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ABSTRACT: Protein native state aggregation, a major problem in pharma-
ceutical and biological processes, has been addressed pharmacologically by the
addition of protein-binding excipients. Heparin (Hp), a highly sulfated
polysaccharide, interacts with numerous proteins with moderate to high affinity,
but reports about its effect on protein aggregation are contradictory. We studied
the pH dependence of the aggregation of antithrombin (AT) and bovine serum
albumin (BSA) in the presence and absence of heparin. High-precision
turbidimetry showed strong aggregation for both AT and BSA in I = 10 mM
NaCl, conditions at which electrostatically driven Hp binding and aggregation
both occur, with more obvious aggregation of heparin-free AT appearing as
larger aggregate size. Aggregation of AT was dramatically inhibited at Hp:
protein 6:1 (mole ratio); however, the effect at 0.5:1 Hp:protein was greater for
BSA. Frontal analysis capillary electrophoresis showed a much larger equilibrium
association constant Kobs between Hp and AT, in accord with the onset of Hp
binding at a higher pH; both effects are explained by the higher charge density of the positive domain for AT as revealed by
modeling with DelPhi. The corresponding modeling images showed that these domains persist at high salt only for AT,
consistent with the 160-fold drop in Kobs at 100 mM salt for BSA−Hp binding. The smaller inhibition effect for AT arises from
the tendency of its uncomplexed monomer to form larger aggregates more rapidly, but the stronger binding of Hp to AT does
not facilitate Hp-induced aggregate dissolution which occurs more readily for BSA. This can be attributed to the higher density of
AT aggregates evidenced by higher fractal dimensions. Differences between inhibition and reversal by Hp arise because the
former may depend on the stage at which Hp enters the aggregation process and the latter on aggregate size and morphology.

■ INTRODUCTION
The effect of heparin (Hp) on protein aggregation would
appear from the literature to comprise both promotion and
inhibition. These conflicting results could reflect the problem of
comparing different proteins with different levels of Hp affinity
and different aggregation mechanisms, both dependent on
solution pH and ionic strength. Native state aggregation could
facilitate formation and interpretation of Hp effects, because
protein surface is better conserved and formation of unfolded
states minimized. Native state protein aggregation is driven by
electrostatics, and the protein surface charge anisotropy
regulates protein self-association mechanisms. Electrostatics
also controls Hp−protein binding. There is a need to explain
the possible linkage between electrostatically driven native state
aggregation and Hp−protein binding. It is of interest to
establish whether this relation holds for “heparin-binding”
proteins which exhibit different Hp affinities, such as
antithrombin (AT) and bovine serum albumin (BSA).
Therefore, we studied the native state aggregation of AT and
BSA and the roles of Hp in both aggregation and disaggregation
processes, using ionic strength (I) and pH as probes to
investigate protein self-association mechanisms and Hp binding
affinities.
The detection of GAGs in deposits of fibrillar aggregates in

amyloid diseases initiated a number of conflicting hypotheses
about the promotion/inhibition of the aggregation of amyloid-

forming peptides and proteins in the presence of GAGs. The
enhancement of gelosin aggregation by heparin (Hp) was
correlated with its sulfate content and MW.1 Both Hp and CS
(chondroitin sulfate) appeared to promote Aβ peptide
aggregation.2 On the other hand, while p25-α aggregated in
the presence of stoichiometric amounts of low-MW Hp (10−
14 monosaccharides), excess Hp diminished its aggregation.3

Hp induces aggregation/fibril formation of some proteins
under certain conditions but may have more ambiguous or even
benign effects, depending on conditions, as observed for the
prion protein.4,5 Injection of low molecular weight heparin
suppresses AA amyloid deposition in mice,6 and even when
fibrils are promoted by Hp they are less toxic than the earlier
forms of aggregates.2,7−9 Finally, inhibition of Aβ aggregation is
reported for GAG-mimetic sulfated glycopolymers.10

These conflicting reports of Hp effects on amyloidogenesis
may arise because the point at which Hp enters the aggregation
process can vary and is often not well-defined. This suggests
that effects of Hp could be better understood with systematic
studies with folded proteins that include elucidation of self-
aggregation mechanisms and identification of the aggregation
stage influenced by Hp. The self-aggregation of folded proteins
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is mostly studied under “accelerated” conditions, such as high
temperature11 and low pH;12−15 these conditions, however,
generally lead, either intentionally or fortuitously, to formation
of intermediate states of the native structure, and the
contribution of these states to the aggregation processes
could be difficult to evaluate.16 The two proteins chosen for
study here, AT and BSA, are examples of this as both of them
are commonly studied at elevated temperatures.17−21 In
contrast, the influence of Hp on native state aggregation can
be more amenable to modeling,22 and therefore, consistent
with general rules; the hydrated protein surface is retained, and
formation of intermediate states can be minimized. The charge
distribution on this surface, which plays a central role in
interprotein interactions,23,24 is controlled by protein structure
and pH.
Although native state protein aggregation is most readily seen

at pH ∼ pI (“isolectric precipitation”), its suppression by added
salt indicates the primacy of electrostatic attraction.25 The
central role of interprotein surface interactions makes such
aggregation amenable to colloid models, in which the
aggregation kinetics could determine the aggregate structure.
Aggregation follows formation of clusters from monomers, and
growth could follow particle−cluster or cluster−cluster, and
formation of these could be limited by diffusion.26 As shown in
previous work,22,25 protein charge anisotropy dictates the
balance of attractive and repulsive electrostatic interactions that
leads to one or more of the preceding aggregation mechanisms,
which then control aggregate structure. The charge anisotropy
of proteins also controls their interactions with Hp,27 and this
suggests an implicit linkage between heparin suppression and
electrostatic aggregation.22,25 For example, Hp inhibits native
state aggregation of BSA and BLG, with the inhibitory effect
depending on charge-induced Hp−protein binding affinity.22

Beyond affinity, the stage at which Hp enters the aggregation
process plays an important role: inhibition of the aggregation of
native state insulin seems to be enhanced when Hp is added
after aggregation has begun.25 The availability of Hp-binding
domains is evidently subject to alterations in protein
conformation.28 In the present work, we avoid contributions
of protein unfolding by selection of conditions and by focusing
on two stable proteins, AT and BSA.
Heparin−protein binding affinity arises principally from

polyelectrolyte−protein electrostatic interactions,29,30 for which
different models have been widely applied. One model, inspired
by theories for the salt dependence of oligolysine−DNA
interactions31,32 has also been applied to DNA−protein
binding. The linear dependence of log Kobs (equilibrium
association constant) on log I (ionic strength) is consistent
with a purely entropic ΔGobs which arises from the release of
DNA counterions. However, directly replacing oligolysines with
proteins fails to consider the influence of protein charge
anisotropy.33 Nevertheless, extension of this treatment to Hp−
protein binding yields a physically realistic value of Hp
structural charge density deduced from measured dlog Kobs/
dlog I.34 On the other hand, many polyelectrolyte−protein
systems show clearly different salt dependence, more consistent
with Debye−Hückel screening.29,35 This model takes into
account protein charge anisotropy and effectively explains the
nonmonotonic salt dependence seen when polyelectrolytes
(e.g., heparin) bind to proteins with net charge of the same
(i.e., negative) sign, through a domain of opposite (i.e.,
positive) charge. This domains is best identified through
representation of protein charge calculations.36 Therefore, it is

possible to account for the observed salt dependence of
protein−Hp binding by using specific models of heparin
binding along with quantitative protein visualization.36,37

The way in which Hp inhibits protein aggregation depends
on Hp−protein binding affinity and the stage at which Hp
enters the aggregation process. The ability of Hp to reverse
aggregation depends also on aggregate structure. Resolution
among these effects has not been achieved because variables
such as pH and ionic strength, influence both the mechanism
and rate of aggregation and the interaction of Hp with either
aggregates or free proteins. Protein charge anisotropy could in
fact enhance both interprotein and Hp−protein interactions.
Systematic studies of pH and ionic strength effects on
appropriately selected aggregating and heparin-binding proteins
are needed to elucidate these primarily electrostatic effects. Also
further insight into the effect of heparin on protein solubility
could help guide the extensive but largely empirical use of
polyelectrolyte precipitation for protein purification.38−40

In order to elucidate the way in which the antiaggregation
effect of Hp is influenced by protein self-association and Hp
affinity, we examine two Hp-binding proteins, Hp cognate AT
and noncognate BSA. The literature clearly indicates larger
rates of aggregation for AT than for BSA,18 although their
mechanisms of aggregation differ.18,41 In our work, native states
have been preserved; so therefore, the behavior of the proteins
is determined by its (hydrated) surface. For this reason, general
rules about aggregation (e.g., “isoelectric precipitation”) can be
put forward, in contrast to unfolding aggregation in which any
or all residues may contribute to a wide variety of interactions
involving many intermediates. We used high-precision
turbidimetry to assess both aggregation rates and Hp affinity
and dynamic light scattering (DLS) to determine the size and
the relative intensity of the aggregates as a function of pH and
ionic strength. The fractal dimensions of the respective
aggregates were measured by static light scattering. Electrostatic
protein modeling was used to visualize domains of positive
charge and to rationalize both aggregation and Hp binding.

Experimental Section. Materials. Human recombinant
AT (ATyrn, 58 kDa, pI ∼ 5.0) was generously donated by
GTC Biotherapeutics (Framingham, MA). Bovine serum
albumin (BSA, 66 kDa, pI ∼ 4.9) and heparin (Hp), with
nominal MW 14 kDa, were purchased from Calbiochem and
Sigma, respectively.

Methods. Turbidimetry. High-precision turbidimetry was
performed using a Brinkman PC800 digital display probe
colorimeter equipped with a 1 cm path length probe (at 420
nm), integrated into a system of our own design which is
programmed for (1) automated constant delivery of selected
titrant volume at selected rates of addition via a 2 mL Gilmont
microburet, (2) the number of transmittance (%T) and pH
readings to be averaged, and (3) choice of the terminal pH. AT
(0.25 g/L, 10 mL total volume) and BSA (1g/L, 10 mL total
volume) solutions were prepared at desired NaCl concen-
trations (10−50 mM), filtered (0.22 μmMillipore), and titrated
with either 0.1 N HCl or 0.1 N NaOH. AT−Hp and BSA−Hp
mixtures were prepared by 1:1 v/v mixing of AT/BSA and Hp
stock solutions (0.5 g/L) at a noninteracting pH 8.5 (±0.2). All
measurements were done at ambient temperature. The
precision in the volume of titrant added is typically ±2 ppt
(0.2%). The ability to average multiple readings leads to
transmittance measurement with a precision of 0.1 %T (±1
ppt).
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Dynamic Light Scattering (DLS). DLS measurements were
made after filtration (Millipore 0.22 μm) using a Malvern
Instruments Zetasizer Nanosystem ZS, with a 633 nm He−Ne
laser operating at 173° scattering angle, at 25 °C. The
measurement duration was 10−12 s. The distributions of the
mean apparent translational diffusion coefficients (DT) were
determined by fitting the DLS autocorrelation functions using
nonnegative constrained least-squares (NNLS). The distribu-
tion of apparent hydrodynamic diameters Dh was obtained from
the distribution of mean apparent translational diffusion
coefficients (DT) via

πη
=D

kT
D

2
6h

T (1)

where k is the Boltzmann constant and η is the solvent
viscosity, taken as that of water. Sample transfer and automated
optimization steps result in a delay of 2−3 min between initial
pH adjustment and the first measurement.
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 45 and
130°. Fractal dimensions (Df) were extracted from angle
dependence in the high-q limit via linearization of the scattering
data using the relation

∝ −I q q( ) Df
(2)

where I(q) is the scattering intensity and the scattering vector q
= (4πn/λ) sin(θ/2), with n the refractive index of the fluid, λ
the wavelength, and θ the scattering angle. The radius of
gyration (Rg) was obtained using Guinier relation at relatively
low-q region:
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Computational Methods. DelPhi V.4r1.142,43 was used to
model the electrostatic potential around the protein as a
function of ionic strength. PDB id is 3 V03 and 2B4X were
taken from the Protein Data Bank (http://www.rcsb.org/) for
BSA monomer and AT monomer, respectively. The charges of
amino acids on the proteins were determined using the
spherical-smeared charged model put forward by Tanford.44

■ RESULTS
Protein Aggregation: Effects of pH. AT Shows Higher

Turbidimetric Rates of Aggregation. Figure 1 shows the
increase in 100 − %T in the range 4 < pH < 7 upon addition of
acid to 1 g/L BSA in 10 mM NaCl. A reduced concentration of
0.25 g/L was used for the more rapidly aggregating AT in order
to maintain 100 − %T < 20. In this range 100 − %T is linear
with the true turbidity τ = −log T and can be most readily
identified with the accumulation of soluble aggregates.45,46 The
pH for the onset of aggregation is qualitatively seen to be about
1 pH unit above pI for AT, in contrast to BSA for which pI −
pH = 0.5. Since protein concentrations are not the same, the
difference in absolute values of τ is handled by comparing the
turbidimetric rates of aggregation (dτ/dt)pH. This is calculated
as (dτ/dpH) (dpH/dt), where (dτ/dpH) is obtained from
Figure 1, and dpH/dt is automatically recorded at every pH. In

the resultant plot (inset of Figure 1), (dτ/dt)pH = 0 would
correspond to a maximum. This indicates equal turbidimetric
rates of aggregation and disaggregation.46,47 The maximum rate
of aggregation (dτ/dt) pH

max is seen at pH 6 and 5.5 for AT and
BSA, respectively. For BSA, the native state is preserved over a
wide range of pH encompassing the experimental conditions
here.48−50 For AT, there are additional suggestions of partial
unfolding,51 but not at pH ∼ 6 as used here. Those studies refer
to the dynamics of loop expulsion, presumably at a time scale
that is not relevant to our measurements of relatively slow
aggregation.

Time Dependence of AT and BSA Aggregation Can Reveal
Aggregation Mechanisms. Figure 2 shows time-dependent
turbidities for AT and BSA under concentration and ionic

Figure 1. Automated turbidimetric titrations of 0.25 g/L AT (red )
and 1 g/L BSA (black) in 10 mM NaCl with the addition of 0.1 N
HCl. Inset: Aggregation rate (dτ/dt) vs pH obtained from Figure 1 for
AT (red ) and BSA (black).

Figure 2. Turbidimetric measurements in 10 mM NaCl for the time-
dependent aggregation of 0.25 g/L AT at pH 6.1 (red) and 1 g/L BSA
at pH 5.4 (black). Samples were prepared at high pH (∼8.5) and then
brought to the desired pH within 3 min using 0.1 N HCl. Inset (a):
Expanded time scale for the first 16 min. Inset (b): First-order fit for
the time vs τ (100 − %T) for AT (red) and BSA (black) in the first 7
min.
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strength and pH conditions in the vicinity (dτ/dt)pH
max in

Figure 1. Since cAT/cBSA = 0.25, we focus on mechanistic
differences, which are independent of protein concentration. In
Figure 2, the turbidity reaches a limiting value for AT and BSA
at similar times, with a larger limiting value for the former. The
turbidity of AT increases rapidly for t < 1.5 min (Figure 2, inset
a), while the curve for BSA exhibits only a small decrease in
curvature at t = 25 min. Figure 2, inset b compares the
aggregation kinetics of AT and BSA using first-order plots
obtained from the data in Figure 2. The analysis of turbidity
data can be described as52,53

τ τ= −∞
−(1 e )kt

(4)

where τ∞ is the limiting turbidity value at t = ∞, and k is the
apparent rate constant. The first-order appearance of the
aggregation kinetics may indicate the mechanisms of
aggregation for both proteins (vide infra). The evolution of
aggregates was also probed with DLS (Figure 3) in the absence
and presence of Hp (the latter will be explained below).
Contrary to turbidimetry, DLS cannot capture the first 2 min
due to the time lag between the sample pH adjustment and
measurement but provides a better molecular view, as seen in
Figure 3a, in which cAT = cBSA = 1 g/L. The experimental lag
time notwithstanding, the rapid increase in turbidity for AT can
be related to the increase in cluster size, from <100 to 300 nm
during the first 15 min. Two differences appear in Figure 3b for
BSA: the fast mode broadens as opposed to losing intensity,
and the slow-mode size increases by only a factor of 2.5, from
25 to 65 nm. The larger apparent initial rate from turbidity for
AT appears to be due to rapid increase in aggregate size (Figure
3a) at the end of which the fast mode (monomer) no longer
dominates the scattering intensity (data not shown).
Effect of Heparin on Protein Aggregation. Heparin

Suppresses Aggregation of Both Proteins. Figure 4 shows
inhibition of AT and BSA aggregation in the presence of Hp at
various Hp:protein (r) ratios. The inhibition of aggregation by
Hp can be observed only in the “pH window” bounded by
formation of the heparin−protein complexes. At r = 0.1, the
stoichiometry best suited for comparison of BSA and AT, the
suppression of the aggregation is more pronounced for BSA.

This is confirmed by DLS results (Figure 3), in which data in
the absence of Hp are combined with results in the presence of
Hp approximately 15 min after pH adjustment (this time lag
leads to a small increase in Rh for the slow mode for AT alone
and to an increase in fast mode Rh for BSA alone). Here, we see
that the fast-mode intensity of the free monomer (or in the case
of BSA, monomer−dimer) never exceeds 50% for AT but the
fast mode is always the dominant scatterer for BSA. A separate
but related effect is the concentration of monomer or
monomer/dimer in the presence of Hp, obviously dependent
on both the Hp−protein binding affinity and the Hp:protein
ratio r. At r = 0.1, the doubling of the apparent size
corresponding to the fast mode for AT can only be explained
by the conversion of AT monomer to its complex with Hp. In
contrast, the fast mode for BSA at r = 0.1 consistently exhibits
an apparent size equal to that of the BSA dimer, regardless of
time; BSA−Hp complexes and possibly BSA dimers coexist at
that condition.

Figure 3. Time dependence of particle sizes by DLS in 10 mM NaCl in the absence and presence of Hp: (a) 1 g/L AT and 1 g/L AT with 0.1 g/L
Hp (●) at pH 6.2; (b) 1 g/L BSA and 1 g/L BSA with 0.1 g/L Hp (●) at 5.4.

Figure 4. Inhibition of 0.25 g/L AT and 1 g/L BSA aggregation by
heparin at 10 mM NaCl. Heparin to AT weight ratio (r) is 0.1 and 0.4
and heparin to BSA weight ratio (r) is 0.1 and 1.
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AT−Hp Binding Less Sensitive to Salt. In order to evaluate
the AT−BSA binding strength, we investigated the effect of salt
concentration on the onset of Hp−protein complex formation
(Figure 5). This event, pHc experimentally defined by a

transition from a region of zero slope reflects a reversible,
equilibrium phenomenon as opposed to the purely or partially
kinetic behavior described in all earlier figures. This critical pH

qualitatively represents the condition at which the energy of
complex formation just exceeds thermal energy, kT. When pHc
appears on the “wrong side of pI” (here when global protein
charge is negative), (pHc − pI) = δpH becomes a qualitative
measure of the ability of binding to overcome this global
repulsion. Although AT and BSA have similar pI values (4.9
and 5.0), δpH is larger for AT at all ionic strengths. Addition of
salt lowers δ for both AT and BSA, but the effect is more
pronounced for BSA.

Hp Cannot Reverse AT Aggregation but Can Partially
Reverse BSA Aggregation. The inhibition of AT and BSA
aggregation in the presence of Hp is a result of soluble complex
formation between protein and Hp. Hp may also interact with
the larger aggregates dissolving them into small intrapolymer
complexes22,25 and in some cases larger interpolymer soluble
species. Figure 6 shows the results for AT and BSA upon
addition of Hp to a protein:Hp ratio r = 1 (w:w). The addition
of Hp partially redissolves BSA aggregates (at pH 5.3) but does
not reverse the aggregation of AT (at pH ∼ 6.1).

■ DISCUSSION

AT and BSA Aggregation Mechanisms Are Different.
The result for AT in Figure 2 inset b, which shows the first-
order fit of turbidity vs time, is in agreement with nucleation
(rapid initial consumption of monomer to form well-defined
clusters) and growth (addition of monomer to these clusters),
the first step difficult to observe for BSA. The initial AT cluster
size could not be identified because of the time lag for DLS
which can only identify after 4 min a 100 nm species for AT
(Figure 3a) and a 25 nm species for BSA (Figure 3b). In the
first 15 min, the rate of depletion of the AT monomer is slightly
faster than that of the BSA monomer/dimer. There are two
possible routes for the increase in turbidity over long times:
clusters either grow by association (“cluster−cluster”) or by
adding monomer/dimer (“growth”).52 The first-order appear-
ance of the curves in Figure 2 inset b for both proteins suggests
that aggregates grow by the latter route. The transition from
fast to slow steps, seen after 2 min for the aggregation of AT,

Figure 5. Turbidimetric titration of AT (red), BSA (black) (0.25 g/L),
and Hp (0.025 g/L) at 10, 20, and 50 mM NaCl, using 0.1 N HCl.
Red and black broken lines were used to indicate the pHc values for
AT and BSA, respectively.

Figure 6. Reversal of aggregation in 10 mM NaCl: (a) 0.1 g/L AT and (b) 1 g/L BSA by the addition of Hp (r = 1). Both protein solutions were
prepared at pH 8.5, and pH was adjusted to 6.1 for AT and 5.3 for BSA within 3 min using 0.1 N HCl. Solutions were kept for 20 min at room
temperature prior to Hp addition.
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resembles that of BLG at pH near pI and in low salt. This
protein also exhibits diffusion-limited particle−cluster aggrega-
tion as a second step.47

A notable difference between AT and BSA aggregation is
seen in the evolution of the fast mode in Figure 3b for BSA,
which in contrast to AT broadens and shifts to larger Rh with
time. While Rh conforms to the AT monomer radius (4 nm) at
all times, Rh increases from 5 to 8 nm for BSA in the interval
3−14 min, accompanied by peak broadening. We interpret
these results as depletion of BSA monomer from the
monomer−dimer pool, with the concentration of monomer
then determining the rate of cluster growth, as opposed to
cluster−cluster association. For AT, all unaggregated protein is
present as the 4 nm monomer, and cluster growth is more
rapid.

The absence of cluster−cluster association for both proteins
can be explained by their net charge at pH − pI > 0. However,
the interaction of negatively charged AT monomer with
negatively charged clusters is ameliorated by the charge
anisotropy of the AT monomer as depicted in Scheme 1.
This same charge anisotropy also enhances monomer−
monomer association kinetics and thus the rate of nucleation;
this accounts for the nucleation step probably present for both
protein but more readily detected for AT. Therefore, the
greater charge anisotropy enhances the rate of nucleation.46

The role of charge anisotropy of the BSA monomer is further
complicated by its equilibrium with the dimer, as evidenced by
the wide range of Rh values seen for its fast mode in Figure 3b.
The increase from 5 to 7.5 nm during the first 10 min of
aggregation can be best explained as the depletion of monomer

Scheme 1. Models for the Aggregation Pathways of AT and BSA

Figure 7. (a) Ionic strength dependence of pHc obtained from turbidimetry (from Figure 5). The dashed lines are drawn to guide the eye. (b) Ionic
strength dependence of the binding constant obtained by FACCE. The data for BSA and AT are from ref 36 and ref 37.
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through its preferential aggregation. In that sense, dissociation
of dimer exerts some control over the rate of aggregation.
Inhibition of Aggregation Is a Result of Competition

between Hp Binding and Self-Aggregation. The
magnitude of heparin inhibition is qualitatively assessed by
comparison of turbidimetric titrations with and without Hp for
the two proteins. As shown in Figure 4, the inhibition effect
depends on the heparin concentration (or bulk weight ratio r).
Together with the protein−Hp binding affinity, this stoichi-
ometry controls the fraction of protein that forms complex and
thereby controls the aggregation rate by modulating the free
protein concentration. The assumption is that heparin−protein
complexes have no direct influence on aggregation kinetics. At r
= 0.1, the concentration of total protein is fourfold smaller for
AT than for BSA, but the intrinsically rapid aggregation of free
AT results in larger turbidity.
Evidence of the depletion of protein monomer upon addition

of Hp should emerge from DLS. In Figure 3a, AT monomer
(Rh = 4 nm) is well resolved from complex at Rh = 8.5 nm and
is seen to be fully converted to a mixture of small and large
complexes in the presence of Hp. BSA aggregate clusters vanish
in the presence of Hp (Figure 3b), but the ca. 8 nm complexes
cannot be well resolved from BSA monomer/dimer. BSA
monomer/dimer persists in the presence of Hp because of its
relatively low Hp affinity, but BSA aggregates fail to form. The
effect of Hp on BSA aggregation relative to its weaker effect on
AT aggregation may be related to the differences in aggregate
or aggregation mechanism, most notably the presence of an
obvious nucleation step for AT. The amount of Hp required for
suppression is r = 0.1 for BSA and r = 0.4 for AT. The larger
requirement for AT suppression despite its stronger binding is a
reflection of the strong tendency of its monomer to aggregate
even at lower concentration. The second effect of r is the shift
of pHφ (phase separation pH) to lower pH.22 This phase
separation occurs when complexes achieve charge neutrality.
When the ratio of Hp to protein is large, each Hp binds few
proteins, and the positive charge per protein needed to
overcome Hp charge is large, which corresponds to low pHφ.
Stronger Binding of Hp to AT, Notably at High Salt,

Manifested as High Values of pHc. We proceed to interpret
the results of Figure 5 in terms of binding constants for Hp−
BSA and Hp−AT measured elsewhere. The ionic strength
dependence of pHc shown in Figure 7a provides a qualitative
comparison of Hp affinity for AT vs BSA: the expanded domain

of complexation seen for AT indicates its stronger heparin
binding. Corresponding measurements by FACCE36,37 verify
this more quantitatively, and both measurements show that the
difference in Hp affinity between AT and BSA strongly
increases with added salt (Figure 7b). Interestingly, the
frequently noted linear log−log dependence of Hp−protein
binding54 is seen to apply only at I > 10 mM for BSA and 25
mM for AT.
The differences between BSA and AT in Figure 7 can be

explained by the charge distributions of the two proteins as
represented by DelPhi images (Figure 8). The maximum in the
plot for AT has been interpreted in terms of combined
attractive and repulsive forces,37 which should be more
important for AT because of its charge anisotropy. The more
pronounced positive domain for AT leads to the formation of
an AT−Hp complex that is more salt resistant than the BSA−
Hp complex. This is also reflected in the persistence at high salt
of the positive (Hp-binding) electrostatic domain of AT and
the virtual disappearance of this domain for BSA at 100 mM
salt, entirely consistent with the drop in log K at log I = −1 for
BSA in Figure 7b.

Aggregate Fractal Dimensions Larger for AT than for
BSA. The greater charge anisotropy for AT vs BSA is not only
consistent with its stronger Hp binding but may also explain
the inability of Hp to reverse AT aggregation as shown in
Figure 6. This apparently contradictory relation, the resistance
to Hp-induced dissolution being greater for the protein with
higher Hp affinity, can be understood in terms of aggregate
formation and density. Recent Monte Carlo simulations have
contrasted the aggregation behavior of uniformly and
nonuniformly charged colloids, in which the latter interact
more strongly and form larger clusters.55 While both proteins
here exhibit charge anisotropy, AT more nearly resembles the
extreme case of nonuniform charge with correspondingly
strong short-range attraction. This is expected to lead to a
densely packed aggregate, resistant to dissolution. The binding
of Hp as an inhibitor of aggregation can be considered
energetically in terms of the equilibrium between complex and
free protein, reducing its concentration and thus lowering the
rate of aggregation. The stabilization of the former might be
considered to arise from multiple interactions of the flexible Hp
chain with the protein. Similar considerations have been
referred to as “multivalency” but this does not reflect the role of
polyelectrolyte chain dynamics. Aggregate dissolution follows a

Figure 8. Ionic strength dependence of the electrostatic potential contours at −0.5 kT/e (red) and 0.5 kT/e (blue) for AT and BSA at pH 6.0.
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different path involving Hp diffusion onto and into aggregates,
and a variety of subsequent kinetically controlled steps which
cannot be readily identified by the current methods. The
structure of the aggregate may play a role at least as significant
as the intrinsic protein−Hp molecular affinity discussed above.
To support this latter hypothesis, fractal dimensions of AT

aggregates were determined by static light scattering (Figure 9)
and compared to published results for BSA. The difference
between Df(AT) = 2.3 ± 0.1 (Figure 9c) and 1.7 (BSA)56

supports the argument that the greater density for AT
aggregates makes them impervious to dissolution by Hp.
However, when Hp is initially present with AT at pH 8 and r =
0.1 (prior to adjustment to pH 6.1), similar SLS measurements
lead to Df(AT−Hp) = 0.8 ± 0.1, consistent with a highly
extended rodlike chain. Since AT is net-negative at this pH,
both steric and electrostatic effects lead to intrapolymer
repulsion in the Hp−AT complex and consequent chain
stiffness. To our knowledge, this is the first reported
measurement of the fractal dimension of an Hp−protein

complex. Nominally, the values of Rg/Rh are 0.8 and 0.9 for
aggregated AT and AT−Hp complex, respectivel,y from the
Guinier plot shown in Figure 9b. The former, very close to the
limiting value for spheres, is consistent with the large value of
Df, but the latter is not consistent with the extended
conformation deduced from Df = 0.8. These ratios must be
considered in the light of the averaging of signals from large
and small scatterers for both systems, unavoidable for SANS
and arbitrary for DLS. These averages tend to be weighted
more toward the smaller species in Malvern due to back-
scattering. More accurate results will require angle dependence
of diffusion coefficients complementary to Figure 9a.

■ CONCLUSIONS

Heparin (Hp) inhibits and reverses aggregation more
completely for BSA than for antithrombin (AT). Since heparin
binds more strongly to AT, this difference is not due to the
conversion of protein monomer/dimer to nonaggregating
complex, which would be greater for Hp. The reduced effects

Figure 9. SLS of 1 g/L AT and 1 g/L AT and 0.1 g/L Hp (r = 0.1) in 10 mM NaCl, pH = 6.2: (a) Scattering intensity (I) as a function of scattering
vector (q); (b) Guinier plot to determine Rg in the low-q region and (c) high-q region to determine fractal dimensions of AT aggregates and AT−Hp
complex.
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of heparin for AT occur because the relatively low
concentration of uncomplexed AT monomer aggregates far
more extensively than the more abundant BSA monomer/
dimer. The values of pH at which complexes are first observed
at different ionic strengths, relative to pIa measure of the
ability of binding to overcome repulsion between heparin and
global protein chargeis in good qualitative agreement with
measurements of binding constants by FACCE. These two
measures of protein−heparin affinity are shown to be
consistent with protein charge anisotropy as revealed by
electrostatic modeling. In contrast to inhibition, the reversal of
protein aggregation by heparin is also influenced by aggregate
structure: the low fractal dimensions of BSA aggregates make
them more susceptible to dissolution mediated by heparin
binding.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: dubin@chem.umass.edu.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Science Foundation
(CHE-0619039). B.Z. acknowledges a Bradspies Research
Fellowship. We thank Erin Sutherland for the early method
development in turbidimetric detection of time-dependent
aggregation and GTC Biotherapeutics for providing ATyrn.

■ REFERENCES
(1) Suk, J. Y.; Zhang, F.; Balch, W. E.; Linhardt, R. J.; Kelly, J. W.
Heparin Accelerates Gelsolin Amyloidogenesis†. Biochemistry 2006,
45, 2234−2242.
(2) Bravo, R.; Arimon, M.; Valle-Delgado, J. J.; García, R.; Durany,
N.; Castel, S.; Cruz, M.; Ventura, S.; Fernaǹdez-Busquets, X. Sulfated
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