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’ INTRODUCTION

The multimerization and aggregation of insulin are of great
importance in biology,3,4 pharmacology,5,6 and protein fibril-
ogenesis.7�9 Insulin is stored in the pancreas as the inactive
zinc hexamer.10 When released into the blood serum by the pH
change, this hexamer dissociates into a dimer and then subse-
quently into amonomer,11 which is its physiologically active form.
However, the insulin monomer is less stable than the hexamer12

and tends to aggregate.13 Although insulin is not one of the pro-
teins whose amyloid is implicated in neurodegenerative diseases,
it has nevertheless been used (with somewhat arbitrary incor-
poration of Zn) as a model for the etiology of fibril formation in
vitro under conditions of extreme pH and temperature.14�17 It is
likely that misfolded insulin monomers with exposed hydro-
phobic surfaces are involved in such amyloidgenesis.9 Because
their precursors are native-state monomers, their role is expected
to be diminished by the stabilization of the hexamer, most
notably by the formation of the Zn complex. Thus, under
physiological conditions, Zn�insulin shows reduced fibril for-
mation relative to Zn-free insulin because of the formation of the
stable Zn�insulin hexamer.18�20 It is important to have a firm
understanding of the native-state multimerization equilibria of
insulin in both the presence and absence of Zn2+. An under-
standing of such equilibria under native conditions provides a
foundation for the more elusive question of the behavior of

unfolded multimers. Experimentally, the equilibria among those
multimers can be difficult to resolve from their tendency to
aggregate. Therefore, there is a need to observe the causal relation-
ship between native-state equilibria and aggregation, in the pre-
sence and absence of Zn2+. In addition, such studies are relevant to
the so-called low solubility (i.e., aggregation) of insulin and its
impact on both the production of Zn�insulin and the subsequent
bioactivity of its Zn-free form.

To understand why insulin aggregation under native-state
conditions is sensitive to the presence or absence of Zn2+, it is
necessary to consider the multimerization of the insulin mono-
mer and how Zn2+ affects those equilibria. Monomeric Zn-free
insulin coexists with dimer, tetramer, hexamer, or other higher order
multimers apparently in equilibrium.21 The notable absence of the
trimer and pentamer indicate that the dimer is an elementary unit
of higher order species. Such multimers are stable species and
therefore, should be distinguished from the more generic “oligo-
mers”, which may be formed by open-ended and possibly time-
dependent linear association. The distribution of Zn�insulin
or Zn-free multimers can be shifted toward lower order
multimers (dimer or monomer) by decreasing pH,22 protein
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ABSTRACT: The aggregation of insulin is complicated by the
coexistence of various multimers, especially in the presence of Zn2+.
Most investigations of insulin multimerization tend to overlook
aggregation kinetics, while studies of insulin aggregation generally
pay little attention to multimerization. A clear understanding of
the starting multimer state of insulin is necessary for the elucidation
of its aggregation mechanism. In this work, the native-state aggrega-
tion of insulin as either the Zn�insulin hexamer or the Zn-free
dimer was studied by turbidimetry and dynamic light scattering, at
low ionic strength and pH near pI. The two states were achieved
by varying the Zn2+ content of insulin at low concentrations, in
accordance with size-exclusion chromatography results and litera-
ture findings (Tantipolphan, R.; Romeijn, S.; Engelsman, J. d.;
Torosantucci, R.; Rasmussen, T.; Jiskoot, W. J. Pharm. Biomed. 2010, 52, 195). The much greater aggregation rate and limiting
turbidity (τ∞) for the Zn�insulin hexamer relative to the Zn-free dimer was explained by their different aggregation mechanisms.
Sequential first-order kinetic regimes and the concentration dependence of τ∞ for the Zn�insulin hexamer indicate a nucleation and
growthmechanism, as proposed byWang andKurganov (Wang, K.; Kurganov, B. I. Biophys. Chem. 2003, 106, 97). The pure second-
order process for the Zn-free dimer suggests isodesmic aggregation, consistent with the literature. The aggregation behavior at an
intermediate Zn2+ concentration appears to be the sum of the two processes.
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concentration,1,20,23 or ionic strength.24 The effect of Zn2+ on
multimer equilibria is dramatic because of the formation a stable
Zn�insulin complex, thought to arise from the combination of
two Zn ions with three native conformation insulin dimers.12,25,26

Much like Zn-free insulin, the Zn-coordinated hexamer can also be in
equilibrium with the monomer and dimer at neutral pH.21,27,28

Effects of Zn2+ on native-state insulin aggregation were not at
first coupled to its influence onmultimer equilibria. Klostermeyer
and Humbel found that excess Zn2+ results in the aggregation of
insulin at pH > 4.29 Grant et al. reported that the “solubility”
(see above) of insulin decreased rapidly as the amount of Zn2+

added at neutral pH became sufficient to form hexamers com-
plexed with 3�6 Zn2+.30 This “solubility” decrease after adding
Zn2+ was explained by neutralization of net 12 negative charges
on insulin hexamer at neutral pH by 6 Zn2+.31 The zinc effect on
aggregation was further supported by the fact that chelating Zn2+

by ethylenediaminetetraacetic tetrasodium salt (EDTA) slowed
the aggregation of Zn�insulin (improved “solubility”).32,33

These observations subsequently led to proposals about the
mechanism of aggregation, but controversy still exists concerning
both the aggregating species (“reactant”) and the model best
suited to describe its aggregation.

Several studies have addressed these two issues, i.e., aggregat-
ing species and model of aggregation. The situation is less
controversial for Zn-free insulin, where the dimer is generally
recognized as the predominant starting species,25 either because it
is the dominantmultimer under typical conditions or it aggregates
most rapidly (i.e., as a relatively unstable species whose aggrega-
tion depends upon pH and ionic strength34). Further evidence
that the dimer is the basic unit for further self-association comes
from sedimentation studies of Zn-free insulin mulitimerization
by Jeffrey et al.35 The situation appears more complex for Zn�
insulin. Grant et al. proposed that the Zn�insulin hexamer itself
aggregates indefinitely, regardless of its equilibrium with the
monomer and dimer.30 On the other hand, Dathe et al. reported
that the aggregation of Zn�insulin required dissociation of the
Zn�insulin hexamer to the dimer.36 Kinetic analysis of the
aggregation of either the dimer or the Zn�insulin hexamer should
describe the rate of depletion of such reactants, in accordance
with several models of protein aggregation generally applied but
not restricted to unfolded proteins. These include (1) simple
growth, in which proteins oligomerize (including dimer, trimer,
etc.) in a manner independent of the size of these oligomers,37

(2) monomer�cluster aggregation, the addition of individual
proteins to preformed protein aggregate,37�39 (3) cluster�cluster
aggregation, in which aggregates of any size can combine, with
no sequential addition of monomer units,38 and (4) distinctive
nucleation-controlled aggregation, in which sequential monomer
addition takes place only after the cooperative formation of a
cluster (nucleus).37 If process (4) is slow, aggregation is “nucleation-
dependent”,39 as cited in ref 37. When positive cooperativity is
introduced in process (2), exponential growth is observed.37 An
example of comprehensive integration of such sequential pro-
cesses has been offered by Nicolai and co-workers40 for the
thermally induced aggregation of β-lactoglobulin (BLG). How-
ever, the variable use of terms, such as aggregate, cluster, oligomer,
and multimer, can complicate comparisons of these models. In
the present work, “multimers” are defined as thermodynamically
stable inter-protein entities with uniquely defined structures.
Interpretation of aggregation data may be incomplete without
consideration of the multimer state, while descriptions of multi-
mer equilibria can be erroneous if aggregation is not considered.

To further clarify the native-state aggregation mechanism of
insulin, studies with known multimer conditions are required.
Here, we focus on the aggregation of insulin at pH near pI (5.3),
which is usually avoided because of the tendency of both Zn�
insulin and Zn-free insulin to aggregate strongly under these
conditions.41,42 We attempt to address two questions: (1) What
are the most likely aggregating insulin species at different relative
Zn2+ concentrations? (2) What are the aggregation pathways in
the presence and absence of Zn2+? We investigate the effect on
the multimer state of dilution at a fixed Zn/insulin ratio and the
effect on aggregation of the zinc content, insulin concentration,
and pH. Size-exclusion chromatography (SEC) and dynamic
light scattering (DLS) are used to identify the multimer species
before and during the aggregation. Aggregation rates are studied
by turbidimetry and DLS. Analysis of time-dependent turbidity
via the nucleation and growth model by Wang and Kurganov
suggests different pathways for Zn�insulin and Zn-free insulin.

’EXPERIMENTAL SECTION

Materials. Zn�insulin was a gift from the Eli Lilly Corporation. Zn-
free insulin was prepared by dialyzing 15 mL of Zn�insulin (100 mg
dissolved at pH 3.5) against pH 3.5 deionized (DI) water containing
0.1% EDTA at 4 �C for 48 h with two changes of the dialyzate.43 Finally,
dialysis against pH 3.5 DI water for 24 h removed EDTA. The Zn
content of Zn-free insulin was found by inductively coupled plasma�
optical emission spectroscopy (ICP�OES) (Optima 4300 PV) to be
less than 0.02%. NaCl, sodium phosphate (monobasic), zinc acetate,
EDTA, NaOH, and HCl solutions were purchased from Fisher Scien-
tific. Milli-Q water was used in all sample preparations.
Turbidimetry. Insulin solutions of desired concentrations were

prepared at pH 9.0 in 10 mM phosphate and filtered (0.22 μm
Millipore) at 25 �C. Turbidimetric titrations were carried out at 25 �C
by the addition of either 1 N NaOH (forward titration) or 1 N HCl
(backward titration) to a 10 mL solution with stirring and simultaneous
monitoring of pH and transmittance. For the time-dependent experi-
ments, insulin samples were dissolved at pH 7.0 and brought to the
desired pH by the addition of 1 N HCl in 20 s. For samples with 60 μM
Zn, a stock solution of 12 mM Zn2+ was first added to reach the
desired concentration. Transmittance of insulin solutions were mea-
sured using a Brinkmann PC 800 colorimeter equipped with a 2 cm path
length fiber-optics probe and a 450 nm filter, and pH was measured
with a Corning 240 pH meter. In the low turbidity range, 100-%T is
approximately equal to turbidity and is presented simply as τ. After
suitable warm-up, the instrument drift over this time period was verified
as less than 0.05% T (i.e., <0.5 ppt).

SEC. SEC was carried out on a prepacked Superose 6 HR 10/30
column, using a HP1050 LC system equipped with a diode array
detector (DAD), with 50 μL injections at 25 �C. Themobile phase was
30 mM phosphate buffer (pH 5.9) at 0.40 mL/min. Insulin solutions
at various concentrations were adjusted to pH 6 and injected directly
after filtration. The column was calibrated with thyroglobulin (660 kDa),
bovine serum albumin (66.5 kDa), ovalbumin (44 kDa), carbonic
anhydrase (29 kDa), ribonuclease A (13.7 kDa), and acetone (58 Da),
as shown in the Supporting Information.
DLS.DLSwas carried out at 25 �Cwith aMalvern Zetasizer Nano ZS

instrument equipped with a temperature control and using a 633 nm
He�Ne laser for backscattering at 173�. Themeasurement duration was
15 s, and 11 measurements were averaged for each analysis. 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 distribution
of apparent sizes dh was obtained from the distribution of mean apparent
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translational diffusion coefficients (DT) via

Rapp ¼ kT=ð6πηDTÞ ð1Þ
where k is the Boltzmann constant and η is the solvent viscosity, which
was assumed to be that of water. In DLS, protein was dissolved in 10mM
phosphate buffer at pH 8.0 and 25 �C for at least 30 min. The protein
solution was adjusted to the desired pH by NaOH and filtrated into a
1 mL low-volume cuvette using a Whatman 0.22 μm filter. Filtration,
transfer, and automated optimization steps result in a delay of 3�4 min
between initial pH adjustment and the first measurement, as compared
to delays of less than 20 s for turbidimetry.
Circular Dichroism (CD) Spectroscopy. CD spectra were

obtained at 25 �C on a Jasco 720 CD spectropolarimeter with a Peltier
temperature controller. A 0.4 g/L insulin solution was prepared in
10 mM phosphate at pH 7.4. Solutions of 0.4 g/L insulin corresponding
to pH 9.0 and 3.0 were prepared by adjusting the pH using 1 N NaOH
and HCl, respectively. Spectra were taken in the far-ultraviolet (UV)
region (200�250 nm) and in the near-UV region (250�320 nm). Both
far- and near-UV were recorded in a 0.1 cm quartz cell. Each spectrum
was the result of three average scans.

’RESULTS

Turbidimetric Acid�Base Titrations of Insulin. Figure 1
shows acid and base titrations for Zn�insulin in 10 mM phos-
phate, with the ionic strength that provides the maximum
aggregation rate for Zn-free insulin.34 Near- and far-UV CD
spectra (see Figure S1 of the Supporting Information) confirm
the preservation of the native state over this pH range, as
expected from the results reported by Goldman and Carpenter.44

Therefore, the differences in the two curves reflect the slow
kinetics of dissolution at high pH of aggregates formed during
titration with base. These aggregates are not identical to those
formed during titration from high to low pH. Their dissolution at
high pH is different from the eventual dissolution of aggregates
formed by titration with acid. Initial pH values for both acid and
base titrations correspond to native non-aggregated protein.
Similar titrations previously performed with Zn-free insulin34

show some resemblances but also important differences. Rate
studies in ref 34 for Zn-free insulin show that the slopes of
these curves at any pH (dτ/dpH)pH are proportional to the
aggregation rate (dτ/dt)pH because of the constancy of dVtitrant/
dt and the near linearity of dpH/dVtitrant.

34 Consequently, the
points ofmaximum turbidity correspond to the pHwhere rates of
aggregation and disaggregation are equal. On the other hand, in

contrast to Zn-free insulin (see Figure S2 of the Supporting
Information), both acid and base titration curves are asymmetric,
the slope (dτ/dt)pH is greater on the ascending side, indicating
that the rate of aggregation or disaggregation as measured by
turbidity is larger for the former. The points of maximum slope
(ascending) are 5.4 (NaOH titration) and 5.6 (HCl titration).
These observations indicate that the aggregating species are
different at high and low pH.
The effect of Zn2+ is seen more clearly in Figure 2, which

compares the acid titration of three solutions all with the same
insulin concentration and ionic strength but differing with regard to
the presence or absence of Zn2+ or with regard to sample history
(endogenous or exogenous).We focus here on the forward (“high-
to-low”) titrations to pass through physiological pH without
aggregation. The titration curve for Zn-free insulin is essentially
symmetrical and manifests much lower turbidity, a consequence
of the low aggregation rate. In contrast, the results for (endogenous)
Zn�insulin are asymmetric and display 10� higher turbidity.
While the titration of Zn-free insulin (at this pH and ionic
strength dimer) is reversible, hence, the same regardless of the
direction of the titration even at 180 μM (1 g/L),34 the titration
of Zn�insulin is not (Figure 1). In Figure 2, the solution of the
Zn exogenous sample (Zn-free insulin to which Zn is added to
achieve [Zn2+] = 12 μM, identical to that in the Zn endogenous
sample) gives a result identical to the Zn�insulin solution,
demonstrating that Zn�insulin is in equilibrium with free Zn2+,
which thus may shift the multimer equilibria, a result consistent
with the findings by Tantipolphan et al.1 For this reason, we only
need to consider the concentration of insulin and Zn/insulin
total stoichiometry and not the Zn2+ content of the original
protein.
SEC Analysis of the Insulin Association State. As seen from

Figure 2, 36 μM (0.2 g/L) Zn�insulin, upon acidification,
aggregates most rapidly at pH near pI, but this high velocity
of aggregation requires sample dilution to obtain rates easily
studied. However, lower concentrations for insulin and/or
Zn2+ will shift the equilibrium to lower order multimer
species.1,36,44,45 SEC as a function of the injection concentration
for Zn�insulin in Figure 3A shows the coupled effect of these
two variables (under eluent conditions that allow for both accurate
column calibration and avoidance of aggregation, with the latter
also assisted by on-columndilution). Given the continuous dilution
during SEC, one can only estimate a reasonable range of effective
dilutions during SEC, 10�20�.45 From this estimate, we can

Figure 1. Turbidimetric titrations of 36 μM(0.2 g/L) Zn�insulin in I =
10 mM phosphate. Controlled rates of addition of acid or base titrant
facilitated the interpretation of (dτ/dt)pH in terms of the aggregation
rate (see the text). Effect of the titration direction: (0) low to high pH
and (O) high to low pH.

Figure 2. Effect of the Zn2+ content on titrations (from high to low pH)
of (O) 36 μM (0.2 g/L) Zn�insulin (endogenous Zn) in buffer from
Figure 1, (4) Zn-free insulin with additional (exogenous) 12 μM Zn2+,
and (0) Zn-free insulin in 10 mM phosphate buffer. Note that first two
have identical concentrations of Zn2+ (and insulin).



D dx.doi.org/10.1021/la202902a |Langmuir XXXX, XXX, 000–000

Langmuir ARTICLE

conclude from the result for the 90 μM (0.5 g/L) injection that
the dimer is the dominant species at [insulin] < 9 μM (0.05 g/L)
and [Zn2+] < 3 μM (0.018 g/L). On the other hand, the
chromatogram at 4 g/L shows that obvious fronting is not
representative of the initial distribution.46 The “on-column
concentration”45 (4 g/L insulin injection) for insulin and Zn2+

are 36�72 μM (0.2�0.4 g/L) and 12�24 μM, respectively,
probably leading to the formation of a mixture of hexamer and
dimer prior to elution, leading to an apparent molecular weight
(MW) of 21 kDa smaller than the expected hexamer MW of
34 kDa. These results are in accordance with previous studies
that show that Zn�insulin concentrations higher than 36 μM
(0.2 g/L) are required to preserve the hexamer.28 The inter-
mediate peak [injection concentration of 360 μM (2 g/L)]
corresponds to a further shift in the equilibrium. Injection of
either Zn�insulin or Zn-free insulin at 9 μM (0.5 g/L) followed
by on-column dilution yields a dimer peak (Figure 3B). Even
further dissociation of the dimer to the monomer has been
observed for SEC injection of 0.06 g/L Zn-free insulin.18 These
results demonstrate shifts in the multimer equilibria upon the
dilution of endogenous Zn�insulin; the addition of excess Zn2+

is required to preserve the hexameric state (see Figure S3 of the
Supporting Information).1

Time Dependence of Insulin Aggregation. Figure 4 shows
the aggregation of insulin at varying levels of [Zn2+] at a pH of
5.5, chosen to correspond to the maxima in (dτ/dt) from
Figure 1. To compensate for this increased aggregation rate,
we reduced the protein concentration from 36 μM (0.2 g/L)
(Figure 1) to 9 μM (0.05 g/L) (note that this concentration is
nearly 100� smaller than that required to make the hexamer, the
predominant species in the absence of zinc47). On the basis of the
results by Tantipolphan et al.1 from SEC with light scattering
detection, we set the Zn2+ concentration to 60 μM in curve 3 to
ensure that the Zn�insulin hexamer is the only species present
under the conditions of curve 3; on the other hand, curve 1
corresponds to the Zn-free dimer, as shown in Figure 3B. Curve 2
corresponds to a stoichiometry of crystalline Zn�insulin itself.
Curve 3 shows a particularly high aggregation rate in the first 5min,
followed by a plateau after 40 min. In contrast, a much lower
aggregation rate and no obvious rapid initial phase are seen in
curve 1. Curve 2 with [Zn2+]/[insulin] = 1:3 represents an inter-
mediate case and aggregates more strongly than Zn-free insulin.
The rapid increase in turbidity during the first 5min for curve 3

in Figure 4 is reminiscent of the turbidimetric results for non-
denatured BLG in low salt near the pH of maximum aggregation,48

which was found to exhibit two apparent first-order regimes.

Such behavior has been explained by Wang and Kurganov and
Kurganov et al. in terms of a nucleation and growth mechanism
for firefly luciferase,2,49 and a detailed description of this process was
included in a quantitative and thorough elucidation of the heat-
induced aggregation of BLG byNicolai et al.40We plot the results
of Figure 4 in the manner of ref 48, limiting the data in Figure 5 to
the first 40 min because a large error is introduced when the
turbidity approaches its limiting value. According to Kurganov
et al., the pseudo-first-order behavior49,50 of curve 3 in Figure 5A
is a consequence of a nucleation step for the formation of protein
clusters, followed by their incorporation of monomers without a
change in the number of clusters. Such first-order plots follow
eq 2

τ ¼ τ∞ð1� e�ktÞ ð2Þ
where τ is the turbidity (linear with 100-% T in the low turbidity
range), which is assumed to be proportional to the amount of
aggregate formed, τ∞ is the limiting value of τ at t =∞, and k is
the rate constant. This assumption is supported by a linear
dependence of τ∞ upon the initial protein concentration seen in
Figure 6B. While the proteins reported by Wang and Kurganov2

may undergo unfolding, a similar two-step first-order plot was
also observed for the native-state aggregation of BLG. Similar to
the results reported by Wang and Kurganov,2 there is a possible
lag time of approximately 1 min for Zn�insulin, not seen in prior
work with BLG.48 The nucleation and growth model predicts a
linear dependence of τ∞ upon the initial concentration2,49 and is
seen in Figure 6 for insulin in the presence of excess Zn2+. In
contrast to the excess Zn2+ case (curve 3), Zn-free insulin (curve 1)
clearly fits better to a second-order kinetic model. In Figure 5B,

Figure 3. SEC elution profile of (A) Zn�insulin at different injection concentrations as shown and (B) Zn�insulin (from panel A) and Zn-free insulin,
with a 0.5 g/L injection concentration, mobile phase pH 5.9, 30 mM phosphate buffer, and 50 μL injection volume.

Figure 4. Time dependence of turbidity for 9 μM (0.05 g/L) insulin in
I = 10 mM phosphate at pH 5.5. From top to bottom: (3) Zn�insulin
with added 60 μM Zn2+, (2) Zn�insulin, and (1) Zn-free insulin.
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a second-order analysis of the data of Figure 4 was also plotted,
following eq 3.

τ ¼ τ∞ � kt þ 1
τ∞ � τ0

� ��1

ð3Þ

To characterize the oligomeric precursors of aggregation, DLS
was performed at conditions corresponding to Figure 4 (curves 3
and 2), i.e., 9 μM (0.05 g/L) insulin at pH 5.5 and Zn2+ con-
centrations of 60 and 3 μM. The resulting panels A and B of
Figure 7 for Zn�insulin (60 μMZn2+) show two regions, below
and beyond 10 min. However, the scattering contribution from
particles with sizes below 150 nm cannot be detected at this

insulin concentration. Note that the single mode reported for dh
represents an average of the fast and slow (“monomer” and
aggregate) contributions, so that the increasing slope at t > 20
and the absence of a plateau compared to Figure 4A could come
from monomer depletion (essentially an artifact of the use of the
first cumulant). The high error also reflects this variability. To
observe the fast mode more clearly, the concentration was
increased by a factor of 40 (360 μM). Because such solutions
almost immediately precipitate at pH 5.5, the pH was adjusted to
5.9, close to the onset of aggregation induced by acidification
(Figure 1). The results are shown in panels A and B of Figure 8.
Figures 7 and 8 differ in several ways, but for both, one sees an
initial period, about 15�20 min for high Zn content curves, in

Figure 5. Kinetic fits of data from Figure 4: (A) first order and (B) second order, with (3) Zn�insulin adjusted to 60 μMZn2+ (blue2), (2) Zn�insulin
without added Zn (red b), and (1) Zn-free insulin (black 9). The inset in panel A is an expanded time scale for Zn�insulin with 60 μM Zn2+ and
indicates a lag time (t0) of ca. 1 min.

Figure 6. (A) Time dependence of turbidity for 9, 18, 27, and 36 μM (0.05, 0.1, 0.15, and 0.2 g/L) from bottom to top, with insulin at fixed
[Zn2+]/[insulin] = 60:9. (B) Turbidity maxima versus the initial insulin concentration derived from panel A.

Figure 7. Time dependence of (A) hydrodynamic diameter and (B) scattering intensities of 9 μM(0.05 g/L) Zn�insulin in I = 10mMphosphate, (b)
with and (0) without 60 μM added Zn2+. The initial pH was adjusted from pH 8.5 to 5.5.
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which size (dh) increases from 150 to 500 nm. In the conditions
of Figure 8, non-aggregated (fast-mode) species could be de-
tected over the first hour for both Zn�insulin and Zn-free insulin
(Figure 8A). A plateau is reached in Figure 8B for Zn�insulin
after 30 min, similar to the result for Zn�insulin in Figure 4. Also
after 30 min, the time dependence of the particle size is reduced,
increasing from ca. 120 to 1100 nm in the first 30 min, only to ca.
1400 nm in the following 100min, and essentially stable after 1 h.
Both panels A and B of Figure 7 and Figure 8A show at ca. 10min
a break occurring in intensity or an increase in particle size
>400 nm, but the higher concentration of Figure 8A appears to
insert an additional feature between 15 and 30 min.

’DISCUSSION

Zn-Induced Multimer Speciation and Aggregation. The
much greater aggregation for Zn�insulin versus its Zn-free homo-
logue is correlated with their different multimeric states. The major
forms of insulin at different protein and Zn2+ concentrations are
summarized in Figure S5 of the Supporting Information. The
effect of Zn2+ on aggregation (often described in terms of
“solubility”)30,31 has been noted, as well as the role of Zn2+ in
multimer speciation, but there has previously been little men-
tion of their correlation or causality. There are manifold effects
on insulin multimer equilibria arising from the protein concen-
tration,1,36,44,45 Zn/insulin stoichiometry,1 pH,51 and ionic
strength.24 Nevertheless, the effects of Zn2+ on aggregation
shown in Figure 4 can be attributed to the presence or absence of
the Zn�insulin hexamer in a manner consistent with both our
SEC results and the literature (most notably ref 1). While we
cannot reject out of hand the possibility that curve 2 in Figure 1
corresponds to the Zn dimer, there is little evidence for the
stability of this species.12,44

Nucleation and Growth of the Zn�Insulin Hexamer. The
difference in aggregation for the Zn�insulin hexamer and the
Zn-free dimer from Figure 4 is best revealed from the kinetic
plots of Figure 5: the aggregation starting from the Zn�insulin
hexamer with excess Zn2+ (curve 3) displays two first-order
regimes. This feature and the linear dependence of the limiting
turbidity value τ∞ on the initial concentration are consistent with
the nucleation and growth mechanism described for the aggrega-
tion of firefly luciferase byWang and Kurganov,2 who account for
the apparent first-order behavior of the two regimes. Here, in the
first regime (<5 min), only nucleation occurs, with an observable
increase in dh from ca. 150 to 400 nm (Figure 7A). The decreased
but non-zero time dependence of dh at t > 10 min in Figure 7A
suggests simultaneous nucleation and growth; in pure growth,

the aggregate size would be more limited because unaggregated
proteins (“monomers”) only adsorb onto large particles (without
a change in the number of nuclei) and these clusters do not
aggregate with each other. The linearity of curve 3 in Figure 5
beyond 5min results from the sum of the two apparent first-order
kinetics. A near plateau in size characteristic of pure growth is seen
after 40 min, at high insulin concentrations when the particle size
exceeds dh = 1400 nm (Figure 8A). This high-concentration
condition also allows us to observe unaggregated hexameric units
(but no higher oligomers), which appear to be fully depleted after
60 min. The multimerization equilibrium may be shifted to smaller
species, with the concomitant decrease in both Zn concentrations
and free insulin,1,36,44,45 as indicated by a small but significant
decrease (6�5 nm in diameter) in dh for the fast mode.
Nucleation of Zn�Insulin Hexamers: Aggregation versus

Crystallization. The mechanism of Zn�insulin aggregation
appears quite different from the aggregation of the Zn-free
insulin pH dimer, as evident from the rate of aggregation, the
kinetic order, and the symmetry and reversibility of the pH
titration curves.34 While Zn�insulin is evidently more suscep-
tible to aggregation than the apo form, the mechanism of its
aggregation and, in particular, the role of Zn2+ have not been fully
resolved from “isoelectric precipitation”. As seen in Figure 1, the
presence of Zn2+ does not change the principal signature of this
form of aggregation, with the proximity to pI of the pH
of maximum aggregation rate (inflection points of Figure 1).
The interactions among Zn�insulin hexamers responsible for

aggregation are expected to be similar to those that promote
crystallization.52 These interactions are likely to involve hexamer�
hexamer interfacial aromatic interactions and hydrogen bonds,
with a special role for residues near the hexamer cavity because
those residues project beyond the hexamer surface plane.53

We propose that similar quasi-ordered arrangements in solution
lead to a cooperativity of binding, with a significant number of
hexamers converging to form “clusters”, which are largely
amorphous but with local interactions similar to those in crystals.
In this micellization-like stage of nucleation-controlled aggrega-
tion,37 smaller clusters are less stable than larger clusters; there-
fore, these clusters increase in size and number until the stage of
pure nucleation is terminated, corresponding here to the break in
curve 3 of Figure 5A at 4�5 min. Subsequently, growth continues
mainly by the attachment of Zn�insulin hexamers (“particles”37 or
“monomers”2). Preservation of the linear relationship between total
protein and limiting turbidity (Figure 6) suggests the absence of
cluster�cluster aggregation,49,50 which may however occur at
concentrations above 90 μM (0.5 g/L), where precipitation is
observed.

Figure 8. Time dependence of (A) dh and (B) intensity of 360 μM (2 g/L) insulin, with (9) 120 μM Zn2+ and (O) 0 μMZn2+ in pH 5.9. I = 10 mM
phosphate buffer.
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Different AggregationMechanism for Zn-Free Insulin.Zn-
free insulin shows pH-induced aggregation (as in Figure 2)
independent of the direction of pH adjustment,34 in contrast
to Zn�insulin (Figure 1). The aggregation of the apo form
appears to be second-order “simple” diffusion-limited controlled
association (DLCA).37 These differences can be related to the
bilateral asymmetry of the insulin dimer, both electrostatically54

and geometrically,52 which suggests isodesmic linear associa-
tion.28,35 While the dimer is the initial species, there is no
difference in bonding between the formation of the insulin dimer
and its hypothetical growth to the tetramer or the addition of
protein to any other linear oligomer. For such oligomerization
d + dnf dn+1 or dn + dqf dn+qdq, (where d is the dimer), kinetics
should be second-order, as supported by Figure 5B. Intermediate
oligomers can be detected by ultracentrifugation,51 although not
by scattering under conditions at which aggregates dominate the
signal (high protein concentration, t > 4 min). In contrast, Zn
binding confers unique stability to a hexamer, which then
nucleates rapidly; therefore, clusters of size between hexamer
and 150�600 nm nuclei are unstable and, thus, undetected.
Nuclear magnetic resonance (NMR) studies indicate that
Zn�insulin at this same concentration contains observable
amounts of hexamer, absent in the dimeric Zn-free insulin,21

(curve 1 in Figure 4). Hence, these data represent a combination of
hexameric and dimeric insulin. At lower concentrations, the former
accounts for the lower slope and longer duration of the nucleation
period in curve 2 compared to curve 3.

’CONCLUSION

The speciation of insulin is controlled by the protein concen-
tration and strongly influenced by Zn2+, and this controls
aggregation. The predominant species in the presence and
absence of 60 μM Zn2+ are the Zn�insulin hexamer and the
Zn-free dimer, respectively. The higher turbidities and rates of
aggregation for the former correspond to nucleation and growth,
as opposed to second-order diffusion-limited aggregation for the
latter. The balance among the various equilibrium multimers is
modulated by both insulin and Zn2+ concentrations.

The optimal values needed to define multimer species were
identified by SEC. Both the Zn�insulin hexamer and the Zn-free
dimer show “isoelectric precipitation”, indicating suppression of
aggregation by charge repulsion. However, it is suggested that the
interaction between the associating dimers in the absence of Zn2+

follows an isodesmic pathway that accommodates progressive
oligomerization, whereas the unique structure, stability, and
tendency toward crystallization of the Zn�insulin hexamer
promotes strong initial formation of clusters that serve as nuclei
for subsequent growth. Aggregation at a low Zn2+ concentration
reflects both of these mechanisms. These findings may support
further consideration of equilibrium multimers as the starting
points of irreversible aggregation (amyloid and fibril formation)
and emphasize the need to distinguish time-independent oligo-
merization from equilibrium speciation. Studies in progress at
elevated temperatures in the presence of heparin should indicate
how this aggregation suppressor34 may enter into the pathways
proposed here.
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