝑙𝑙𝑔𝑔� = 1 + 𝛽𝛽�𝑔𝑔1�𝑄𝑄, 𝑡𝑡𝑙𝑙𝑙𝑙𝑔𝑔��
2 (𝑆𝑆2𝑎𝑎) 

where 𝛽𝛽 is the intercept normalizing factor such that �𝑔𝑔2�𝑄𝑄, 𝑡𝑡𝑙𝑙𝑙𝑙𝑔𝑔� − 1�/𝛽𝛽 spans values between 0 and 1.  

 

FIGURE S2: Cumulant fit to 𝑔𝑔2(𝑞𝑞, 𝑡𝑡𝑙𝑙𝑙𝑙𝑔𝑔) − 1 for AS-free 0.997 mg/ml ovalbumin solution in 5 mM deuterated 
phosphate buffer (pD 7). The DLS data was collected at a scattering angle 90o, at 23°C. The average hydrodynamic 
radius was determined to be 31.3 Å, yielding Rg/Rh ≈ 0.776, close to the expected average ratio of 0.775 for globular 
proteins 4. 
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From 𝑔𝑔1(𝑄𝑄, 𝑡𝑡𝑙𝑙𝑙𝑙𝑔𝑔), the CUMULANT analysis method was used to determine the decay rate Γ, which is related 

to the diffusivity 𝐷𝐷0 and hydrodynamic radius 𝑅𝑅ℎ: 

 𝛤𝛤 = 𝑄𝑄2𝐷𝐷0 (𝑆𝑆3𝑏𝑏) 

 𝑅𝑅ℎ =
𝑘𝑘𝐵𝐵𝑇𝑇

6𝜋𝜋𝜋𝜋𝐷𝐷0
(𝑆𝑆4𝑐𝑐) 

where Equation S2c is the Stokes-Einstein relation with 𝜋𝜋  as the solvent viscosity, T as the solution 

temperature, and 𝑘𝑘𝐵𝐵 as Boltzmann’s constant. 

 

Circular dichroism  

 
FIGURE S3. A: CD data shown as the mean residue ellipticity (MRE) for 0.9 mg/mL ovalbumin at room temperature 
with varying AS concentrations, color-coded as labeled. Error bars are standard errors in MRE based on three averaged 
measurements per condition. B: Secondary structure fractions determined from deconvolution of circular dichroism 
data using the CONTINLL algorithm in Dichroweb, and Reference data set SP175 5-7. The NRMSD for the fits to the 
0, 0.24, 0.48, and 1.2 M AS solutions were 0.021, 0.024, 0.023, and 0.048, respectively. The error bars are standard 
errors between three successive deconvolutions at each condition.   

 

The CD spectra in Figure S3 were obtained from Dichroweb 5 using the CONTINLL algorithm 7 to 

deconvolute the measured CD spectra as a function of different secondary structure contributions based on 
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the reference dataset SP175 6. The deviation between the experimental data and the reference set was 

quantified through the normalized root mean squared deviation (NRMSD) as defined below: 

 𝑁𝑁𝑅𝑅𝑁𝑁𝑆𝑆𝐷𝐷 = �∑ �𝜃𝜃𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥 − 𝜃𝜃𝑐𝑐𝑙𝑙𝑙𝑙𝑐𝑐�
2

𝜆𝜆

∑ (𝜃𝜃𝑐𝑐𝑙𝑙𝑙𝑙𝑐𝑐)2𝜆𝜆
(𝑆𝑆3) 

𝜃𝜃𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥 and 𝜃𝜃𝑐𝑐𝑙𝑙𝑙𝑙𝑐𝑐 are the experimental and reference-calculated ellipticities at each wavelength 𝜆𝜆, respectively. 

Smaller values measure the quality of the match between the experimental data and the reference data set. 

For the CONTILL method, an NRMSD ≤ 0.1 and a good match with the measured data is a good fit.  

 

Ovalbumin solution structure: fits to SEC- SAXS data using a triaxial ellipsoid model  

Table S1 shows the best-it parameters for SAXS data from an AS-free solution using a triaxial ellipsoid 

model (see equations 4 in the main document), as shown in Figure S4. The volume fraction and solvent SLD 

(coherent neutron scattering length density) were fixed as known parameters throughout the fits. The protein 

SLD was kept fixed to an initial value of 12 x 10-6 Å-1 for the first fits of the ellipsoidal radii. 

 

Table S1: Triaxial ellipsoid fit parameters for SAXS data from an AS-free solution of 5 mg/ml ovalbumin.  
Ra 
(Å) 

Rb 
(Å) 

Rc 
(Å) 

Solvent  SLD 
(10-6/Å-2) 

Protein  SLD  
(10-6/Å2) 

Volume 
fraction 

𝛘𝛘2 

50.75 ± 0.17 21.32 ± 0.05 20.01 ± 0.04 9.35 12.19 ± 0.03 0.005 1.98 
The parameter 𝑅𝑅𝑙𝑙 is the polar radius, and 𝑅𝑅𝑏𝑏 and 𝑅𝑅𝑐𝑐 are the major and minor equatorial radii. 𝜒𝜒2 is a goodness-of-fit 
parameter and represents the minimized sum of weighted squares of the error (weighted residuals) between the data 
and the predicted fit 8. 

 

Guinier Analyses and Form Factor Validation 

The inset of Figure S4 shows the Guinier analysis of ambient pressure SAXS data measured for the 5 mg/mL 

ovalbumin solution (the fit parameters are shown in Table S2) used to obtain the radius of gyration 𝑅𝑅𝑔𝑔 from 

an approximation of the low-Q data fitted with9:  

𝑙𝑙𝑙𝑙 𝐼𝐼(𝑞𝑞) = 𝑙𝑙𝑙𝑙 𝐼𝐼(0) −
𝑅𝑅𝑔𝑔2

3
𝑞𝑞2 (𝑆𝑆4) 
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FIGURE S4.  Ambient pressure SAXS data measured for 5 mg/mL ovalbumin solution in 5 mM sodium phosphate 

buffer pD 7 at room temperature. The buffer contributions have been subtracted from the data. The triaxial ellipsoid 

best-fit curve (black) is shown overlapping with the data (blue) and theoretical scattering calculated from the monomer 

(gray) and dimer (light gray) crystal structure 10. Inset: Guinier fit to the low Q data, for radius of gyration 

determination, shown in black. Error bars arise from experimental counting statistics. 

 
FIGURE S5.  Structure factor profile calculated from 𝑏𝑏2∗ for AS-free 5 mg/ml ovalbumin, using the master curve 
equation to validate the initial assumption of no significant protein-protein interaction contributions to the 
corresponding SAXS data.  The contribution from the structure factor to the scattering intensities are < 1% across the 
fit range (0.01 Å-1 < Q < 0.4 Å-1). 
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Table S2. Best-fit parameters of Guinier analysis and distance distribution P(r) fits to ovalbumin scattering data in 5 
mM deuterated phosphate buffer (in the absence of ammonium sulfate).  

1 mg/ml 
ovalbumin 

Guinier Approximation Fit 
Rg (Å) I(0) (cm-1) QRg  R2 

24.7 ± 2.3 0.05 ± 0.001 0.27-1.26 0.92 
Inverse Fourier Transform Fit 

Rg (Å) I(0) (cm-1) Dmax (Å) Qmin - Qmax (Å-1) 
24.5 ± 3.5 0.05 ± 0.002 82.0 0.01-0.42 

5 mg/ml 
ovalbumin 

Guinier Approximation Fit 
Rg (Å) I(0) (cm-1) QRg R2 

24.3 ± 0.2 0.39 ± 0.002 0.21-1.29 0.98 
Inverse Fourier Transform Fit 

Rg (Å) I(0) (cm-1) Dmax (Å) Qmin - Qmax (Å-1) 
25.0 ± 0.2 0.39 ± 0.002 89.0 0.01-0.42 

15 mg/ml 
ovalbumin 

Guinier Approximation Fit 
Rg (Å) I(0) (cm-1) QRg R2 

24.8 ± 0.1 1.54 ± 0.004 0.29-1.29 0.98 
Inverse Fourier Transform Fit 

Rg (Å) I(0) (cm-1) Dmax (Å) Qmin - Qmax (Å-1) 
25.0 ± 0.1 1.54 ± 0.004 90.0 0.01-0.42 

Fits were performed using the BioXTas Raw software package 2, 11. 𝑅𝑅2 is the goodness-of-fit for the linearized 
Guinier approximation. 

 
 

 

Tabulated protein hard sphere radii and Baxter model parameters 

 

Table S3. Hard sphere diameters for proteins studied, determined as twice the hydrodynamic radius as measured via 
dynamic light scattering (DLS), where 𝐵𝐵22𝐻𝐻𝐻𝐻 = 2𝜋𝜋𝜎𝜎3/3.  

Protein 𝝈𝝈 = 𝑫𝑫𝑯𝑯𝑯𝑯 = 𝟐𝟐𝑹𝑹𝒉𝒉  (nm) 
Ovalbumin 6.3 ± 0.7 
Lysozyme 3.8 

𝛽𝛽-lactoglobulin 7.0 
The value for the hydrodynamic radius of ovalbumin was experimentally measured; values for lysozyme and 𝛽𝛽-
lactoglobulin are taken from the literature 12, 13. 
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Table S4. Fitted stickiness values and calculated 𝑏𝑏2∗ for 15 mg/ml ovalbumin in 5 mM phosphate buffer, 23oC, pD 7 
with varying ammonium sulfate concentration and applied hydrostatic pressure.  

Ammonium 
Sulfate (M) 

𝐏𝐏𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀 
(MPa) 

𝝉𝝉 𝐛𝐛𝟐𝟐∗  Q Range  
(Å-1) 

𝛘𝛘2 

0.00† 1 - 0.84 ± 0.15 0.008-0.34 - 

0.20 1 0.97 ± 0.08 0.74 ± 0.10 0.008-0.34 1.53 
0.50 1 0.36 ± 0.01 0.30 ± 0.05 0.008-0.34 2.91 
0.80 1 0.21 ± 0.01 -0.18 ± 0.05 0.008-0.34 1.28 
1.20 1 0.13 ± 0.01 -0.94 ± 0.02 0.008-0.34 1.64 
1.36 1 0.10 ± 0.01 -1.40 ± 0.10 0.008-0.34 1.74 
0.00† 10 - 0.83 ± 0.15 0.008-0.7 - 

1.20 10 0.13 ± 0.01 -0.94 ± 0.04 0.008-0.7 8.66 
1.36 10 0.10 ± 0.01 -1.46 ± 0.04 0.008-0.7 18.84 
0.00† 98 - 0.57 ± 0.15 0.008-0.7 - 

1.20 98 0.11 ± 0.01 -1.38 ± 0.07 0.008-0.7 6.68 
1.36 98 0.07 ± 0.01 -2.37 ± 0.04 0.008-0.7 1.83 
0.00† 195 - 0.35 ± 0.15 0.008-0.7 - 

1.20 195 0.09 ± 0.01 -1.80 ± 0.09 0.008-0.7 5.04 
1.36 195 0.06 ± 0.01 -3.18 ± 0.08 0.008-0.7 2.58 
0.00† 265 - 0.12 ± 0.15 0.008-0.7 - 

1.20 265 0.08 ± 0.01 -2.29 ± 0.06 0.008-0.7 5.58 
1.36 265 0.06 ± 0.01 -3.34 ± 0.10 0.008-0.7 3.24 
0.00† 350 - -0.46 ± 0.15 0.008-0.7 - 
1.20 350 0.07 ± 0.01 -2.74 ± 0.06 0.008-0.7 6.49 
1.36 350 0.06 ± 0.01 -3.35 ± 0.10 0.008-0.7 3.13 

†The reduced second virial coefficients for 0 M AS are calculated directly from the experimental data. 
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Analyses of potential applied pressure effects on the Form Factor of Ovalbumin 

To assess the effects of applied hydrostatic pressure on the ovalbumin form factor, the Kratky plots for the 

HP-SAXS data were examined, as shown in Figure S6A. For each of the three AS concentrations measured, 

the Kratky profiles shift down with pressure, as expected due to changes in scattering contrast, but no 

significant changes to the shape of the profiles are observed. This is consistent with the protein folding 

resistance to pressure within the range of parameters investigated.  

As shown in Figure S6B, the three HP-SAXS series were also analyzed in the range 0.07 Å < Q < 0.2 

Å-1, where contributions from protein-protein interactions are expected to be weaker and the measured 

intensities reflect a strong contribution from the form factor. For the various applied hydrostatic pressures 

measured at 0 M, AS-containing samples, the HP-SAXS data was normalized by the corresponding 10 MPa 

measurement (where the changes in scattering contrast at different applied pressure were also taken into 

account). Despite the poorer signal-to-noise of the HP-SAXS data for the 1.2 M and 1.36 M AS-containing 

solutions, particularly above 0.15 Å-1, each of the three normalized data series overlays well, with random 

oscillations around the average value of 1 as expected in the absence of a significant shift of the form factor.  
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FIGURE S6. (Left) Kratky plots of background-subtracted pressure-series SAXS data, collected at different AS 
concentrations as labeled for each panel. Applied pressure increases with shade (10 MPa, 98 MPa, 195 MPa, 265 MPa, 
350 MPa). Error bars arise from experimental counting statistics. (Right) Normalized scattering intensity ratios for the 
HP-SAXS data sets, calculated for each pressure P from the room pressure data as 𝑅𝑅 = (𝐼𝐼𝑃𝑃/Δ𝜌𝜌𝑃𝑃)/(𝐼𝐼10 𝑀𝑀𝑃𝑃𝑙𝑙/Δ𝜌𝜌10 𝑀𝑀𝑃𝑃𝑙𝑙), 
where Δ𝜌𝜌 is the scattering length density contrast for each curve. Applied pressure increases with shade (10 MPa, 98 
MPa, 195 MPa, 265 MPa, 350 MPa). 
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Pitzer osmotic coefficients for common binary electrolytes 

𝛽𝛽𝑀𝑀𝑀𝑀
(0) ,  𝛽𝛽𝑀𝑀𝑀𝑀

(1) , 𝛽𝛽𝑀𝑀𝑀𝑀
(2) , and 𝐶𝐶𝑀𝑀𝑀𝑀

𝜙𝜙  are empirical parameters, dependent on salt identity as illustrated in Table S5. The 

error 𝛿𝛿 is the standard deviation of the residuals for simultaneous of all included parameters. 

 
 
Table S5. Pitzer parameter values for several common electrolyte pairs 14. 

Salt zM: zX βMX
(0) �

𝐽𝐽
𝑚𝑚𝑚𝑚𝑙𝑙

� βMX
(1) �

𝐽𝐽
𝑚𝑚𝑚𝑚𝑙𝑙

� βMX
(2) �

𝐽𝐽
𝑚𝑚𝑚𝑚𝑙𝑙

� CMX
𝜙𝜙 �

𝐽𝐽
𝑚𝑚𝑚𝑚𝑙𝑙

�
2

 
Error  
(𝛿𝛿) 

NaCl 1-1 0.077 0.266 0.00 0.001 0.001 
NaH2PO4 1-1 -0.053 0.040 0.00 0.000 0.003 

NH4Cl 1-1 0.052 0.192 0.00 -0.003 0.001 
NH4H2PO4 1-1 -0.070 -0.416 0.00 0.007 0.003 
(NH4)2SO4 1-2 0.041 0.659 0.00 -0.001 0.004 

Na2SO4 1-2 0.020 1.113 0.00 0.005 0.003 
MgSO4 2-2 0.221 3.343 -37.2 0.025 0.004 
AlCl3 3-1 0.699 5.845 0.00 0.023 0.005 
YCl3 3-1 0.640 5.444 0.00 -0.023 0.007 

 
 

 
FIGURE S7. Osmotic coefficients at ambient conditions for several common chloride (thin lines), phosphate (normal 
lines), and sulfate (heavy lines) salts as calculated from the Pitzer correlations. The three anions are common in 
biological formulations and buffers  15-19. Error bars, propagated from reported standard deviations in Pitzer empirical 
parameters, are shown as light gray bands. Rate of departure from non-ideality (decrease from φ=1) and location of 
φmin depend on ion size and valency. 

 

 



 

11 

 

Comparison of Scattering Intensities for Solutions with Negligible Protein-Protein Interactions 

Ovalbumin SAXS measurements at 0.7 M AS on an independent sample set (not included in the master curve 

calculations) were used to validate the results highlighted in Figure 3a of the main manuscript document, by 

confirming the AS condition at which 𝑏𝑏2∗ crosses the zero line. The overlaid intensities in Figure S8 show a 

good match between the SAXS profiles for dilute (5 mg/ml) ovalbumin without AS, where long-range 

interactions are assumed to be negligible, and for 15 mg/ml ovalbumin with 0.7 M AS, where 𝑏𝑏2∗ = 0 (Figure 

3a).  

 
FIGURE S8. Background-subtracted ovalbumin SAXS profiles for 5 mg/ml without the presence of AS (blue) and 15 
mg/ml with 0.7 M AS (gray). The profile intensities compare well, validating 𝑏𝑏2∗ = 0 at 0.7 M AS in 15 mg/ml 
ovalbumin solution as estimated from the master curve. The triaxial ellipsoid form factor fit to the AS-free 5 mg/mL 
ovalbumin solution also fits the AS-containing 15 mg/mL ovalbumin solution data. Error bars arise from experimental 
counting statistics. 
 

 

Calculation of the pressure-dependent density of water 

The solvent (water) density was determined from an expression derived from Hooke’s law, which related the 

density of a pure liquid at pressure P to its bulk modulus, K: 

 𝜌𝜌𝑃𝑃 =
𝜌𝜌0

1 − 𝑃𝑃 − 𝑃𝑃0
𝐾𝐾

(𝑆𝑆5) 
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𝜌𝜌0 and 𝜌𝜌𝑃𝑃 are the density of water at pressure 𝑃𝑃0 and 𝑃𝑃, respectively. The bulk modulus is itself a function 

of temperature and pressure. Millero and coworkers investigated properties of both water and deuterium 

oxide up to 1 kbar (100 MPa), and validated the following equation of state for the bulk modulus as a function 

of pressure and several temperature-dependent parameters 20, 21: 

𝐾𝐾 = 𝐵𝐵∗ + 𝐴𝐴1𝑃𝑃 + 𝐴𝐴2𝑃𝑃2 (𝑆𝑆6) 

A1, A2, and B* were determined from fits to experimental data, and are tabulated in the literature for both 

H2O and D2O 20, 21. 

 

Master curve determination 

The weighting parameter 𝐺𝐺 was determined by fitting 𝑏𝑏2∗ as a function of 𝑃𝑃𝑙𝑙𝑥𝑥𝑥𝑥𝑙𝑙𝑎𝑎𝑒𝑒𝑎𝑎 and Π, with a modified 

stretched exponential as: 

𝑏𝑏2∗ = − exp �
𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑐𝑐

�
𝑙𝑙

+ 𝐶𝐶 (S7) 

where 𝑃𝑃𝑐𝑐  is a characteristic normalization pressure, and 𝑎𝑎 is the critical exponent. 𝐶𝐶 = 𝑏𝑏2,0
∗ + 𝑏𝑏2,𝑠𝑠

∗  where 

𝑏𝑏2,𝑠𝑠
∗ = 1 is the contribution from steric repulsion 22 and 𝑏𝑏2,0

∗  represents protein interactions beyond steric 

repulsion at zero effective pressure. It should be noted that equation S7 was used as an empirical numerical 

approach to parameterize the data; the corresponding parameters are not expected to correlate with a 

particular physical meaning. The parameters G, a, Pc, and 𝑏𝑏2,0
∗  were estimated using the MATLAB Curve 

Fitter. The goodness of fit was taken as the coefficient of determination 𝑅𝑅2 = 1 − 𝑅𝑅𝑆𝑆𝑆𝑆, where RSS is the 

sum of the squares of the deviation between experimental and fitted values using a linear regression analysis.  

𝑅𝑅2 > 0.7 was taken as an acceptable fit and 𝑅𝑅2 > 0.9 as a good fit.   
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FIGURE S9. Ovalbumin 𝑏𝑏2∗  master curve (reproduced from Figure 4) with the fit line shown, from the fit parameters 
in Table S6. 
 

  
FIGURE S10. Ovalbumin 𝑏𝑏2∗  as a function of the osmotic pressure contributions, for data collected at various AS 
concentrations and applied hydrostatic pressures (G = 5.94). Applied hydrostatic pressures for the three HP-SAXS 
series (blue, 0 M AS; red, 1.2 M AS; dark red, 1.36 M AS) are, in the direction of the arrows: 10, 98, 195, 265, 350 
MPa. The hydrostatic pressure for all other points is atmospheric (≈0.1 MPa).  
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Table S6. Ovalbumin solution conditions for each data point in Figure 4 of the main document. 𝐺𝐺 = 5.94 ± 0.40, Pc = 
466 MPa ± 43 MPa, a = 1.29 ± 0.20, and 𝐶𝐶 = 1.77 ± 0.14. 

Method [Protein] 
(mg/mL) 

[AS] 
(M) 

𝐏𝐏𝐚𝐚𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀 
(MPa) 

T 
(oC) pH 𝐏𝐏𝐀𝐀𝐞𝐞𝐞𝐞  

(MPa) 𝐛𝐛𝟐𝟐∗  

SEC-SAXS 15 0.00 1 22 7.0 20 0.84 ± 0.15 
SEC-SAXS 15 0.20 1 22 7.0 64 0.74 ± 0.10 
SEC-SAXS 15 0.50 1 22 7.0 214 0.30 ± 0.05 
SEC-SAXS 15 0.80 1 22 7.0 326 -0.18 ± 0.05 
SEC-SAXS 15 1.20 1 22 7.0 468 -0.94 ± 0.02 
SEC-SAXS 15 1.36 1 22 7.0 542 -1.40 ± 0.10 
HP-SAXS 15 0.00 10 24 7.0 29 0.83 ± 0.15 
HP-SAXS 15 1.20 10 24 7.0 477 -0.94 ± 0.04 
HP-SAXS 15 1.36 10 24 7.0 551 -1.46 ± 0.04 
HP-SAXS 15 0.00 98 24 7.0 105 0.57 ± 0.15 
HP-SAXS 15 1.20 98 24 7.0 531 -1.38 ± 0.09 
HP-SAXS 15 1.36 98 24 7.0 606 -2.37 ± 0.04 
HP-SAXS 15 0.00 195 24 7.0 200 0.35 ± 0.15 
HP-SAXS 15 1.20 195 24 7.0 590 -1.80 ± 0.09 
HP-SAXS 15 1.36 195 24 7.0 658 -3.18 ± 0.08 
HP-SAXS 15 0.00 265 24 7.0 267 0.12 ± 0.15 
HP-SAXS 15 1.20 265 24 7.0 611 -2.29 ± 0.06 
HP-SAXS 15 1.36 265 24 7.0 671 -3.34 ± 0.10 
HP-SAXS 15 0.00 350 24 7.0 351 -0.46 ± 0.15 
HP-SAXS 15 1.20 350 24 7.0 639 -2.74 ± .006 
HP-SAXS 15 1.36 350 24 7.0 690 -3.35 ± 0.10 

SIC† 5 0.10 1 23 7.0 64 0.75 ± 0.2 
SIC† 5 0.25 1 23 7.0 89 0.63 ± 0.2 
SIC† 5 0.50 1 23 7.0 171 0.37 ± 0.2 
SIC† 5 0.75 1 23 7.0 247 0.29 ± 0.2 
SIC† 5 1.00 1 23 7.0 307 -0.22 ± 0.2 
SIC† 5 1.25 1 23 7.0 406 -0.74 ± 0.2 
SIC† 5 1.50 1 23 7.0 618 -2.69 ± 0.2 

All samples were prepared in 5 mM sodium phosphate buffer. †SIC data reproduced from the literature 23. Error in 𝑏𝑏2∗ 
is propagated from error in hydrodynamic radius (0 M AS), estimated from the literature (SIC), or determined from 
fitting error in Baxter stickiness. 
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Table S7. β-lactoglobulin (β-LG) solution conditions and composition for each data point in Figure 5a of the main 
document. 𝐺𝐺 = 8.15 ± 0.87, Pc = 48 MPa ± 7 MPa, a = 0.28 ± 0.10, and 𝐶𝐶 = 3.21 ± 0.64. 

Tech. [𝛃𝛃-LG] 
(mg/mL

) 

[NaCl
] 

(mM) 

𝐏𝐏𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀  
(MPa) 

T 
(oC) 

Buffer 
conditions 

𝐏𝐏𝐀𝐀𝐞𝐞𝐞𝐞  
(MPa) 

𝐛𝐛𝟐𝟐∗  Ref 

HP-SANS 12 0 0.1 20 † 0.1 3.84 ± 0.15 24 
HP-SANS 12 0 20 20 † 20 0.29 ± 0.15 24 
HP-SANS 12 0 50 20 † 50 -0.20 ± 0.15 24 
HP-SANS 12 0 80 20 † 80 -0.40 ± 0.15 24 
HP-SANS 12 0 100 20 † 100 -0.12 ± 0.15 24 
HP-SANS 12 0 120 20 † 120 -0.32 ± 0.15 24 
HP-SANS 12 0 140 20 † 140 -1.0 ± 0.15 24 

Osm. 5-20 5 0 28 ‡ 2 3.89 ± 0.56 25 
Osm. 5-20 10 0 28 ‡ 5 2.22 ± 0.22 25 
Osm. 5-20 15 0 28 ‡ 7 1.11 ± 0.16 25 
Osm. 5-20 50 0 28 ‡ 27 0.28 ± 0.11 25 
Osm. 5-20 100 0 28 ‡ 60 -0.56 ± 0.28 25 
Osm. 5-20 10 0 28 ‡ 5 1.41 ± 0.38 26 
Osm. 5-20 100 0 28 ‡ 60 0.09 ± 0.56 26 
Osm. 2-40 5 0 40 * 2 3.76 ± 0.38 27 
Osm. 2-40 25 0 40 * 13 0.71 ± 0.24 27 
Osm. 2-40 45 0 40 * 24 -0.09 ± 0.19 27 
Osm. 2-40 55 0 40 * 31 -1.41 ± 0.94 27 
Osm. 2-40 70 0 40 * 40 -0.19 ± 0.20 27 
Osm. 2-40 85 0 40 * 50 -0.28 ± 0.37 27 
Osm. 2-40 100 0 40 * 60 -0.47 ± 0.28 27 
SLS 10 10 0 25 ** 5 2.82 ± 0.19 28 
SLS 10 20 0 25 ** 10 0.75 ± 0.18 28 
SLS 10 25 0 25 ** 13 0.56 ± 0.17 28 
SLS 10 30 0 25 ** 16 0.47 ± 0.19 28 
SLS 10 40 0 25 ** 21 0.38 ± 0.20 28 
SLS 10 50 0 25 ** 27 0.19 ± 0.18 28 
SLS 10 100 0 25 ** 60 0.09 ± 0.28 28 
SLS 10 200 0 25 ** 131 -0.19 ± 0.30 28 
SLS 10 300 0 25 ** 209 -0.28 ± 0.27 28 

†D2O, pD 7 ‡H2O, pH 7 *20 mM MOPS, pH 6.8 **H2O, pH 6.8. Osm. = Osmometry. Error in 𝑏𝑏2∗ is estimated from 
literature data. 
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FIGURE S11. β-lactoglobulin (β-LG) 𝑏𝑏2∗  master curve (reproduced from Figure 5a) with the fit line shown, from the 
fit parameters in Table S6. 
 

 
FIGURE S12. Lysozyme 𝑏𝑏2∗  master curve (reproduced from Figure 5b) with the fit line shown, from the fit parameters 
in Table S6. 
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Table S8. Lysozyme (LYS) solution conditions and composition for each data point in Figure 5b of the main document. 
𝐺𝐺 = 5.22 ± 0.53, Pc = 235 MPa ± 26 MPa, a = 0.89 ± 0.11, and 𝐶𝐶 = 1.84 ± 0.21.  
Technique [LYS] 

(mg/mL) 
[NaCl] 

(M) 
𝐏𝐏𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀 
(MPa) 

T 
(oC) 

Buffer 𝐏𝐏𝐀𝐀𝐞𝐞𝐞𝐞  
(MPa) 

𝐛𝐛𝟐𝟐∗  Ref 

HP-SLS 1-10 0.00 0.1 20 50 mM, pH 4.6 24 1.24 ± 0.55 29 
HP-SLS 1-10 0.00 100 20 50 mM, pH 4.6 124 0.34 ± 0.08 29 
HP-SLS 1-10 0.00 200 20 50 mM, pH 4.6 224 -2.47 ± 0.43 29 
HP-SLS 1-10 0.00 300 20 50 mM, pH 4.6 324 -4.12 ± 0.71 29 
HP-SLS 1-10 0.15 0.1 20 50 mM, pH 4.6 115 -3.13 ± 0.26 29 
HP-SLS 1-10 0.15 100 20 50 mM, pH 4.6 215 -3.54 ± 0.27 29 
HP-SLS 1-10 0.15 200 20 50 mM, pH 4.6 315 0.38 ± 1.03 29 
HP-SLS 1-10 0.15 300 20 50 mM, pH 4.6 415 -0.37 ± 0.73 29 

SIC 15 0.10 1 25 20 mM, pH 4.5 87 1.00 ± 0.48 18 
SIC 15 0.20 1 25 20 mM, pH 4.5 144 0.00 ± 0.48 18 
SIC 15 0.30 1 25 20 mM, pH 4.5 196 -2.00 ± 0.48 18 
SIC 15 0.40 1 25 20 mM, pH 4.5 246 -3.50 ± 0.48 18 
SIC 15 0.50 1 25 20 mM, pH 4.5 295 -4.00 ± 0.48 18 
SIC 15 0.60 1 25 20 mM, pH 4.5 343 -4.25 ± 0.48 18 
SIC 15 0.70 1 25 20 mM, pH 4.5 391 -5.50 ± 0.48 18 
SIC 15 0.80 1 25 20 mM, pH 4.5 438 -6.25 ± 0.48 18 
SIC 15 0.90 1 25 20 mM, pH 4.5 485 -6.50 ± 0.48 18 
SIC 15 1.00 1 25 20 mM, pH 4.5 532 -6.75 ± 0.48 18 
SLS 1-25 0.30 0 25 50 mM, pH 4.5 195 -2.33 ± 0.42 30 
SLS 1-25 0.50 0 25 50 mM, pH 4.5 294 -3.63 ± 0.42 30 
SLS 20 0.25 0 25 40 mM, pH 4.3 163 -0.41 ± 0.30 31 

SANS 50 0.10 0 25 50 mM, pH 4.5 86 1.96 ± 0.51 32 
SANS 50 0.20 0 25 50 mM, pH 4.5 143 -0.15 ± 0.51 32 
SANS 50 0.30 0 25 50 mM, pH 4.5 195 -1.50 ± 0.51 32 
SANS 50 0.40 0 25 50 mM, pH 4.5 245 -2.26 ± 0.51 32 

All samples were prepared in sodium acetate buffer. Error in 𝑏𝑏2∗ is estimated from literature data. 
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