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The aggregation of insulin near its isoelectric point and at low ionic strength was suppressed in the presence of
heparin. To understand this effect, we used turbidimetry and stopped-flow to study the pH- and ionic strength
(I)-dependence of the aggregation of heparin-free insulin. The results supported the role of interprotein electrostatic
interactions, contrary to the commonly held view that such forces are minimized at pH ) pI. Electrostatic modeling
of insulin (DelPhi) revealed that attractive interactions arise from the marked charge anisotropy of insulin near
pI. We show how screening of the interprotein attractions by added salt lead to maximum aggregation near I )
0.01 M, corresponding to a Debye length nearly equal to the diameter of the insulin dimer, consistent with a
dipole-like protein charge distribution. This analysis is also consistent with suppression of aggregation by heparin,
a strong polyanion that by binding to the positive domain of one protein, inhibits its interaction with the negative
domain of another.

Introduction

Protein aggregation is of immense importance in a wide range
of disciplines. One may assert that all proteins aggregate under
some conditions, and a vast amount of research continues to
disclose the variety of ways in which they do so. Of particular
relevance is the understanding of neurodegenerative diseases
such as Alzheimer’s, Parkinson’s, Huntington’s, and Creutzfeldt-
Jacobs disease,1 all of which have been associated with abnormal
formation of protein aggregates or fibrils. Insulin is one of many
proteins that undergo fibril formation2-4 and has been consid-
ered a model for amyloid formation,5 but its aggregation has
also been studied in the context of pharmaceutical formulations.6,7

While insulin is most stable as a hexamer coordinated with 2-4
Zn atoms7 and is stored this way in the body, the size of the
hexamer impedes absorption into the bloodstream. Therefore,
insulin must be reduced to the less stable monomers and dimers
for effective transport and activity.6 Both of these species tend
to aggregate under a variety of conditions, posing a problem in
the delivery of insulin for the treatment of diabetes.7 To maintain
biological function, aggregates must either be dissociated or
avoided completely, for example, through insulin analogs that
have more stable monomers or dimers.6

We have noted that proteins aggregate in many ways;
underlying part of this statement is the breadth of meanings
attached to the word “aggregation”. For this reason, it is useful
to distinguish among “association”, “aggregation”, and
“multimerization”. The last term is most clearly defined by
reference to the well-defined processes in which proteins form
biofunctional and symmetrical assemblies (e.g., quaternary
structure) via highly oriented short-range interactions. This
distinction is particularly important in the case of insulin, where

aggregation could result in oligomers containing 2, 3, 4, and so
forth dimers, the n ) 3 state not to be confused with the
quaternary-structure hexamer formed with zinc. The terms
“aggregation” and “association” are often used indiscriminately,
but association is more commonly related to equilibrium states
and aggregation more applicable to irreversible processes, often
involving partial protein unfolding. Here, we confine the
discussion of insulin aggregation to noncovalent and, hence,
potentially reversible processes.

The aggregation of insulin has been explored by many
techniques, including static and dynamic light scattering,8,9

calorimetry,10 atomic force microscopy,5 optical and confocal
microscopy,11 scanning electron microscopy (ibid), infrared
spectroscopy,12 and mass spectrometry.2 The conditions for these
studies are often intended to correspond to either the shipping
and handling of pharmaceutical insulin, involving heat- and
agitation-induced aggregation, or to accelerated fibril formation,
typically involving low pH and high temperature. The fibrils
formed in these cases appear to be based on linear aggregates
of insulin monomers, and the process is believed to involve
multiple steps including nucleation by a partially unfolded
monomer to form protofibrils, which may then either intertwine
to form fibrils or undergo elongation and lateral growth through
further addition of non-native monomers, ultimately leading to
the large insoluble aggregates that are observed.2,13 This
secondary heterogeneous aggregation appears to be involved
in insulin amyloidosis,6 under accelerated conditions.2,3,14 Many
studies address the aggregation of insulin at extreme conditions:
pH 2, elevated temperature, under agitation, and near hydro-
phobic surfaces, but conspicuously absent from these conditions
is the aggregation of insulin at room temperature near its
isoelectric point, pH 5.5 (the closest report being Kadima et al.
who studied insulin aggregation at pH 7.5 and 10.5, in 10 and
100 mM NaCl15). In the pH range 3-8, it does appear that the
predominant but relatively unstable monomers and dimers tend
to form large aggregates in a manner highly dependent upon
pH and ionic strength. While the dimerization of insulin clearly
involves a strong hydrophobic contribution,16 stabilizing the
dimer with respect to the monomer (monomer predominates only
at very low concentrations),17,18 the forces involved in the further
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association of the zinc-free dimer have not been fully resolved.
Because aggregation mechanisms vary with the experimental
conditions, studies at extremes of pH or temperature might not
fully explain the aggregation of insulin at physiological condi-
tions, nor more generally at room temperature, low ionic strength
(I < 100 mM NaCl), at pH near pI.

The purpose of the present study was to investigate this last
form of aggregation, the so-called “isoelectric precipitation” of
insulin19 at low I and the effect on it of heparin, a highly charged
biopolymer whose biological functions are intimately connected
with its ability to bind biofunctionally numerous proteins.20,21

A member of the glycosaminoglycan family, heparin is com-
posed of variable disaccharide units of uronic acid and glu-
cosamine. The monosaccharides are sulfated to various extents
and linked via 1f 4 glycosidic bonds.21-23 Most common to
porcine mucosal heparins (75%) are disaccharide repeats of 2-O-
sulfated-iduronic acid and 6-O-sulfated, N-sulfated-glu-
cosamine.23 The influence of heparin on protein aggregation is
complicated. Calamai et al. reported that polyanions, including
heparin, promote the aggregation of amyloidogenic proteins.24

Raman25 summarized evidence for the in vitro promotion by
heparin of A� fibrils26 and the stimulation by heparin of amyloid
fibrils of R-synuclein.27 On the other hand, Guzmán-Casado et
al. concluded from calorimetry studies that heparin does not
alter the native state of acidic fibroblast growth factor and does
not induce protein oligomerization.28 Other workers reported
even more benign effects. Middaugh et al. reported that heparin
enhanced the thermal stability of human fibroblast growth factor
1 (FGF1) and protected it from low-pH unfolding29 and that it
elevated the temperature of aggregation of keratinocyte growth
factor, (KGF)-2, at near-physiological pH and I.30 Stabilization
by heparin of human growth hormone with respect to interfacial
denaturation was reported by Zamiri.31 Wen et al. observed that
heparin and dextran sulfate stabilize both FGF and KGF by
preferential binding to the native state,32 while Chong et al.
found that heparin and other anionic polymers stabilize aFGF
with respect to aggregation at elevated temperature and neutral
pH.33 The anionic polysaccharide dextran sulfate, a plausible
heparin analog, is reported to protect bFGF from acid, heat,
and proteolytic degradation,34 and is also said to protect
ovalbumin from heat-induced aggregation at low I.35 Finally,
and most globally, it has been suggested that relatively
nonspecific, but high-affinity binding of proteins to many
polyanions may be not only benign but significantly biofunc-
tional.36 Therefore, it was of interest to see if heparin, the most
highly charged biopolyanion, might play a similarly favorable
role in the suppression of the aggregation of insulin. To
investigate this phenomenon, aggregation in insulin and insulin-
heparin solutions was followed by turbidimetric titration and
stopped flow measurements. These results, coupled with protein
electrostatic modeling, lead to a model for insulin aggregation
and its suppression by heparin under conditions of low salt and
|pH - pI| < 2.

Experimental Section

Materials. Zn-free insulin was a gift from Eli Lilly Corp, LY4100,
Lot KG5-WEF-179. Heparin (nominal MW 14 kDa) was purchased
from Sigma (Catalog No. H3393; Lot B 53104). The nominal MW of
clinical heparin from porcine intestinal mucosa is routinely given as
either 14 kDa or within a range of 13.5-15 kDa; a more reliable result
of 11 kDa for the weight-average MW was obtained by light
scattering.37 NaCl, 0.1 N HCl, and 0.1 N NaOH were from Fisher. All
solutions were prepared using Milli-Q water (Millipore, Billerica, MA).

Methods. Turbidimetry. Insulin solutions (0.1 g/L) were prepared
in NaCl solutions of desired ionic strength. The pH was adjusted to 9,

under which condition insulin forms stable dimers38 and solutions were
stirred for 30 min to ensure equilibration of protein prior to filtration
with 0.22 µm filters (Sartorius AG, Germany). Heparin solutions (1.0
and 0.02 g/L) were prepared at similar ionic strength and pH. Turbidity
measurements were performed using a Brinkman PC 800 probe
colorimeter equipped with a 1 cm path length probe (420 nm), and set
to 100% transmittance with Milli-Q water. Transmittance was monitored
((0.1 transmittance units) while the pH was adjusted from 9 to 3 with
0.1 N HCl, added in 30 s intervals. For most pH values, the new value
was reached and became relatively stable within a few seconds. The
true turbidity, τ, is nearly linear with τ′ ≡ 100 - %T for %T > 90.

Solutions of insulin and heparin were prepared by mixing the two
in 1:1 v/v ratio resulting in final insulin and heparin concentrations of
0.1 and 0.01 g/L, respectively. Addition of heparin after aggregation
was done with a small volume (0.1 mL) of a concentrated heparin
solution (1 g/L) such that the change in insulin concentration was
negligible.

Stopped-Flow. Stopped-flow experiments were performed at room
temperature (23 °C) with a Hi-Tech Scientific SF-61SX2 kinetasyst
stopped-flow spectrofluorimeter, equipped with a 75 W xenon lamp.
All measurements were made in the absorbance mode at 420nm. A
solution of insulin 0.2 g/L at pH 9.0 in the desired concentration of
NaCl was mixed with an equal volume of NaCl solution containing
the amount of acid calculated to bring the pH to 5.5. The target pH
was attained within a few seconds. The data were converted to τ′ )
100 - %T before analysis.

Computational Methods. Molecular modeling was done using DelPhi
v98.0 (Molecular Simulations Inc.), where the electrostatic potential
in and around the protein is calculated by nonlinear solution of
Poisson-Boltzmann equation. The protein was placed in the center of
a grid box with its largest dimension occupying 40% of the grid length.
The resolution was set at 101 grid points per axis. The dielectric
constants of the solvent and the protein were set to 80 and 2.5,
respectively. Using the fractional charges for each charged amino acid
residue, the electrostatic potential is then calculated at every point inside
the grid box.

The charges of amino acid residues were determined using as a
starting point the simple model put forward by Tanford: a spherical-
smeared-charge model in which the titration curve of a protein was
considered as the superposition of the curves for each of the seven
groups of amino acids.39 A form of the Henderson-Hasselbach equation
was defined in which all ionizable groups in any one class are
intrinsically equivalent:39,40

pH- log( Ri

1-Ri
)) (pKint)i - 0.868wZ (1)

where Ri is the fractional dissociation for an amino acid in any given
ionizable group i, pKint is an intrinsic dissociation constant characteristic
of each group, and Zj is the average net charge of the protein.
Electrostatic interactions are accounted for by 0.868wZj, with w being
essentially an empirical fitting parameter. Titration curves were thus
first constructed using w values obtained by Tanford41 by interpolation
with respect to ionic strength, in conjunction with pKint values that
represented approximately the mean of literature data. Then, the pKint

value for each group was adjusted in the range of previously found
values until the differences between calculated and experimental titration
curves were minimized. Adjusted pKint values (see Table 1) were then
used along with eq 1 to calculate the charges of each ionizable group
at the desired pH and I.

Eq 1 has been used extensively and successfully to interpret
potentiometric titrations of globular proteins such as ovalbumin, serum
albumins, ribonuclease, hemoglobin, and �-lactoglobulin.42 Winzor,
however, has pointed out the following limitations of this approach:
(1) presumption of uniform charge distribution, (2) neglect of the effects
of ion binding, and (3) assumption of identical accessibility and
independent behavior of all ionizable groups.43 For the present purposes,
this approach facilitates quantitative visualization of the dipole-like
nature of the charges on insulin.
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Results

Figure 1 shows the results of turbidimetric titrations in which
HCl is added to 0.1 g/L insulin at ionic strengths from 0.5 to 50
mM. These results do not correspond to equilibrium states but, as
will be shown below, reflect aggregation kinetics, although the
asymptotically low turbidities at the pH extremes are consistent
with the observation that for <0.5 g/L insulin, dimer is the stable
form at pH 3.7 and pH 88 and at pH 9.3.38 From the titration curve
of insulin41 one sees a linear relationship between the pH and the
number of protons taken up by insulin, that is, constant (dH+/dpH),
in the relevant pH range of 4-6.5. The titration of water and
heparin make negligible contributions compared to that of insulin
so the uptake of H+ by insulin can be identified with the rate of
H+ addition (dH+/dVHCl). Because (dVHCl/dt) is constant, then
dpH/dt ) (dVHCl/dt)(dH+/dVHCl)(dH+/dpH)-1 is also constant.
Therefore, we can assume that the pH changes linearly with time
in the pH range 4-6.5. As a consequence, the slopes of the curves
(dτ′/dt)pH are good approximations of the change of tubidity with
respect to time (dτ′/dt)pH, a qualitative measure of the rate of
aggregation. Thus the maximum aggregation rate was found at I
) 10 mM and pH 5.6, slightly above the pI of insulin (5.5), a
result consistent with stopped-flow data (see below).

The curves are symmetrical around pH ) 5.0 ( 0.2 for all
ionic strengths except the lowest, 0.5 mM. Peak positions
(amplitudes and regions of maximum negative slope) coincide
for ionic strengths of 30, 10 and 1 mM. For 30 mM, aggregation
is strongly repressed consistent with data at high salt in Figure
2. The peak height and the maximum aggregation rate at I )
0.5 mM are strongly shifted to lower pH. This may suggest a
different mechanism for aggregation at the lowest ionic strength,
although we note that in this case contributions from the protein
itself make the ionic strength difficult to define.

The maximum in turbidity due to aggregation near 10 mM
is not to be confused with minima in second virial coefficients
for, for example, lysozyme and apoferritin, because those
nonmonotonic salt effects, observed at ionic strengths above or

even much larger than 0.1 M,44-47 are typically manifestations
of very short-range interactions, such as dipole-dipole or
solvation effects, and are often highly ion-specific.48 Here, the
suppression of aggregation by the addition of salt (the opposite
of “salting out”) is strong evidence for electrostatically induced
association, as seen for �-lactoglobulin at low ionic strength
near its pI.49 The maxima in the curves, (dτ′/dpH) ≈ (dτ′/dt)pH

) 0, correspond to the pH conditions at which rates of
aggregation and disaggregation are equal, so that the aggregate
accumulated up to that point neither increases nor decreases
with time at fixed pH. Holding the pH at this point in fact
demonstrated no further change in turbidity (data not shown).The
symmetry of the curves around this point indicates that
deviations from pHmax in either direction equally destabilize
aggregates. This further suggests that repulsive interactions
among protein subunits increase with |Z|, the absolute magnitude
of protein charge, regardless of sign.

The principal effect of repulsive interactions is reduction in
or reversal of aggregation rates. Thus, Figure 1 corresponds to
association in the pH range from 7 to 5 and dissociation of those
aggregates below pH 5. As noted above, an equilibrium is
attained when the two rates are equal, corresponding to the
maxima. The symmetry around pHmax is quite different from
the low ionic-strength aggregation of BLG,49 in which distinctly
asymmetric high- and low-pH regions correspond to different
mechanisms and different rates of aggregation and disaggrega-
tion; thus, a large hysteresis is observed for sequential addition
of acid and base. In the present case, the mechanisms of
association and dissociation also need not be identical and may
have different pH dependences, but the hysteresis is small,
giving the appearance of reversibility (see Supporting Informa-
tion).

Much as the condition of (dτ′/dpH) ) 0 corresponds to a
steady state, the maximum in this term at the inflection point
(maximum slope) at pH 5.5 is as the pH of maximum

Table 1. Instrinsic Dissociation Constants of Titratable Groups in Insulin

No. in groupa

type of group Sanger Craig No. found from titration curvea pKint
a No. in groupb pKint

c

R-carboxyl 4 4 12.5 3.6 ( 0.3 4 3.6
�,γ-carboxyl 8 8.5 4.73 ( 0.10 8 4
imidazole 4 4 4 6.40 (6.0) 4 6.4
R-amino 4 4 4 7.45 (7.2) 4 7.9
ε-amino 2 2 10 9.60 ( 0.10 2 9.6
phenolic 8 8 8 9.6
guanidine 2 2 (2) 11.9 ( 0.2 2 11.9

a Values from ref 36. b Actual number in group, taken from RCSB Protein Data Bank (crystal structure 1ZNI). c Best fit values (see text for explanation).

Figure 1. Turbidimetric titrations of 0.1 g/L insulin in 0.5 mM (4), 1
mM (1), 3 mM (0), 5 mM (b), 10 mM (O), or 30 mM (9) NaCl.

Figure 2. Turbidity vs time from stopped flow data for 0.1 g/L insulin
solutions at pH 5.5, with 2 mM (1), 5 mM (b), 10 mM (O), or 100 mM
(0) NaCl. Broken line (- -) illustrates the transition between two
modes of aggregation.
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aggregation rate. This corresponds to the condition at which
the difference between aggregation and disaggregation rates
attains its maximum value.

Aggregation of insulin under mild conditions has typically
been treated from the standpoint of pure equilibrium.15 To
validate kinetic contributions as proposed in the preceding
paragraph, stopped flow measurements were made at 0.1 g/L
insulin, and ionic strengths from 2-100 mM, all at pH 5.5, the
condition at which addition of HCl generates the maximum slope
in Figure 1. As seen in Figure 2, the 10 mM solution had the
highest rate of aggregation as expected. The very low aggrega-
tion rate of 5 mM is in agreement with the turbidimetric titration
data of Figure 1, in which the curve has a slope (and, therefore,
aggregation rate) of zero at pH 5.5, and the absence of
aggregation at 100 mM is consistent with the observation that
little to no aggregation at this pH is seen in turbidimetric
titrations at I > 30 mM (data not shown). The change in the
time dependence of the turbidity after the first minute may
suggest two different aggregation mechanisms, most clearly
evident in the data for 2 mM NaCl, but also possible at higher
ionic strengths. The crossing of the 2 mM and 10 mM curves
would be consistent with two processes with different ionic
strength dependences. Similar effects have been observed for
the near-isoelectric aggregation of BLG.49

When 0.01 g/L heparin was incorporated into the system prior
to titration with HCl (Figure 3), no change in turbidity was
observed until around pH 5, although the value of τ′ greater
than that of the insulin dimer (heparin-free solution at pH > 7)
indicates the formation of a heparin-insulin complex. The
existence of this complex at pH > pI is presumably an example
of binding “on the wrong side of pI”, now generally recognized
as a consequence of protein charge anisotropy.50 The rather
linear increase in turbidity as pH descended below pI corre-
sponds to progressively stronger heparin-protein interaction,
possibly leading to association of primary intrapolyanion
complexes as they approach charge neutrality.51 Designating
the initial formation of soluble complexes as “pHc” and eventual
phase separation condition as “pH�”52-54 we see pHc > pI+1,
and pH� < pI-2. For heparin and bovine serum albumin in 30
mM NaCl, we observed pHc ) pI + 2 and pH�≈ pI.40

The results of Figure 3 suggested that heparin might reverse
insulin aggregation as well as inhibit it. Therefore, insulin was
titrated to pH 5.2, and allowed to reach a turbidity somewhat
higher than that attained at this pH in Figure 3. To this solution
of aggregated insulin, heparin was added rapidly to achieve a

concentration of 0.01 g/L, with the results shown in Figure 4.
The rapid initial increase in turbidity indicated that heparin was
coagulating insulin aggregate particles. This interaction caused
an increase in solution pH that was not observed when
aggregated insulin was monitored without heparin for 45 min.
Turbidity then gradually diminished and after 40 min the
transmittance reached 97%, nearly that of the soluble complex,
indicating that heparin was able to dissociate insulin aggregate
particles through formation of soluble complexes.

Discussion

Ionic Strength Dependence of Insulin Aggregation. The
low values of turbidity and the low initial rate of turbidity
increase at ionic strength g30 mM in Figures 1 and 2,
respectively, indicate salt suppression of aggregation, similar
to that reported by us for BLG at 5 < I < 100 mM, at pH near
pI.49 Because hydrophobic interactions increase with added
salt55-57 and hydrogen bonds are not influenced by ionic
strength, aggregation here must be attributed to electrostatic
interactions arising from charge anisotropy. This is readily
visualized in Figure 5 (see below) in which +0.5 kT (blue) and
-0.5 kT (red) potential contours are displayed for the insulin
dimer at pH 5.5 and I ) 10 mM (conditions of maximum
aggregation). This dipolar charge anisotropy suggests linear
multimerization of insulin, with distances of about 4 nm between
the centers of mass of adjacent proteins. The reported equilibria
among dimer, tetramer and hexamer (along with the possibility
of higher multimers) for zinc-free insulin at moderate pH is

Figure 3. Turbidimetric titration of 0.1 g/L insulin alone (O) and with
0.01 g/L heparin (b); both in 10 mM NaCl. The intersection of the
two broken lines may correspond to the transition from insulin-heparin
intrapolymer complexes to soluble aggregates formed by association
of intrapolymer complexes at pH < 5.4.

Figure 4. Insulin solution 0.1 g/L brought to pH 5.2 (O), 1 g/L heparin
was added to bring the heparin concentration to 0.01 g/L (b) and
aggregates dissociated after about 40 min. During this period, the
pH increased from 5.2 to 5.8.

Figure 5. Schematic demonstrating inhibition of linear aggregate
formation (A) and dissociation of aggregates (B) as a result of heparin
binding (possible intermediate heparin-induced flocculation of insulin
aggregates not shown). Length bar is 3 nm. Potential contours of
+0.5 kT (blue) and -0.5 kT (red) for the insulin dimer at pH 5.5 and
I ) 10 mM; a portion of heparin chain represented by red line.
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consistent with this description.58 Maximum electrostatic at-
traction will occur when repulsive forces are screened but
shorter-range attractive forces are not, i.e at a Debye length κ-1

on the order of the protein diameter dpr (3 nm), corresponding
to an ionic strength of about I ) 10 mM (see Figure 5 for
representation of the electrostatic view of the insulin dimer).
At larger values of κ-1 (I ) 5 and 3 mM), the maximum
turbidity diminishes by a factor of 2 or 3. The behavior at I )
0.5 mM appears anomalous, but at such low ionic strengths the
contributions of protein to I are no longer negligible and
therefore not suitable for close interpretation.

It is interesting to note that, in contrast to the present case,
the effect of ionic strength for electrostatically induced ag-
gregation of BLG is monotonic,49 and that maximum aggrega-
tion rates are observed not at pI but at pH values 0.5 units below
the isoelectric point. The mechanisms of aggregation are very
different, with Zn-free insulin at nonextreme pH conditions
forming predominantly dimers, tetramers, hexamers, and higher
order multimers,59 while BLG forms dimers in equilibrium with
much larger aggregates.49 The possibility that these differences
arise from the higher degree of charge asymmetry for BLG at
pH near pI (a distinct positive domain coupled with a large and
more diffuse negative domain, which leads to a tendency for
highly nonlinear aggregation49) is certainly a hypothesis worth
further examination.

The nonmonotonic ionic strength dependence of protein
aggregation has been explained by Prausnitz and co-workers60

in terms of colloid asymmetric charge distributions. In such
systems, salt may screen out (long-range) charge-charge
repulsion at a lower ionic strength than that required to screen
(short-range) dipole-dipole interactions, leading to maxima in
the potential of mean force in the 10-100 mM range. Similar
nonmonotonic salt effects were observed by Seyrek61 et al. for
the binding of polyelectrolytes to proteins with the same global
charge sign, with maxima in the range of 10-40 mM. These
ionic strengths corresponded to Debye lengths close to protein
radii rpr, consistent with short-range attraction between the
polyelectrolyte and an oppositely charged “patch” on the protein,
in combination with longer-range repulsion between the poly-
electrolyte and the distal (same-charge regions) of the protein.
Maximum interaction at κ-1 ≈ rpr instead of κ-1 ≈ dpr might
indicate that the distance between the protein center of mass
and the bound polyelectrolyte residues is smaller than the
distance between protein centers of mass in the aggregates
described here.

The kinetics of aggregation are represented by the stopped-
flow data of Figure 2. The condition of I ) 10 mM displays, as
expected, the maximum initial rate, but interestingly also attains
a limiting (equilibrium) value within one minute, which suggests
stabilization of one particular aggregation state. Because the
concentration here is much too low for the formation of the
zinc-free hexamer,15 the results suggest a distribution of
oligomers with mean lengths stabilized by a balance between
electrostatic interprotein attractions that favor oligomerization
and entropic effects in the opposite direction. In contrast, the
data for 2 mM indicate open-ended aggregation, with a transition
to nearly linear behavior after 1 min (broken line). This, along
with the crossing of these two curves, suggests a two-step
aggregation process, in which the rate of the second step is
dependent upon the end product of step 1. This is similar to the
proposed two-step mechanism for heat-induced insulin aggrega-
tion,10 the second step involving further growth of the linear
oligomers formed initially.

The interpretation put forward is consistent with the results
of Kadima et al. who reported distribution of aggregation
numbers ranging from 2-10 under conditions of low protein
net charge.15 Because those measurements were carried out at
protein concentrations larger than ours by a factor of 20-100,
we obtained the pH-turbidity titration at 1 g/L insulin in 10
mM NaCl (not shown). While turbidities were an order-of-
magnitude larger than at 0.1 g/L insulin, the pH values for the
onset and reversal of aggregation were similar to those in Figure
1, the principal difference being more rapid aggregation at
6.5 < pH < 7. The observation that the rate of disaggregation
remained rapid regardless of a 10-fold increase in insulin
concentration is more consistent with high turbidity due to an
increase in the number of aggregates, as opposed to the
formation of very large ones.

Effect of Heparin. Figure 3 demonstrates the suppression
of insulin aggregation at I ) 10 mM in the presence of a 10-
fold lower concentration of heparin, relative to the concentration
of insulin. The symmetrical curve corresponding to aggregation
and disaggregation of heparin-free insulin centered around pH
) pI in Figure 1 is replaced by a region of constant turbidity at
pH > pI, followed by a linear increase as pH decreases further.
This corresponds to the onset of the formation of a net-negative
soluble complex which, at pHe pI, approaches charge neutrality
and is thus susceptible to higher-order aggregation, perhaps also
reflecting a continued increase in the number of proteins bound
per heparin chain. The inhibition of aggregation is a reflection
of the binding of insulin to heparin, reducing the availability of
the dimer for multimerization, with the positive domains of
insulin now occupied by heparin as is illustrated in Figure 5A.
The efficacy of heparin with a 10-fold molar excess of insulin
(dimer), indicates a large number of proteins bound per polymer
chain. At pH 6-7 in 10 mM NaCl, heparin can bind about n )
3 serum albumin proteins per chain,40,50 with BSA occupying
on average 8 heparin disaccharides. With a hydrodynamic
diameter about 40% that of BSA, insulin may occupy as few
as three heparin disaccharides, corresponding to n ) 8. Because
heparin is known to biofunctionally bind a number of insulin-
like growth factors and their cognate proteins, protecting them
from proteolysis,62 it is not surprising that some of the multitude
of sulfated sequences found in heparin chains20 would have
significant affinity for insulin, that is, binding constants larger
than those for BSA. This could account for the efficacy of
heparin at high dilution in the present case. This electrostatic
description of the role of heparin is entirely consistent with the
early report by Linhardt and Middaugh that the thermal stability
of aFGF was enhanced by not only heparin but also “a surprising
number of polyanions.”63

If the aggregation of insulin is subject to equilibrium, as
indicated by the lack of significant hysteresis upon back-titration
with NaOH for the system in Figure 1 (see Supporting
Information), the binding of the insulin dimer to heparin should
shift the equilibrium away from aggregate. Thus, heparin can
reverse the aggregation of insulin, by the mechanism illustrated
in Figure 5B. Figure 4 shows, however, that the first response
to the addition of heparin is a large increase in turbidity which
must arise from the flocculation of insulin aggregates by heparin
(not shown in Figure 5B). Gradually, the system returns to a
transmittance characteristic of scattering from soluble com-
plexes. The simultaneous upward drift of pH is a result of the
shift of amino acid pKas to higher values (lower acidity) when
polyelectrolyte-binding influences the local activity coefficient
of H+,53 a phenomenon also know as “charge regulation”. This
shift could result in a larger effective pI for heparin-bound
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insulin, possibly raising the pH at which electrostatically neutral
and hence associable heparin-insulin complexes can form. The
causal role of the change in pH might be questioned, but the
very large drop in turbidity at nearly constant pH ) 5.7, indicates
that disaggregation kinetics are being observed without the
intermediating of pH. The possibility that lower-MW heparin
can effect disaggregation without aggregate flocculation is
currently being explored.

Conclusions

The aggregation of insulin at room temperature near its
isoelectric point is highly dependent upon both pH and ionic
strength, suggesting that the driving force is electrostatic
intermolecular attraction. The nonmonotonic ionic strength
dependence of aggregation arises from the pronounced charge
anisotropy of insulin. By binding to dimeric insulin at pH > 6,
heparin prevents the bound insulin from participating in
aggregation. These insulin-heparin complexes appear to be of
lower energy than insulin aggregates, so the addition of heparin
to insulin aggregates shifts the equilibrium back to soluble
complexes. The behavior of low MW heparins of increasing
importance as drugs is of particular interest, and it has even
been suggested that a very low MW synthetic analog of heparin
(fondaparinux) might alleviate the pathological formation of
protein aggregates induced by standard heparin.64 The implica-
tions of the current findings for the physiologically significant
interaction of heparan sulfate with insulin-like growth factors
remain to be examined. Finally, optimal methods for structural
and energetic characterization of aggregates and soluble com-
plexes, including dynamic light scattering and frontal analysis
continuous capillary electrophoresis,65 are clearly indicated for
future studies.
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