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ABSTRACT

Purpose To understand the apparent inconsistency between
the dilute and high concentration viscosity behavior of bovine
serum albumin (BSA).

Method Zeta potential and molecular charge on BSA were
determined from Electrophoretic mobility measurements.
Second virial coefficient (By;) and interaction parameter (kp)
obtained from static and dynamic light scattering, respectively,
quantified intermolecular interactions. Rheology studies char-
acterized viscoelasticity at high concentration. The dipole
moment was calculated using Takashima's approximation for
proton fluctuations over charged residues.

Results The effective isoelectric point of BSA was pH 4.95. In
dilute solutions (< 40 mg/ml), the viscosity was minimal at the
pl; at high concentrations, pH 5.0 solutions were most viscous.
By and kp showed intermolecular attractions at pH 5.0;
repulsions dominated at other pHs. The attractive interactions
led to a high storage modulus (G") at pH 5.0.

Electronic supplementary material The online version of this article
(doi: 10.1007/51 1095-01 1-0424-7) contains supplementary material,
which is available to authorized users.
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Conclusion In dilute solutions, the electroviscous effect due to
net charge governs the viscosity behavior; at high concen-
trations, the solution viscosity cannot be justified based on a
single parameter. The net interplay of all intermolecular forces
dictates viscosity behavior, wherein intermolecular attraction
leads to a higher solution viscosity.

KEY WORDS dipole moment - high concentration viscosity -
interaction parameter (kp). - intermolecular interaction - protein
charge - second virial coefficient (B,) - zeta potential

INTRODUCTION

In 1956 Buzzel and Tanford published the viscosity of
bovine serum albumin (BSA) and ribonucleasc (RNAasc) at
various conditions of solution pH and ionic strengths (1,2).
For the concentration range studied (~40-50 mg/ml) the
solution viscosity showed a good correlation with the net
charge-induced clectroviscous effects. Due to the presence
of electrical charge on the molccule, three kinds of
contribution may affect the viscosity behavior. A ‘primary
effect duc to the resistance of the diffusc double Jayer
surrounding the molecule, a ‘secondary eflect’ duc to the
intermolccular repulsion between double layers and a
‘tertiary effect’ that may arise il the interparticle repulsion
aflects the shape of the macromolecule. These three are
collectively known as the ‘clectroviscous cllects’ (3). When a
charged particle moves through a medium comprising
small ions, clectrostatic interaction between the particle
and the small ions results in a relative motion of the ions to
the medium and consequently an additional viscous loss
arises that contributes to the overall viscosity of the solution.

For BSA and RNAasc solutions the slope of the reduced
Viscosity (feq), i.c. the specific increment in viscosity as a

_@ Springer
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function of protein concentration (¢}, increased with an
increase in molecular charge {1,2). An increase in solution
ionic strength resulted in a decrease in the slope (1,.q versis c),
which finally attained a limiting value at high solution ionic
strengths. The authors attributed this to the net molecular
charge-induced primary and sccondary electroviscous cflects,
which also corrclated to some extent with Booth’s theory (4)
of anticipated increase in intrinsic viscosity [y] duc to
clectroviscous eflects (1,2).

The observed behavior suggests that the viscosity should
increasc with an increase in the molecular charge due to the
additional resistance to [low oflered by the clectroviscous
clicets. It then follows that for a protein solution the
viscosity should be minimal at the isoclectric point (pl),
when the net molecular charge is zero, and should increase
as the solution conditions are made more acidic or hasic
relative to the pl. Tor dilute protein solutions, this trend has
generally been observed (5,6). Furthermore, for BSA solution,
certain calculations have been presented using the original data
in Tanford’s work (2), which supports this argument (Fig. 1).
The details of the caleulation [or Tig. 1 have been explained
in the Discussion section of this work.

Recent studies on the viscosity behavior of high
concentration protein solutions have shown an altogether
different behavior. The viscosity for 120 mg/ml 1gGy
solution was observed to be highest at the pI (7), which is
not in agrecement with the net charge-induced electro-
viscous eflects. Conversely, 130 mg/ml MAb-1 (IgG), with
a measured pl o 7.8, showed the highest viscosity at pH 6.0
relative to other pHs studicd (8,9). Salinas ef al. suggested
that the high viscosity obscrved for >50 mg/ml IgG,
solution, at pH 6.0 was primarily due to electroviscous
effects (10} On the contrary, Yadav e al. (11} did not
observe a consistent interpretation of electroviscous eflects
to the viscosity behavior of four different MAbs. (11)

The dilute solution viscosity behavior of BSA, wherein
the viscosity was observed to be minimal at the pI (Fig. 1),

Fig. 1 The relative viscosity {1),.))
of BSA as a function of solution
pH. The solid square and triangle
(primary axis) are the 1} calculated
using Eq. |3 from the intercept [17]
and slope, k(). reported by
Tanford and Buzzel (2) at 10 mM
ionic strength. The asterisk symbols
{secondary axs) are the Ny for
40 mg/ml BSA solution measured
in this work.
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therefore, does not correlate with the recently published
high concentration viscosity data on IgG molecules. The
present study sceks to understand the apparent inconsistency
between the dilute and high concentration viscosity behavior
of protein solutions. In particular, the high concentration
viscosity behavior of BSA solutions as well as the diflerent
factors that may be responsible for the observed behavior
have been analyzed and discussed.

MATERIALS AND METHODS
Materials

The BSA (lyophilized, purity 99% and essentially fatty acid-
and globulin-free (Catalogue number: A0281) was obtained
from Sigma (St. Louis, MO). All other chemicals including
acetic acid, sodium acctate, sodium chloride, histidine
hydrochloride, monobasic and dibasic sodium phosphate,
were obtained from Fisher Scientific (Fair Lawn, NJ). All
chemicals used were reagent grade or higher. Deionized
water equivalent to Milli-Q"™" grade was used to prepare
all solutions. Millipore (Billerica, MA) Amicon Ulwra
centrifugation tubes with a molecular weight cut-off’ of
3 kD were obtained from Fisher Scientific. Quartz crystal
discs with fundamental vibrating frequencics of 10 MHz
and plated with gold clectrodes on both sides were
obtained from International Crystal Manufacturing
Company (Oklahoma City, Oklahoma).

Methods

Acetic acid-sodium acctate (pH 4.0, 5.0), histidine hydrochlo-
ride {pH 6.0} and monobasic-dibasic sodium phosphate (pH 7.0
and 8.0) buflers were prepared with appropriate buffer
concentrations so as to maintain the ionic strength at 15 mM
at respective pHs, without the addition of any salt. The BSA

1.5 1 - -40 mg/ml !
X ~a- 30mg/m| /,--. - 1.38
1.23 1 kY ~¥- 40 mg/mi (this study) -
- P
- L
PR X w133
Z 1214 - z
2 ) o %
] o
2 L1282
> 1194 >
2 2
i 3 B
& 1174 Al
115 Ao - 118
i~.*-c-
113 r - —_— 113
35 as 5.5 6.5 75
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solutions were bufler exchanged with the bufler of interest using
Millipore Amicon Ultra centrifugation tubes. The concentra-
tions of the sample were determined using UV spectrophoto-
metry and an absorptivity of 0.667 (mg/ mL " em™ at 280 nm
(12} for 0.1% BSA solutions. T'he solution pH was checked for
cach dialyzed sample. Required concentrations were prepared
by dilution with the respective buffer. To account for the
Donnan effect in our experiments, the mitial dialysis buffer
pH was adjusted appropriately so that the final pH afier
dialysis matched the target pH and desired ionic strength.
Additionally, at high concentration the protein itsell will
contribute to the ionic strength ol the solution; however, the
contribution of protein to the total ionic strength of solution is
hard to quantify owing to a number of ionizable residuces and
their respective pKas, which may very well be diflerent from
the intrinsic pKas duce to orentation and conformational
placement of these residues in the folded state of the protein,
For the purpose of this work, the final ionic strength of the
solution will be specified as the contribution from bufler
species at a particular pH and added salt, if any.

Further, an effort was made to reproduce only a part of
Tanford’s data (2) to ascertain a similar trend in dilute
solution viscosity behavior arising due o electroviscous effects.
For the purpose of these measurements, a similar procedure
as described by Tanford ¢ al. (2) was followed. The BSA was
dissolved in triple distilled water and extensively exchanged
against DI water using Amicon Ultra centrifugation tubes.
Following this, the solution pH was adjusted using 0.1 N HCI
or NaOH to the desired pH and final concentration of
40 mg/ml. The solutions were filtered through 0.22 um
Millipore Millex-W syringe filters and centrifuged at 6,740
x g for 5 min using an cppendorf minispin (Hamburg,
Germany) centrifuge before making measurements,

Zeta Potential Analysis

Zeta potential (€) measurements were performed at 25+
0.1°C using @ Malvern Zetasizer Nano Series (Worcester-
shire, UK) and DTS1060 clear disposable folded capillary
cell. The methodology was kept consistent as detailed in a
previous work.(11) The measured clectrophoretic mobility
was used to determine the ¢ using Henry’s equation:

2¢¢& fi(xa)
Up=—5— (1)
3n

where Uy is the electrophoretic mobility under the applied
voltage, ¢ is the dielectric constant of the medium, 7 is the
viscosity of the dispersant, £ is the zeta potential in Volts
and /| (xa) is the Henry’s function. The /j(xa) is a function of’
the clectrical double layer around the partcle (13,14). At
15 mM solution ionic strength, the fi(xa) value of 1.045 has
heen used to caleulate the &,
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Viscosity/Rheological Analysis

FFor dilute solutions (40 mg/ml BSA) a similar methodology
as described by Tanford ¢f al. was [ollowed (2). The relative
flow times were measured using a Cannon-Manning Semi-
micro Size-25 capillary viscometer (Cannon Instrument
Company, State College, PA}. All the measurements were
performed using the same viscometer at 25+0.1°C. Alier
rach measurement the viscometer was cleaned immediately
with hot sulfuric acid-dichromate solution, rinsed numerous
times to remove all traces of the add, and dried with
filtered air. Flow times were recorded within 1/100" of a
sccond by means of electric timers. Four to five {low time
measurements were made for each solution pH.

For high concentration solutions (250 mg/ml], the
sample viscosities were measured using a VISCOlah 5000
viscometer system (Cambridge Viscosity, Medlord, MA). A
detailed procedure for measurement using VISCOlab 5000
was described in a previous work (I1). The dynamic
viscositics were determined at 25%0.1°C by mcasuring
the average travel time of the pistons calibrated over
viscosity ranges 0.5-10.0 cP, 2.5-50 cP and 5-100 cP. All
the samples were analyzed in triplicate. Note that the
VISCOlab 5000 is a constant stress viscometer. However,
the shear rate applied can be calculated by taking into
account the applied stress, piston and annulus dimensions,
the two way stroke and two way travel time of the piston
(15,16}. TFor the pistons cmployed for this study the shear
rate ranged from 350 to 1,000 Hz. The BSA solutions,
however, do not show a shear rate dependence up o a
concentration of 404 mg/ml and 4,700 Hz (17). Belore
each measurement, the sample chamber was thoroughly
cleaned with double-distilied water and dricd with nitrogen.

The rheological properties of BSA were cvaluated using
an ultrasonic shear rheometer with quartz crystals vibrating
at a fundamental frequency of 10 MHz. The theory and
experimental procedure have been described previously
(18). For non-Newtonian viscoelastic fluids, the solution
storage (G') and loss (G") moduli and the complex viscosity
(%) can he related to the shift in clectrical properties of the
quartz crystal, i.c. series resistance (Ry) and reactance (Xy),
by the following relationships (18):

oy B @)
Clo) = Ay,

” 2Ry Xy a

7 @) = —F— (3)

( ) 11!:0[,1-4,
” 2 v 2 1/2
1= () + () Jo= 6o )
@ Springer



1976

Yadav, Shire and Kalonia

where A is a crystal constant, pyq Is the liquid density, and @
is the quartz crystal frequency. In this study, 35-uL samples
of the BSA solution were analyzed in triplicate.

Dynamic Light Scattering

DLS studics were conducted at 25+0.1°C using a Malvern
Zetasizer Nano Series (Worcestershire, UK) as described
previously (11). After bufler exchange, the protein solutions
were filtered through 0.22 pm Millipore Millex-W syringe
filters and centrifuged at 6,740 x ¢ for 5 min using an
eppendorf minispin (Hamburg, Germany) centriluge. The
Zctasizer Nano S utilizes a 632.8 nm Helium-Neon laser
and analyzes scattered light at an angle of 173° using an
avalanche photodiode. The DTS software was used to
analyze the acquired corrclogram (correlation function
versus time) and obtain the mutual diffusion cocflicient
{(D,,), which can be expressed as a function of solution
concentration using the following equation (19):

Dy = D(1 + kpe) (5)

where Dy is the scll~dilfusion cocfficient (the value of D, at
infinite dilution as c—0) (20), A is the interaction parameter,

and ¢ is the concentration of the protein (g/ml}. The valuc of

D, and fy can be obtained, respectively, from the intercept
and slope of a plot of D,, s. ¢ (Eq. 3). A positive value of the
kyy corresponds to intermolecular repulsions, whercas a
negative Ay signilics attractive interactions between mole-
cules. The hydrodynamic radius (R))) of the molecules can be
estimated from the 1), using the Stokes-Einstein equation,
D=ky'T'/6mnR),, where, ks is the Boltzmann constant, 7 is
the temperature in Kelvin, 7 is the solvent viscosity, 1.c. ¢—0.

Static Light Scattering

SLS studies were conducted at 25+0.1°C using a Malvern
Instruments (Worcestershire, UK) Zetasizer Nano S, Sam-
ple preparation steps were similar to that used for DLS.
Samples were analyzed at 12 mg/ml and then sequentially
diluted to lower concentrations. The average scattered
intensity was obtained using the attenuation-corrected
derived count rates from the Malvern Zetasizer (21). The
Debye plots were then constructed from the average
scattered intensities using the following equation:

KC
1;_9 — A'llw =+ 2By9¢ where the optical constant (6)
K= {2;1'11(([:1/(1’5)]"’/-’\{!'12 2

M,, is the weight average molecular weight of the solute, ¢ is
the concentration in g/ml, 4, is the wavelength of light
used, N is Avogadro’s number and dn/de is the refractive
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index increment brought about by the solute under a given
set of solution conditions.

Note that the Malvern Zetasizer Nano Scrics {(Worcestershire,
UK) uses an Avalanche Photodiode detector (APDY} for
recording the scattering intensity signal. Using the APD,
both the SLS and DLS measurements can be per-
formed simultancously where the instrument measures
the time-averaged scattered intensity for SLS and the
time-dependent  fluctuation in scattered  intensity for
DLS, by means of photon counting and photon
correlation, respectively. However, the instrument uses
an attenuator [or recording the time-dependent fluctu-
ation in scattered intensity while performing the DLS
measurements, wherecas there is no attenuation of the
cxcess scattered intensity signal that reaches the detector
while performing SLS measurements. This results in
APD saturation in SLS measurcments resulting in
crroncous results. The correct average scattered inten-
sity can, however, be determined [rom the attenuation-
corrected count rates from the DLS measurements. A
detailed procedure for such a correction o obtain
correct SLS parameters using a Malvern Zetasizer is
discussed elsewhere (21).

RESULTS

The asterisk symbol in Fig. 1 (sccondary y-axis) shows the
relative viscosity of a 40 mg/ml BSA solution measured
using a capillary viscometer following a similar procedure
as described by Tanford e al. (2) in his original work. At
40 mg/ml BSA at pH 5.0 showed a minimal viscosity
compared to other pHs, The solid square and the triangles
are 40 and 30 mg/ml, respectively, for BSA solution
viscosities calculated from Tanford’s work (2) and do not
represent measurements made in this work, Further details
on these calculations arc claborated in the Discussion
section. Although Tanford’s data alrcady suggested a
minimal viscosity around pH 5.0, the mecasurements were
repeated to ensure that the wrend observed in viscosity
behavior, due 1o electroviscous eflects in dilute solution,
holds in general and was not an artifact of a different grade
of BSA used previously in the study of Tanford e al. (2) The
relative magnitudes of viscosity observed in the two studies
are different and may be due to differences in purity of BSA
obtained from diflerent sources; however, the change in
viscosity as a function of pH is consistent in the two studies.

Zeta Potential Measurements
Figure 2 shows the & of BSA molecules as a function of

solution pH. The point of zero charge or the crossover
point from a positive to negative potential, relerred to as
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Fig. 2 Zeta potential of BSA molecules as a function of solution pH,
[5 mM ionic strength at 25°C£0.1°C.

the isoclectric point (pl), was obscrved to be~pH 4.95
(using lincar interpolation), which is in good agrcement
with the reported values (22,23).

Since, the magnitudes of the observed ¢ values are less
than £77¢ (i.c. 25.7 mV at 25°C), the nct molecular charge,
Z, can be obtained from a lincar approximation of the
Poisson-Boltzmann (PB) equation also known as the Debye-
Huckel approximation (24):

_dmea(l + xa)é
= (8)
where ¢ s the clectronic charge, a is the particle radius and
«”" is the Debye length (thickness of the double layer). Note
that the radius, @, in the Henry’s and PB equations is
different from the Stokes radius of the molecule. For the
present charge calculatons, the radius ‘@ has been
substituted by the hydrodynamic radius, ‘R, calculated
from D; using the Stokes-Linstein equation, which results in
an increasc in charge cstimates and brings them in line with
calculated values (11,25). The ¢ and g estimated using
Eq. 8 arc compiled in "Table I. At pH above and below pH

5.0, the BSA molccule carries a net positive or a ncgative
charge, respectively, whercas at the pI (~pH 4.95), the net
molecular charge is zero. The calculated net charge at
different pH was in good agreement with the reported
values of mecan charge obtained from titration curves (23)
(Supplementary Material Figure S1). The small variations are
due to the dilference in conditions of solution pH and ionic
strength used in two studies (Supplementary Material Figure S1).

Low Shear Viscosity Measurements

Figure 3 shows the viscosity of 250 mg/ml BSA solution as
a function of solution pH. The solution at pH 5.0 was
observed to be most viscous in comparison with other pHs
studied. The solution viscosity decrcased with a change in
solution pH towards acidic or basic side of pH 5.0.

Dynamic Light Scattering Measurements

The mutual diffusion coeflicients (D,,) as a [unction of BSA
concentration are plotted in Fig. 4. The parameters, kp, D,
and Ry, (Lq. 5), estimated from the slope and intercepts of
lincar fits in Tig. 4 arc tabulated in Table II. BSA solutions
at pH 4.0, 6.0 and 7.0 showed a positive slope and
consequently a positive Ap, which indicate that the
intermolccular interactions at these conditions arc repulsive
in nature. Converscly, pH 5.0 showed a negative kp
signifying the prescnce of intermolccular attractions.

Static Light Scattering Measurements

The Dcbye plots for BSA at diflerent solution pH arc
shown in Figure S2. The Byy and molecular weight (M)
obtained at different solution pHs arc tabulated in Table II
along with DLS results. Amongst all the pHs studicd only
pH 5.0 showed a negative Bz indicating the presence of
attractive interaction between the molecules. All other pHs,
including 4.0, 6.0 and 7.0, showed a positive Boy suggesting

Table I Zeta Potential (), Net Molecular Charge (2), Theoretical and Experimental Dipole Moment for BSA Molecule as a Function of pH

pH Zeta potential (mV) Experimental Charge ¢ Dipole moment

Theoretical Experimental ©
40 +12.25+0.96 6.96+0.54 190 ]
5.0 099123 -0.57+0.70 320 280
6.0 796047 4522027 370 300
7.0 -14.13£0.75 -8.02:+£0.43 390 380
8.0 -20.30+0.90 ~11,.02+051 410 410
“ Calculated from & measurement using the Debye-Huckel approximation of the Poisson Boltzmann equation (Eq. 8)
Y Theoretical dipole moment from Supplementary Fig. S5
¢ Experimental values from Ref. (32)
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Fig. 3 The viscosity of 250 mg/ml BSA solution as a function of solution
pH, 15 mM solution ionic strength, at 25°C+0.1°C.

intermolecular repulsions dominate at these pH condi-
tions. The average M, obtained (70.9+3.1 kD)) is higher
than that ol monomecric BSA determined by corrected
amino acid scquence (66,430.3 kD) (26), and could result
from the presence of about 3% dimers or higher
oligomers. The osmotic sccond virial cocflicient is princi-
pally affected by two contributions in the limit of infinite
dilution, the (ideal) Donnan contribution to account for

the electroneutrality in a multicomponent solution of

polyelectrolyte, and the non-idecality contribution from
protcin-protein interactions (27,28). The Donnan contri-
bution is particularly significant in low ionic strength
solutions, whercin the Rayleigh ratio, Ry, can be expressed
as (27)

ip2 =1+ il)z + Boapy = 1+ 2B2py (9)
Ry 2p

where p| and p, are the molar concentration of salt and
protein component, respectively, z is the molecular
charge, and the rest of the symbols carry the same
meaning as in Eqgs. 6 and 7. The z°/2p, is the so-called
Donnan term, and fyy is the non-ideal contribution from
protein-protein interaction (27). To extract the contribu-
tion of intermolecular interaction, the K¢/ Ry adjusted for
the Donnan contribution, (1000cy/M,?) 2°/2p, are
plotted as a function of protein concentration in Supple-
mentary Figure S2 and the contribution of the Donnan
effect to overall Byy is compiled in Table II. The Donnan
contribution is most significant at pH 4.0 and 7.0 since
BSA carries a higher net charge at these pHs. A small
Donnan contribution can be seen at pH 6.0 as well;
however, pH 5.0 is least aflected due to zero net charge.
The intermolecular interactions afier adjusting for the
Donnan contribution are still attractive only for pH 5.0,
whercas pH 4.0, 6.0 and 7.0 showed net repulsions.
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High Frequency Rheology Measurements

Figure 5 shows the complex viscosity (%) for BSA solutions
as a function of concentration. At concentrations above
150 mg/ml the 7%, data clearly reflect a pH-dependent
viscosity behavior of BSA solution {Fig. 5). In concurrence
with the Jow shear viscosity values, BSA solution at pH 5.0
showed higher viscosity (~ above 150 mg/ml) in compar-
ison to other pH values. A distinctively steep inercase in the
i was observed above 150 mg/ml at pH 5.0, The non-
newtonian complex viscosity (17%) can be separated into an
clastic and a viscous component, whercin the clastic or the
storage component (3'=G'/®) serves as a measure of
intermolccular interactions existing in the system (29).

A similar behavior is observed in solution G’ as a
function of BSA concentration (Iigure S3), wherein solution
pH 5.0, above 150 mg/ml, showed the highest G
magnitude and a sharp increase with concentration
compared to other pHs. The rheological analysis at
10 MHz frequency is still in the linear response range,
and the viscoelastic characteristics are discussed in detail in
Figure S4. The characteristic G", G, phase angle (8) and
relaxation times (T} at 10 MHz for 250 mg/ml BSA solution
at different pH are tabulated in Supplementary Material
Table T1. The characteristic relaxation (t) at 250 mg/ml
BSA concentration is of the order of 107 scconds, which is
well below the inverse [requency =27 x 107 sce. Figure 8
shows the solution G" at 250 mg/ml BSA concentration as
a [unction of pH. A high solution G' at pH 5.0 indicatcs the
presence of strong intermolecular interactions which confer
on the protein solutions a solid-like behavior such that a
significant [raction of the applied stress is stored during
viscoclastic deformation.

8.0
+pH4.0
MpH5.0
75 0
ApHED
™ .
®pH7.0
5 704 P +/ ‘/f
b
N\ .
E
S 659
N
(=]
-t
><E 6.0
o
55 1
5.0 v - r r v - \
0 0002 0004 0006 0008 001 0012 0014

Concentration (g/ml)

Fig. 4 Mutual diffusion coefficient (Dyy,) for BSA molecules as a function of
concentration, at various pHs and 15 mM solution ionic strength, The
lines are linear best fits with slope and intercept representing D.kg, and D,
(self-diffusion coefficient), respectively.
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Table Il Parameters Calculated from DLS and SLS Measurements with BSA Molecules at 15 mM lonic Strength and 25+0.1°C
-7 2 by .
Sample  DXIO7 (amPec) @ Ry (nm) kg (mifgm) € By X107 (molmlem?)!  Z22p X107 By X107 (molmlgm®) f M, (KDa) £
(molmi/gm?)®

pH 4.0 586=0.04 3.96+003 17.04:0.05 2.88+0.67 .80 1.08 69.1£2.7
pH 50 6.14=0.03 3.78+0.02 -4,12x003 -0.34%0.19 0.0l -0.33 675224
pH 6.0 588=0.11 395007 7.01+0.14 [.31+0.53 0.75 0.56 73.8%2.9
pH 7.0 592003 392002 2241004 338:x0.13 239 0.99 73.3=07

? From the intercept of plots in Fig. 4,
®True Hydrodynamic diameter calculated at ¢—0,
“Slope (plots in Fig. 4) / Dg

de ; .

{ From the slope and intercept of linear fits in Debye Plots not adjusted for the Donnan contribution in Supplementary Figure S2,
Donnan (ideal) contribution, (1,000/M,,*) 2* /4p, 1o the B,,, Supplementary Figure S2

# Derived from the limiting slopes of quadratic fits in the limit of C, =0, (Supplementary Figure 52)

Dipole Moment Calculations

The protein molecule consists of a number of charge
residues on the surface and in the interior resulting in
several dipoles and multipoles present simultancously. The
dipoles arise due to the asymmetrical charge distribution in
protein molecules which can be determined experimentally
using diclectric relaxation spectroscopy. Oncley and cow-
orkers obtained experimental results for the dipole moment
for several proteins. Ixcept for f-Lactoglobulin with g=
700 D, the dipole moment for other proteins (human serum
albumin, horse hemoglobin, ovalbumin) was of the order of
200-400 D (30). However, note that it just requires a single
pair of charge residues to be separated over an average
molecular diameter of 70A to result in a dipole moment of
329 D. Another possibility was proposed by Kirkwood and
Shumaker, wherein the fluctuation of mobile protons on

25 -
~-pH4.0
~k+pH 5.0 IA
20 4 /
“¥+pH 6.0 7
'
K -2 pH7.0 ,"
: ’
z 15 ','
' !’
8 I
2 A
2 10 d
L '.
a e
E rd
O s
0 T T T T T T J
] 50 100 150 200 250 300 350

Concentration (mg/ml)
Fig. 5 Solution complex viscosity (17¥) as a function of BSA concentration

at various pHs and 15 mM ionic strength, measured using ultrasonic shear
rheometer at 10 MHz frequency.
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surface residues gives rise to a non-vanishing squarc dipole
moment (Ap?), the magnitude of which is given by the
following equation (31):

2 _ 2022 Va
Aw=ef b”za:2+lf,,/{f1+]+[H-*]/lfa (1)

where,

e ol (o' +2)Vo? — 1+ o*(o? +4)sec'o
: o2Vl — | +o'seclo

(1)

and o=a/b, by=(ab*)""* , where ¢ is the axial ratio, by is the
radius of the equivalent sphere and . is the equivalent
number of titratable groups of the type  in the molecule.
Assuming that the charge distribution is symmetrical to
result in an average dipole moment &I = 0, the authors (31)
calculated the dipole moment contribution solely duc to
proton fluctuations and found that the Ap (dipole moment
{luctuations) values were of the order of experimental valucs
in Oncley’s work (30). This indicates that the experimen-
tally obscrved dipole moment for studied proteins could just
be accounted for by charge fluctuations, and the molecules
do not nccessarily require possessing an asymmetrical
distribution of surface residues or the mean dipole moment.

In a later work, Takashima correlated the [luctuations of
the protons with the thermodynamic fluctuations to come
up with the following equation for induced dipole moment
associated with charge fluctuation {32):

At = (PR Y ol ()01 +E/HT))) (12)

where % is the Boltzmann constant; 7 is temperature in
Kelvin; /; ¢, and b, have the same meaning as in Eqs. 10
and 11; and g; is the charge density per unit area. The
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theoretically calculated dipole moment using Eq. 12
showed a good agreement with the experimentally mea-
sured dipole moments for BSA and ovalbumin (32).

Supplementary Figure S5 shows the dipole moment for
BSA as a function of pH, calculated using Eq. 12. In Figure
S5, no new results are obtained, and the data only reproduce
the dipole moment calculations performed by Takshima
using the updated BSA amino acid sequence reported by
Hirayama e al. (26). The theoretically caleulated (Fig. $5) and
experimentally measured dipole moments (from Takashima’s
work) (32) as a [unction of solution pH are tabulated along
with the molecular charge data in Table I The dipole
moment of BSA increased from ~190 Debye at pH 4.0 to~
320 Debye at pH 5.0. However, over pH 6.0 to 8.0, the
magnitude of the dipole showed a gradual increase from~
370 Debye at pH 6.0 to 400 Debye at pH 8.0.

DISCUSSION

Tanford and Buzzel (2) in their original work tabulated the
values of the extrapolated intrinsic viscosity, [5], and the
slopes for reduced viscosity versus concentration plots for
BSA solutions at various solution pHs and ionic strength.
The concentration dependence of reduced viscosity (#y.q) is
often expressed in terms of the relation (33):

Mt = Nypfc = [n] + kun)’e (13)

where ¢ is the concentration in g/ml, £y is the Huggins
cocflicient, [#] is the intrinsic viscosity in ml/g, and #;, is the
specific viscosity defined as 1y, = (0= 1,) /Ny = Mg — 1,
where 5 and 5, arc the solution and solvent viscosity,
respectively. #,4=#/1, denotes the relative viscosity of a
solution. A lincar extrapolation of 5j.q versus ¢ o zcro
concentration {¢—0) yiclds 5] as the intercept and A7) as
the slope. Given the values of intercept, 7], and slope,
k”[r]]g, it is possible to calculate the relative viscosity, 17,4, or
vice versa. Figure 1 shows the rclative viscosity for BSA
solutions calculated using the [#] and slope values reported
at 10 mM solution ionic strength in Tanford’s work (2.
Since the authors (2) reported that the isoionic pH of BSA in
water was 5.0, which increased to 5.6 at 500 mM chloride
concentration, the pH at 10 mM chloride concentration was
assumed to be pH 5.1. The #,4 data of BSA under dilute
conditions (30 and 40 mg/ml) clearly indicate that the
viscosity ts minimal ncar the pl (Fig. 1: 7 data at pH 4.8 or

pH 5.1} This is further substantiated by the viscosity of

40 mg/ml BSA solution measured in this work, which
consistently showed a lower viscosity at solution pH 5.0. &
measurements showed that the net molecular charge is
nearly zero (Table I) at this pH. As the BSA molecule
acquires a net positive (pH=4.3) or a net negative charge
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(pH=7.3), the associated clectroviscous effects led to an
increasc in solution viscosity (Iig. 1).

However, this is true only up to a limited concentration
range, because at high concentrations (> 150 mg/mi), pH
5.0 was obscrved to be most viscoclastic relative o all other
pHs studied (Figs. 3 and 3} or a clear distinction, the
dilute (40 mg/ml) and high concentration (250 mg/ml)
viscosity data as a [unction of solution pH arc plottec in
Fig. 6. Unlike 40 mg/ml, the viscosity at 250 mg/ml is
highest at pH 5.0 and drops with a change in solution pH
to cither the acidic or the basic side of pH 5.0. The high
viscosity observed at the pl, for >150 mg/ml BSA solution
(Figs. 5 and 6) cannot be explained based on net charge-
induced primary or secondary electroviscous cflects and
needs further explanation.

At high concentrations solutions, the molecules are fairly
close to cach other, and thus intermolecular potentials
other than just clectroviscous cfleets also become important.
Accurate calculation of these interaction cnergics hetween
protein molecules is, however, complicated, due to the
complex gcometry of these molecules as well as the angular
dependence of interactions due to the uneven surface
charge distribution. Nevertheless, the main contribution
towards intcrmolecular interaction cnergy comes {rom
clectrostatic, Van der Waals, and excluded volume inter-
actions. In addition to these non-specific forees, there could
also be specific interactions governed by local gcometry and
the high degree of complimentarity between molecules
besides the protein-solvent and hydrogen bonding inter-
actions associated with protein solutions.

Extending the colloidal interaction theory to protein
systems, the potential of mean force, Wy, between
molccules can then be expressed as sum of mean force
contributors (34,35):

14 - - 250mg/m) - 130
—e 40 mg/ml (Tanford 1956)
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Fig. 6 The solution complex viscosity (1) for 250 mg/ml BSA solution
(left axis) and the relative viscosity (e} for 40 mg/ml BSA solution (right
axis) as a function of solution pH.
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Wia(r) = Wis(r) -+ Wiy (r) + Wypu(r) + Wy_iu(r)
F Wy (r) + Wi (r) + Wy(r)

(14)

where Wy is the excluded volume (hard sphere) contribu-
tion, W, is the charge-charge interaction, IV, is the
charge-dipole interaction, I, is dipole-dipole interaction,
W,.u is the charge-induced dipole interaction, W, is
dipole-induced dipole interaction, and Wy is the dispersion/
Van der Waals contribution to intermolecular interaction
cnergy. Only the first two tenms in Eq. 14 constitute
repulsive forces. All other terms represent attractive
contribution to the intermolecular energy, where charge-
dipole and charge-induced dipole express much larger
influence to intermolecular interactions as compared to
dipole-dipole and dipole-induced dipole interaction encrgy.
The conventional measures of intermolecular interactions,
such as sccond virial coeflicient (Byy) or interaction
parameter (kp), essentially overlay the protein-solvent
interactions and represent a measure of protein-protein
interaction over protein-solvent interactions.

The excluded volume, Wy (1), contribution depends on
the size and shape of the protein molecule. Hydrodynamic
parameters such as intrinsic viscosity measurements can
give information about the cffective molecular size. The
excluded volume can then be approximated as 4 times the
volume of the molecule (36).

The charge-charge clectrostatic repulsion, W, (), is the
leading term when the molecules carry a high net charge
and is inversely related to the square of distance hetween
molecules (34,35,37). This contribution from charge-charge
repulsions would decrease with decrcase in net molecular
charge and should become zero at the pl. Whereas at or
ncar the pl the contribution from electrostatic charge-
dipole, dipole-dipole and long range Van der Waals
attractive intcractions would increase over protein solvent
interactions. 'The dipole moment contribution will be lower
at pH<3.0 and at pH>10.0 due to lack of negatively and
positively charged residues, respectively. The next impor-
tant intermolecular force is the Van der Waals interactions
(38). When dealing with macromolecules, it is often the case
that this interaction force is not significant unless the
scpurution distance 1s small as compared to the molecular
radii. Thus, the Van der Waals attractions are present at
both short and long distance, but it might be too weak to be
significant over long distances (39). The force, however,
may dominate clectrostatic repulsion at separations of the
order of a few angstroms, where the molecules may orient
to present geometrically complimentary surface (40). The
observed viscosity behavior of BSA molecules, as well as the
intermolccular interactions (55, and kp) as a function of
solution pH, can be explained based on the interplay of
these forces.
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The first contribution, as mentioned before, is the
excluded volume, Wy (), arising due to the eflective
molecular volume and the solute volume fraction in
solution. TFor concentrated non-interacting spherical par-
ticles, where the primary contribution to solution viscosity is
from the excluded volume, the viscosity behavior can be
approximated by the Ross and Minton equation (41):

=1, exp [Efll“ / (' - !:7 ["]C)]

where {5] is the intrinsic viscosity in ml/g, & denotes the
self=crowding factor, ¢ is the concentration in g/ml, and v is
the Simha shape parameter (42). Lquation 15 takes into
account only the first-order interaction parameter, ic.
crowding effect (£) with an increase in solute concentration.
Molecular crowding is essentially a consequence of the
excluded volume elleet, i.c. the solution volume excluded/
not available to a molecule, strictly because of steric
reasons, duc to the introduction/presence of another
molecule in solution. The Ross and Minton equation
(Eq. 15), therclore, enables one to assess the impact of
cffective molecular volume on solution viscosity.

To clucidate the influence ol molecular crowding/
excluded volume on the viscosity behavior of BSA at
various solution pHs, the [5] values reported in Tanford’s
work at pH 4.3, 4.8, 5.1 and 7.3 and 10 mM ionic strength
were used (2). Based on previous observations on hemoglo-
bin (HDb) solutions (£/v=0.40} (41) and IgG solutions (&/v=
0.37 to 0.49) (11,43) a rcasonable value of &/v=0.45 was
assumed for the calculations. The theoretically calculated
viscosity behavior (using Eq. 15) as a function of BSA
concentration is plotted in Iig. 7. The analysis suggests that a
dilference in molecular size can result in significant viscosity
dilference at high concentration. However, il only the
excluded volume elfect was to govern the viscosity behavior,
solution pH 7.3 should have been most viscous, and pH 5.0
should have been the least viscous of all, which do not
correlate with obscrved viscosity hehavior. It must be noted
that the above calculations are only rough cstimates
considering the assumed value of /v approximated over
the whole concentration range. However, qualitatively it gives
a good approximation of the outcome of effective molecular
volume on the viscosity behavior. Nonetheless, the analysis
suggests that forces other than excluded volume need to be
considered in order to explain the solution behavior of BSA

(15)

at high concentrations.

The overall solution behavior at high concentration 1s
governed by the net interplay of all the forces and cannot
be justified based on a single parameter such as, the net
charge or the net dipole (Fig. 85, Table I) or the volume
exclusion cffects (Fig. 7). The viscosity behavior in dilute
and high concentration solution is more consistent with the
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Fig. 7 The theoretical estimated viscosity versus concentration profile for
BSA solution at various solution pH, calculated using Eq. 15. pH 4.3 dash
line (— — —); pH 4.8 dash and dotted line (— - - —); pH 5.0 dotted line
(- ); pH 7.3 solid line (—). The ki was assumed to be 0.45 and [r] at
various solution pHs were obtained from reference (2).

net interplay of intermolecular interactions in the system.
Tigure 8 shows the dilute solution interaction paramcters,
i.c. By and fyy along with solution G’ for 250 mg/ml BSA
as a function of pH. The cxperimental results (£, £, Bay and
kp) were observed to be fairly consistent with cach other.
The absolute molecular charge (|Z]) on BSA was highest
for pH 8.0 followed by pH 7.0>pH 4.0>pH 6.0. The
charge-induced repulsions and consequently positive By,
and kp at pH 8.0 was >pH 7.0>pH 4.0>pH 6.0. At pH
5.0, where the net molecular charge and, thereflore, the
charge-induced repulsions are minimal, intermolecular
attraction dominates as evident from a negative magnitude
of Bys and kp_ The solution G exhibits a maximum at pH
5.0, wherein the intermolecular interactions are attractive
in nature (negative Bog and kp). As the molecule acquires a
net charge away from the pl, the repulsive interactions
dominate and the G’ decreases. At high concentrations or
short inter-separation distances, the presence of intermo-
lecular attractions result in Jow energy molecular align-
ments leading to long-range order in the solutions. This
results in a higher resistance to momentum transfer and an
increase in relaxation time, (Supplementary Material
Table T1) in the presence of attractive interactions as
compared to intermolecular repulsion. Since the rigidity
conferred to the system due to attractive interactions will
be higher as compared to the intermolecular repulsions,
attractive interactions result in higher solution G’. The
energy dissipated during viscoclastic deformation will need
to overcome this long-range order or rigidity in the system
to induce flow, which therefore results in a higher solution
viscoclasticity and G’, and hence viscosity at pH 5.0 in
comparison with other pHs (Figs. 7, 8, 250 mg/ml BSA
solution}.

@ Springer

Page 14 of 16

Fig. 8 The solution G for 250 mg/ml BSA (left axis) and dilute solution
intermolecular interaction parameters, second virial coefficient, B,,, (right
axis) and interaction parameter, kp, (right axis) as a function of solution pH
and |5 mM solution ionic strength.

SUMMARY AND CONCLUSIONS

At low concentrations (~40 mg/ml) the electroviscous
cflects dominates, and the viscosity of BSA solutions is
governcd primarily by the net charge on the molecule.
Thus, in dilute solutions, the viscosity was minimal at the
pl (~ 4.95), where the net molecular charge is zero, and
was higher at pHs away {rom the pI due to an increase
in the net molecular charge. Although the attractive
interactions are present even in dilute solutions, these arc
too weak to be of significance. The repulsive intermo-
lecular potentials, being columbic, are long ranged and
arc thus influential even in dilute solutions or large
inter-separation distance. Hence, the repulsive clectro-
viscous effect leads to a viscosity increase at pHs away
from the pl. (FFig. 7, 40 mg/ml BSA solution). Converse-
ly, at high concentrations (> 200 mg/ml), the intermo-
lecular separation distance decreases, resulting in an
increased contribution from the short-range attractive
interactions. These short-range attractive interactions
dominate at the pl, where the net molecular charge and

therefore the charge-induced repulsions are minimal.

Consequently, at the pl the dominance ol attractive
interactions increases the sclf~associating behavior of
BSA molecules, thereby resulting in a transient network
and increased resistance to flow leading to a high solution
viscosity.
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