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ABSTRACT: The aggregation of β-lactoglobulin (BLG) near its isoelectric point was
studied as a function of ionic strength and pH. We compared the behavior of native
BLG with those of its two isoforms, BLG-A and BLG-B, and with that of a protein with
a very similar pI, bovine serum albumin (BSA). Rates of aggregation were obtained
through a highly precise and convenient pH/turbidimetric titration that measures
transmittance to ±0.05 %T. A comparison of BLG and BSA suggests that the
difference between pHmax (the pH of the maximum aggregation rate) and pI is
systematically related to the nature of protein charge asymmetry, as further supported
by the effect of localized charge density on the dramatically different aggregation rates
of the two BLG isoforms. Kinetic measurements including very short time periods
show well-differentiated first and second steps. BLG was analyzed by light scattering
under conditions corresponding to maxima in the first and second steps. Dynamic light
scattering (DLS) was used to monitor the kinetics, and static light scattering (SLS) was
used to evaluate the aggregate structure fractal dimensions at different quench points. The rate of the first step is relatively
symmetrical around pHmax and is attributed to the local charges within the negative domain of the free protein. In contrast, the
remarkably linear pH dependence of the second step is related to the uniform reduction in global protein charge with increasing
pH below pI, accompanied by an attractive force due to surface charge fluctuations.

■ INTRODUCTION

The aggregation of proteins in their native state, an effect
predominant at low ionic strength and pH near pI, is a
reflection of their surface properties, in particular, the
distribution of charged domains. In contrast to unfolding
aggregation, native state aggregation involves interactions
among hydrated protein surfaces. Without the exposure of
solvophobic groups, the aggregation rate no longer depends on
the kinetics of an array of transient intermediates and exhibits a
higher degree of reversibility. To the extent that the limited
states involved in the aggregation process are well defined, the
aggregation kinetics can be analyzed from the perspective of
energetics. Surface charges and their distributions then become
the focus of interprotein and interparticle interactions. The
diminished role of primary structure means that the aggregation
of folded proteins is less protein-specific, and predictive rules
based on protein tertiary structure and charge anisotropy are
possible.
The association of folded proteins is of considerable

importance for pharmaceutical formulation stability1−3 and is
likely to influence subsequent behavior under more extreme
conditions. However, current concerns about protein con-
formational diseases4 have led to a focus on the irreversible
association of unfolded precursors. Unfolding aggregation
requires the disruption of secondary or tertiary structure and
therefore the disturbance of the numerous hydrophobic and

hydrogen-bonding interactions that stabilize the native state.
Proteins with various primary structures show different
aggregation mechanisms, manifested in a variety of inter-
mediates, aggregate structures, and critical temperatures.
Because different regions of the protein surface become
exposed and engaged in short-range interactions, unfolding
aggregation can be irreversible and the mechanisms can also be
highly protein-specific.5 The corresponding numerous forms of
denaturing aggregation have led to several attempts at
aggregation classification − with some referring to the
mechanism and some referring to the size, morphology, and
reversibility of aggregates.4 However, no general rules can be
proposed to relate the sequence arrangement to the unfolding
aggregation behavior, which is often observed to occur
irreversibly, particularly under extreme conditions.
The characteristic reversibility of aggregation in the native

state arises from the absence of high-energy unfolded
intermediates subject to a new set of short-range interactions.6

For intrinsically reversible native state aggregation,7 the
interactions involved can be better understood as involving
only the hydrated protein surface.8 Interprotein interactions
may be resolved into enthalpic and entropic contributions,9 in a
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way almost impossible when subject to ongoing protein
conformational changes.9 The fact that native state aggregation,
isoelectric precipitation, is suppressed by salt reveals the
electrostatic origin of these contributions and suggests
considerations of protein charge anisotropy.10,11 Protein charge
anisotropy is characterized by an asymmetric distribution of
charge domains on a protein such that there are similar
magnitude repulsive and attractive interactions present between
like-charged proteins near the pI. Such charge patches are
necessary to explain instances of attractive interactions between
proteins and polyelectrolytes observed on the “wrong side” of
the isoelectric point for which neither net charge nor highly
short-range interactions would provide an adequate explan-
ation.12

Electrostatic interactions among native proteins govern both
the aggregation process and the structure of the final aggregate.
When self-association involves electrostatic interactions, their
long-range nature means that spatial separation, the first step of
disaggregation, can be accomplished through changes in pH
and ionic strength without exposure of hydrophobic residues.
Resolvation, screening by small ions, or repulsive forces arising
from changes in pH then compensates for the loss of
interprotein attractive forces. Those pairwise interactions can
be defined at specified conditions of pH, ionic strength, and
temperature.13 Resolution into enthalpic and entropic con-
tributions14 is possible when the initial and final states are well-
defined and kinetics do not dominate. Modeling can then help
to predict the geometry of multimers and to resolve equilibrium
association constants for cognate protein−protein interactions
into kon and koff.

15,16 Because protein−protein interactions
involve solvent-accessible surfaces, protein charge anisotropy is
often a contributing factor.17,18

The role of charge anisotropy in native state aggregation is
revealed by the tendency of proteins to become insoluble at pH
near the isoelectric point.19 Because the net charge is near zero,
electrostatic attractions can come only from charge asymmetry
that can be visualized by computational methods based on
protein structure (from the RCSB Protein Data Bank) and
protein charge curves.12 However, the correlation of protein
charge with aggregation kinetics must take into account the
mechanism of aggregation and deal with simultaneous
equilibrium and kinetic behavior where subsequent steps
governed by transient intermediates may be rate-determining.20

Clustering or later-stage monomer consumption can be
influenced by the structure of aggregates, the assembly of
which is conveniently described by fractal dimensions.21 In
addition, later stages of aggregation prior to irreversible
association can be subject to hysteresis because competing
disaggregation may proceed by a different pathway.22,23

Nevertheless, strong evidence of correlations between the
protein surface charge state and native state aggregation rates
prior to loss of solubility has been gleaned from turbidimetric
measurements.24−26 β-Lactoglobulin (BLG) with two isoforms
that differ with respect to a charge patch should provide an
example of such behavior.24

The aggregation of β-lactoglobulin (BLG) has probably been
studied more than that of any other protein. The great majority
of these studies have involved denaturing conditions27,28 (e.g.,
extremes in pH or temperature because of their relevance to
food and dairy processing29,30). The heat-induced aggregation
of BLG is sometimes used as a general model for fibril
formation,31,32 a process that is implicated in neurodegenerative
diseases.33 Although many papers on denaturing aggregation

focus on kinetics,34,35 studies of the native state aggregation of
BLG mainly deal with the equilibrium association of multimers
or oligomers. Major findings include (1) the formation of
dimers in equilibrium with monomers at 3 < pH < 936−39

enhanced by increasing ionic strength I38,40−42 and (2) the
formation of higher-order multimers at pH 4 to 5, which for the
case of an octamer42−45 shows an opposite ionic strength
dependence, shifting toward the dimer with added salt, but
other reports suggest that the tetramer and hexamer could
coexist.46 Such equilibrium behavior seems to be typical for
BLG at I ≥ 0.1 M at pH far from its pI, where open-ended
aggregation is avoided, although the distinction between
multimerization and aggregation becomes less clear when the
products of the association are small (e.g. clusters containing
relatively small numbers of proteins47).
Kinetically controlled aggregation of BLG in the native state

is typical at I < 0.01 M, especially at pH near pI.24,46,48

Kumosins et al.46 concluded from sedimentation kinetics that
the aggregation of BLG is the sum of three possible
interactions, namely, A−A and B−B self-interactions and A−
B interactions. Timasheff and Townend48 expanded on this,
concluding that the aggregation of BLG is due primarily to a
single isoform, namely, BLG-A. Majhi et al.24 found two
processes: an initial fast consumption of the BLG dimer to form
an aggregate of intermediate size, followed by slow growth of
the aggregates. The maximum aggregation rate occurred near
pH 4.6, below the pI of 5.2, and the pH dependence of the
initial aggregation rate was highly asymmetric. At pH 5.0, the
initial rate increased with 1/I. This open-ended aggregation at
pH ≠ pI was attributed to the charge anisotropy of native BLG
that was visualized by computer modeling. Such visualization
was used to explain the dramatic effect on the aggregation rate
when residues in BLG-B (gly64, ala118) are replaced in BLG-A
(asp64, val118). However, the nature of the proposed two-step
mechanism was not clearly elucidated, and little attention was
paid to the role of pH-dependent disaggregation.
Here we consider the mechanism of pH-induced BLG native

state aggregation in the vicinity of pI, with particular attention
to two factors not previously examined: (1) the strong effect of
the direction of pH adjustment on both aggregation and
disaggregation kinetics, and (2) the nature of the two
characteristic rate processes and their relationships to net
versus local protein charge.42,43 We used turbidimetric pH
titrations (type 1 titration) as a convenient and effective
method for measuring aggregation rates as a function of pH and
the time dependence of turbidity to resolve and quantitate pH
effects on the two rates. Dynamic light scattering (DLS) was
used to evaluate the kinetics in terms of hydrodynamic
diameters and scattering intensity under conditions where the
two steps are easily resolved as revealed from titration
experiments. Static light scattering (SLS) was employed to
evaluate the fractal structure of quenched aggregates at two pH
values corresponding to maximum values of the two rates.
Electrostatic protein modeling was employed to support two
distinct molecular descriptions for these processes. Finally, we
show the broad and general significance of these approaches
with reference to BSA as an example of protein with charge
anisotropy distinct from that of BLG.

■ EXPERIMENTAL SECTION
Materials. Native bovine β-lactoglobulin (BLG, 18 kDa, pI = 5.2)

was a gift from C. Schmitt (Nestle,́ Lausanne; >97%, batch number JE
001-8-415, 55.4% BLG-A and 41.6% BLG-B). Isoforms of BLG (BLG-
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A and BLG-B) were from Sigma-Aldrich (lot nos. 097K7010 and
048K7003 V, respectively). Fatty acid-free bovine serum albumin
fraction V (BSA, 68 kDa, pI = 4.9, >99%) was Calbiochem lot
D00096763. NaCl and standard NaOH and HCl solutions were
purchased from Fisher Scientific. Milli-Q water was used in all sample
preparation.
Turbidimetry. Turbidimetric titrations were performed by the

addition of either 0.1 N NaOH (forward titration) or 0.1 N HCl
(backward titration) to a 15 mL protein solution with stirring and the
simultaneous monitoring of pH and transmittance at 25 °C. It is
conventional to report τ as 100 − %T, a unitless quantity that is linear
with turbidity over a certain range of transmittance. It is convenient to
describe it in this form because it absorbs terms such as the extinction
coefficient, which would otherwise be poorly defined for such systems.
The rate of pH change was kept at 0.2 pH unit/min in all titrations
except for the experiments in Figure S1. For kinetics experiments,
protein solutions were prepared at pH 9 and brought to the desired
pH by the addition of 0.1 N HCl in 15 s. The transmittance of protein
solutions was measured using a Brinkmann PC 800 colorimeter
equipped with a 420 nm filter and a 1 cm path length fiber optic probe,
calibrated to 100% transmittance with Milli-Q water. Instrument drift
during a single measurement was less than 0.05 %T after a 30 min
warm-up. pH was measured with a Corning 240 pH meter. Samples
were filtered with a 0.22 μm membrane (Millipore) before titration.
With this technique, turbidity measurements are precise to ±2 ppt and
highly robust, with repeatability demonstrated by the precise
reproduction of the I−1 dependence of BLG aggregation previously
measured24 (Figure S3).
Dynamic Light Scattering (DLS). DLS was carried out at 25.0 °C

with a Malvern Zetasizer Nano ZS instrument equipped for
backscattering at 173° with a 633 nm He−Ne laser. Protein solutions
were adjusted rapidly from a nonaggregating pH (7.0) to pH 4.9 or
5.1. DLS measurements were started within 30 s of the pH adjustment.
The distributions of the mean apparent translational diffusion
coefficients (DT) were determined by fitting the DLS autocorrelation
functions using non-negative constrained least-squares (NNLS). The
robustness of this algorithm vis-a-̀vis CONTIN has been amply
demonstrated, even for systems with more than two decay modes. The
distribution of the apparent hydrodynamic radii (Rapp) was obtained
from the distribution of mean apparent translational diffusion
coefficients (DT) via

πη
=R

kT
D6app

T (1)

where k is the Boltzmann constant, T is the absolute temperature, and
η is the solvent viscosity, which was assumed to be that of water.
Static Light Scattering (SLS). SLS experiments were performed

using a BI-200 SM goniometer and BIC-2030D photon counting
system (Brookhaven Instruments Inc.) with an Omnichrome Ar ion
laser (100 mW, λ = 488 nm) at ambient temperature, ∼25 °C. The
scattering intensity was measured as a function of scattering angle
between 75 and 120°. Fractal dimensions (Df) were extracted from
angle dependence in the high-q limit via linearization49 of the
scattering data using the relation

∝ −I q q( ) Df (2)

where I(q) is the scattering intensity and the scattering vector q is
(4πn/λ) sin(θ/2), with n the refractive index of the fluid, λ the
wavelength, and θ the scattering angle. BLG aggregation in 0.01 M
NaCl was initiated by pH adjustment from 7.0 to either 4.9 or 5.1 and
sustained for 5−20 min. Aggregation was quenched by rapid
adjustment from the aggregating pH to pH 4.4, at which point the
aggregate size was found by DLS to no longer change with time. Each
SLS measurement was made in replicate over the course of 2 h to
ensure that quenched samples were invariant with respect to time.
Computational Methods. DelPhi V. 4r1.1 was used to model the

electrostatic potential around the protein as a function of pH and ionic
strength. pdb 3V03 (BSA monomer) and 1BEB (BLG dimer) were
taken from the RCSB Protein Data Bank (http://www.rcsb.org). The

amino acid charges were generated using the spherical-smeared-charge
model proposed by Tanford on the basis of titration curves of BLG
and BSA.50

■ RESULTS
Turbidimetric pH Titrations. The increase in turbidity

upon addition of acid or base, as shown for the curve of larger
magnitude in Figure 1a, summarizes the accumulation of

soluble aggregates and their subsequent redissolution with
diminishing pH. Even at fixed protein concentration and ionic
strength, the turbidity, as a kinetic variable, is sensitive to the
elapsed time between titrant increments, which is presumably
responsible for deviations in absolute turbidity among duplicate
runs; this did not exceed 15% (relative). However, the pH
corresponding to the maximum change in turbidity (dτ/dt)max
did not vary. The rate of titrant addition was controlled to
ensure that dpH/dt is constant; consequently, the instanta-
neous rate of aggregation at any pH ((dτ/dt)pH) is given by
(dτ/dpH)(dpH/dt). Hence, the plot in Figure 1b essentially
describes the pH dependence of the instantaneous rate of
aggregation. As will be shown below, (dτ/dt)pH obtained in this
way is remarkably similar to (dτ/dt)t=0 at fixed pH so that the
inflection points indicated by the vertical dashed lines are the
pH’s of the maximum aggregation rate. It is of interest to note
the crossing point of the two curves in Figure 1a, which
correspond closely to the identical pH positions of the maxima
in Figure 1b. The absence of any effect of the titration direction
on the rate suggests that the process is controlled by free
protein and not prior aggregates. Furthermore, the pH values at
the turbidity maxima can be directly confirmed as conditions of
constant turbidity (Figure S2 in the Supporting Information).
The magnitude of accumulated aggregate τmax clearly depends
on the direction of titration (Figure 1a). This may indicate
differences in aggregate structure, which also would lead to
differences in disaggregation. However, regardless of the
titration direction, the curves cross at the inflection point (see

Figure 1. (a) Type 1 titrations of 1.0 g/L BLG in 0.0045 M NaCl. (b)
dτ/dpH vs pH. The rate of addition of HCl or NaOH was 0.2 pH
unit/min. The titration directions indicated by arrows are (□) low to
high pH and (○) high to low pH. The vertical dashed line corresponds
to the inflection points (maximum aggregation rates) for both
directions. −dτ/dpH is shown for pH 9 → 3 to adjust for the trivially
negative values of dpH: negative values in (b) correspond to
disaggregation.
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also dτ/dpH in Figure 1b): the maximum aggregation rate
occurs at the same pH.
To demonstrate the utility of turbidimetric pH titrations, we

carried out titrations with acid at ionic strengths I ranging from
0.0045 to 0.1 M (NaCl). The ionic strength dependence of the
inflection points (dτ/dpH)max showed nearly the same I−1

dependence (Figure S3) as seen previously for the initial rate
at fixed pH (dτ/dt)0.

24 As expected, the maximum turbidity
depended on the rate of titration, increasing ca. 40% with a 3-
fold decrease in (dpH/dt), but the characteristic pH’s of τmax
and (dτ/dt)max (Figure S1) were independent of (dpH/dt).
The pH titrations thus yield, more conveniently, very similar
results to the more laborious time-dependent studies at fixed
pH.
Identification of Two Steps. The extent of aggregation of

BLG increases with pH from 4.4 to 4.8 and decreases as the pH
increases from 5.1 to 5.7 (Figure 2), but the pH dependence of

the amount of aggregate is seen to be mainly determined in the
first ca. 10 min. In other words, a fast initial step is followed by
a slow second step. The pH dependences of the aggregation
rates for the fast initial step (t < 10 min) and the following slow
step (45 < t < 90 min) are reported as (dτ/dt)0 and (dτ/dt)2 in
Figure 3a and b, respectively. The pH dependence of (dτ/dt)0
is symmetric around a maximum at pH 4.9 (i.e., below pI =
5.2). In contrast, (dτ/dt)2, typically ca. 25 times smaller than
(dτ/dt)0, is remarkably linear with pH, attaining a maximum at
pI. In addition, the two steps show different ionic strength
dependences (i.e., the aggregation rate is linear with I−1 for the
initial step and with I−0.25 for the second step (Figure 4)). The
implications regarding the different mechanisms and the
respective roles of protein charge anisotropy in the two steps
will be discussed below.
Structure of BLG Aggregates. Dynamic light scattering

was used to study the aggregation of 1.0 g/L BLG at pH 4.9
and 5.1, conditions that correspond to the apparent aggregation
rate maxima in the initial and second steps, respectively. At pH
4.9, where the initial rate dominates, hydrodynamic diameters
(Figure 5a) grow to over a micrometer in t < 10 min, during
which time the scattering intensity increases dramatically
(Figure 5c). In contrast, at pH 5.1, a gradual increase in size
is observed (Figure 5b) along with an almost negligible increase
in scattering intensity (Figure 5d). The increase in diameters
seen at pH 4.9 at short time together with the relatively smaller

effect at pH 5.1 suggests that the initial rate is controlled by the
formation of nuclei, and the second step involves the growth of
preformed nuclei. Notably absent is any evidence of species of
intermediate size, indicating that aggregates are formed from
BLG dimers (possibly in equilibrium with monomers) with no
involvement of multimers such as tetramers and hexamers.
The apparent quenching of aggregate growth (Figures 1b

and S2) arises from a balance of aggregation and disaggregation
rates at a particular pH (i.e., 4.4). Adjustment from aggregating
conditions (pH 4.9 or 5.1) to this quenching condition halts
the growth of protein aggregates. SLS results under these two
conditions are shown in Figures 6. Fractal dimensions, a power
law describing the distribution of mass or scattering centers
within an aggregate, were measured for each quenched sample.
SLS results for the sample quenched from pH 4.9 (Figure 6a)

where step one is maximal show that the apparent Df of BLG
aggregates increases continuously before finally converging to a
limiting value of 3.0, which is consistent with a fully compact
structure. At pH 5.1 (Figure 6b), the increase in fractal
dimension is comparable but a lower limiting value is reached,
indicating that these aggregates remain somewhat fractal in
nature even at t = 20 min (Figure 6c). The Df increases slowly
during the first ∼10 min, a lag time displayed at both pH’s. In
this first step the structures formed are loose, allowing for the
rapid packing of free BLG into the aggregate. The values of Df
would seem to preclude both classical diffusion- and reaction-

Figure 2. Turbidity vs time for 1.0 g/L BLG (1.3:1 A/B), I = 0.0045
M. (a) pH 4.4−4.8 and (b) pH 5.1−5.7.

Figure 3. Aggregation rate (dτ/dt) vs pH from Figure 2. (a) Initial rate
(dτ/dt)0 and (b) aggregation rate for the second step (dτ/dt)2. The
vertical dashed lines denote the pH’s for the maxima of (dτ/dt)0 and
(dτ/dt)2. Note the different scales for plots a and b showing the
dominant effect of the initial rate.

Figure 4. Logarithmic plot of dτ/dt and I (open symbols for the initial
rate, filled symbols for the second step) at pH 5.0. The slopes are −1
and −0.25 for (dτ/dt)0 and (dτ/dt)2, respectively. Data are
reproduced from a previous paper.24
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limited cluster−cluster aggregation51 but are consistent with an
initial nucleation step represented by diffusion-limited particle−
cluster aggregation.51 By the final quench point, aggregates are
no longer fractal in nature, possibly explained by a switch to
reaction-limited particle cluster aggregation51 in which the close
packing of free protein results in a nearly homogeneous

structure. At pH 5.1, such nucleation occurs more slowly,
leading to a smaller observed fractal dimension at the final
quench point.
In the absence of intermediate species (e.g., oligomers), the

increase in turbidity must be attributed to the formation of
aggregates that grow in size and decrease in number. With

Figure 5. DLS kinetics of 1.0 g/L BLG in I = 0.01 M at (a, c) pH 4.9 and (b, d) pH 5.1. (○) Slow mode and (□) fast mode obtained from the
intensity-weighted distribution of apparent diameters. The inset in plot a is an expansion of the first 13 min.

Figure 6. SLS of 1 g/L BLG in I = 0.01 M quenched by adjustment to pH 4.4 after a fixed amount of time. BLG aggregation is induced at (a) pH 4.9
and (b) pH 5.1. (c) Apparent Df as a function of quench time.
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appropriate assumptions about their density, based on fractal
dimensions, it is possible to estimate that the number of dimers
per aggregate increases from roughly 2 × 104 to 5 × 106 over
the first 20 min, with a concomitant 250-fold decrease in the
number of aggregates. The present results do not indicate
whether this occurs by aggregate fusion or dimer consumption,
which is the subject of an ongoing size exclusion study.
Aggregation of BLG Isoforms. The marked difference

between the amplitudes of aggregation of BLG variants A and B
provides strong evidence of the effect of charge anisotropy that
arises from the replacement of uncharged amino acid glycine by
aspartic acid in BLG-A, adding two additional negative charges
per dimer, as previously noted.52 Native BLG can be found
under dimer dissociation conditions,24 to contain roughly equal
numbers of the A and B monomers, but the distribution among
the three possible dimers is not always clear. Mass spectra of
Sigma BLG-A prepared at pH 4.5 showed unresolved dimer
peaks,53 but more recently obtained higher-resolution spectra
(Figure S4) suggest that the AA and BB dimers that
predominate in native BLG may dissociate to form the AB
heterodimer. This complexity provides additional motivation to
examine the aggregation behavior of the homodimers.
Turbidimetric pH titrations of AA and BB are shown in

Figure 7a,b. Regardless of the direction of titration, aggregation

rates are larger by factors of 20−30 for the A dimer. For both
titration directions, the aggregation of BLG-A begins only at
pH within 0.5 pH unit of the pI. For titration with base,
significant disaggregation commences at pH 7.5, and for
titration with acid, at pH 3.5. The equivalence of crossing
points with points of maximum aggregation rate noted in
Figure 1 is notably absent in Figure 7b because of the large
difference in rates. Further comparisons of BLG-B with BLG-A
are complicated by the different magnitudes mentioned above.
Turbidimetric pH Titration of BSA. BLG aggregates most

strongly at pH < pI because of its negative charge patch.24

Because BSA, in contrast to BLG, has a positive charge patch,12

comparative titrations were done with BSA to reinforce this
relationship with protein charge anisotropy. The results of this
type 1 titration for BSA in Figure 8 may be compared to the
analogous plot for BLG in Figure 1. As is the case for BLG, the

pH for the maximum aggregation rate of BSA does not depend
on the titration direction, but in contrast to BLG, the pHmax for
BSA (5.4) is well above its pI (4.9).

■ DISCUSSION
Forward and Backward pH Titrations. Turbidimetric pH

titration is a convenient method for the study of electrostati-
cally driven native protein aggregation, particularly when the
titration rate (dpH/dt) is constant. The instantaneous
aggregation rate (dτ/dt)pH at any pH is then obtained by
(dτ/dpH)(dpH/dt). For example, with dpH/dt = 0.2 pH units
min−1, we obtain from the acid titration in Figure 1b an
aggregation rate of 4.0 min−1. The kinetic measurement at pH
4.8 (Figures 2 and 3) gives the initial rate of dτ/dt = 4.1 min−1.
The validation of this method was also confirmed by the ionic
strength dependence of the aggregation rate from turbidimetric
pH titration at varying I (Figure S3), similar to previous
results.24 The inflection points in Figure 1 correspond to the
pH’s of the maximum aggregation rate, and the turbidity
maxima correspond to pH values at which turbidimetric rates of
association and dissociation are equal (Figure S2). These
observations should apply generally to the pH dependence of
native state protein aggregation.

First Aggregation Step. The crossing point at pH 5.0 in
Figure 1 shows the importance of the direction of titration but
also indicates a condition at which the rate of aggregation is
independent of the sample history. The strong influence of
titration direction is in contrast to the pH-induced aggregation
of Zn-free insulin that appears to be essentially reversible.54

The nearly symmetrical behavior in that case (titration curves
did not cross) was related to the dipole-like behavior of the
protein, with high- and low-pH deviations from pI essentially
leading to charge mirror images. The dramatically different
shapes of low-to-high and high-to-low curves indicate
important effects of the surface charge distribution not reflected
in |pH − pI|. However, the pH’s at maximum dτ/dt (5.0) are
independent of direction, because they reflect only rates of
change regardless of prior accumulations of aggregate and thus
depend uniquely on the state of the free protein. This point is

Figure 7. Type 1 titrations and dτ/dpH vs pH for (a) 0.5 g/L BLG-A
and (b) 0.5 g/L BLG-B. The rate of addition of HCl or NaOH was 0.2
pH unit/min. The dashed line corresponds to the pH of the maximum
aggregation rate, independent of direction. Titration direction: (□)
low to high and (○) high to low. I = 0.0045 M. We show −dτ/dpH to
adjust for the trivially negative values of dpH for pH 9 → 3 in the
lower curves.

Figure 8. (a) Type 1 titrations of 1.0 g/L BSA in 0.0045 M NaCl with
NaOH or HCl (arrows). (b) dτ/dpH vs pH. The rate of addition of
HCl or NaOH was 0.2 pH unit/min. The titration directions indicated
by arrows are (○) low to high pH and (□) high to low pH. The
vertical dashed line corresponds to the inflection points (maximum
aggregation rates) for both titration directions. −dτ/dpH is shown for
pH 9 → 3 in plot b to adjust for the trivially negative values of dpH.
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0.2 pH unit below pI; this and the marked difference in
aggregation rates for BLG-A and BLG-B24 suggest an important
role for the negative patch of BLG (Figure 9) wherein reside
the additional two asp residues of the A dimer. The variation of
the charge in this domain accounts for the pH dependence of
aggregation, which is seen in Figure 3a to arise mainly from the
first step. The impact of this first step can be understood from
charge anisotropy: the onset of aggregation at pH ∼4.6 for base
titration in Figure 1a corresponds to a large positive domain
(Figure 9c) capable of interacting with the negative domains of
several others, resulting in an open aggregate with a lower
fractal dimension.55 A diffusion-limited analysis of this
process24 was shown to account for the I−1 dependence of
the initial rate shown in Figure 4. Acid titration commencing at
pH ∼5.4 shows less asymmetry, which could lead to a more
dense structure possibly producing higher turbidity (Figure 1a).
Although the structure of the aggregate formed may depend on
the direction, the state of free protein that determines the rate
of the first step does not.
Second Aggregation Step. In marked contrast to the

behavior of the first step, we see for (dτ/dt)2 Figure 3b,
aggregation behavior that is highly asymmetric with respect to
pH, with a local maximum at pI, and (b) a remarkably linear
pH dependence of dτ/dt at lower pH. This linearity is
consistent with the linearity of net protein charge Z with pH in
this region,56 along with maximum aggregation at pH = pI, this
suggests that global charge, not anisotropy, is dominant. As
seen in Figure 4, the diminution of (dτ/dt)2 with added salt
also implies an electrostatic attractive force, even at pH = pI.
However, (dτ/dt)0 shows a stronger ionic strength dependence,
increasing with I−1. This proportionality was previously
explained24 as a consequence of an increase in the target area
of the protein negative domain with the square of the Debye
length κ−1, which leads to the observed I−1 dependence because
for 1:1 electrolytes κ−1 ≈ 0.3/I1/2 (where the units of κ−1 and I
are nm and M). (dτ/dt)2, however, depends on I−0.25. Because
free protein is consumed before the second step, it is necessary
to identify a weakly screened attractive force between clusters
of low net charge. The theory by Miklavic57 for inhomoge-
neously charged surfaces at short separation describes an
attractive force that becomes dominant when charges can
migrate.58,59 With any aggregating system, diffusion will
eventually induce microscopic concentration fluctuations that
will bring two particles to the short separation distances at
which such theory becomes very relevant. The overall attraction

in this treatment increases with intercharge spacing and
decreases with κ2, the first term dominating for low salt. To
this effect we add a weak Z-dependent repulsion that decreases
with increasing κ (i.e., increasing I). The relative magnitudes of
these two opposing effects depend on the intercharge spacing
of the cluster surface, which is not known, but the observed
I−0.25 dependence of the attraction reflects their sum. The
treatment of Miklavic et al. suggests that a balance between
attraction and repulsion dictated by charge spacing on the
surface of protein clusters could lead to the observed I
dependence. In summary, protein net charge Z provides a weak
repulsion, and its disappearance at pH 5.2 accounts for the
maximum in (dτ/dt)2 in Figure 3b. The mobility of protein
charges on the cluster surface accounts for the attractive force
that drives cluster−cluster association, in contrast to the fixed
charges on the nonaggregated dimer that control the first step.

BLG-A and BLG-B. The influence of protein charge
anisotropy, in particular, the role of the negative domain seen
most clearly in Figure 9d−f, can be assessed by a comparison of
BLG-A and BLG-B. The type 1 titrations in Figure 7 reveal
aggregation rates an order of magnitude higher for the A
isoform. Focusing first on the crossing points where turbidity is
independent of the direction of titration, it is reasonable to
suggest that these represent the rate of aggregation of the dimer
(first step). The crossing points of pH 5.2 and 5.4 for AA and
BB, respectively, suggest that an increase in pH to 5.4 for BB
results in behavior similar to that of AA at pH 5.2. Thus
titration with NaOH up to pH 5.0 involves more retention of
net positive protein for BLG-B (pI ∼5.2) than for BLG-A (pI
∼5.1), accounting for the accumulation of fewer aggregates and
the absence of a crossing point. Comparison with Figure 1
shows that the aggregation rate at pH 5.0 (high to low titration)
for native BLG is lower than that for AA by a factor of 3, even
though the protein concentration is twice as large for the native
form. The finding that the turbidity of native BLG (Figure 1) is
much smaller than the sum of the contributions of AA and BB
(Figure 7) is also in agreement with earlier observations that
BB suppresses the aggregation of AA.

Turbidimetric Titration of BSA. The charge anisotropy of
BSA (Figure 10) is distinctly different from that of BLG. As in
the case of BLG, the absence of any influence of the titration
direction on the pH of the maximum aggregation rate (pHmax)
reflects the dominant role of the charge anisotropy of the free
protein. However, pHmax is above pI for BSA vs. below pI for
BLG. There are two possible explanations for this effect. If

Figure 9. Electrostatic potential contours (+0.5kT/e (blue) and −0.5kT/e (red) ) around the BLG dimer at ionic strength 0.0045 M. pH values and
corresponding net charges: (a) 4.0, +12, (b) 4.4, +7, (c) 4.6, +6, (d) 4.8, +5, (e) 5.0, +3, (f) 5.2, 0, (g) 5.4, −2, and (h) 5.8, −3. Calculation was
based on pdb id 1BEB, which has the same arrangement (and number) of charged residues as BLG B but has an additional noncharged amino acid.
The scale bar is equal to 1 nm. Dimer net charge56 rounded to the nearest whole number.
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positive patches are stable at low pH, as is the case for BSA in
the range of 4.5 < pH < 6,60 then the aggregation rate will be
determined by the expansion of the diffuse negative domain at
higher pH; if a negative patch is stable at high pH, then
aggregation will be enhanced by the expansion of a diffuse
positive domain at lower pH. This scenario describes BSA and
BLG, respectively. The second explanation involves two steps,
the first some form of nucleation and the second reflecting the
tendency of net charge to oppose cluster formation. Preliminary
kinetics experiments suggest that this two-step mechanism is
consistent even at 10-fold-higher protein concentrations.
Because the two steps have different pH and concentration
dependences, the transition from step 1 to step 2 during the
course of a type 1 titration will depend not only on the
direction of titration but also on the rate of acid/base addition
and on the total protein concentration. A more detailed
investigation of this scenario would involve monitoring the
initial and aggregated species by DLS as a function of the
direction and rate of pH change, which is beyond the scope of
the current work.

■ CONCLUSIONS
Turbidimetric pH titrations (type 1 titration) conveniently
provide accurate measurements of the pH-dependent rate of
aggregation (dτ/dt) of native state proteins: the pH of the
maximum aggregation rate (pHmax) and the ionic strength
dependence of (dτ/dt) are equivalent to results from kinetic
measurements. The results for BLG lead to the identification of
two predominantly electrostatic steps. The rate of the first step,
ascribed to the aggregation of free protein and dominated by
charge anisotropy, is symmetrical around pHmax (4.9) and
inversely proportional to the ionic strength. At pHmax, DLS
kinetics shows the rapid growth of apparent size at early time
relative to that at pH 5.1, whereas SLS of aggregates at both
pH’s shows the formation of increasingly dense structures
consistent with particle−cluster aggregation. The relatively slow
aggregation rate in the second step varies linearly with pH at
constant I for pH < pI and is inversely proportional to I0.25.
This process is due to the association of clusters with
inhomogeneous and mobile charge surfaces. The role of charge
anisotropy in the first step is substantiated by the more rapid
aggregation of the A isoform of BLG and by the contrasting
aggregation behavior of BSA with inverted charge anisotropy.
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