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Abstract [0 Formation of insulin fibrils is a physical process by which
partially unfolded insulin molecules interact with each other to form linear
aggregates. Shielding of hydrophobic domains is the main driving force
for this process, but formation of intermolecular S-sheet may further
stabilize the fibrillar structure. Conformational displacement of the B-chain
C-terminal with exposure of nonpolar, aliphatic core residues, including
A2, A3, B11, and B15, plays a crucial role in the fibrillation process.
Recent crystal analyses and molecular modeling studies have suggested
that when insulin fibrillates this exposed domain interacts with a
hydrophobic surface domain formed by the aliphatic residues A13, B6,
B14, B17, and B18, normally buried when three insulin dimers form a
hexamer. In rabbit immunization experiments, insulin fibrils did not elicit
an increased immune response with respect to formation of 19gG insulin
antbodies when compared with native insulin. In contrast, the IgE
response increased with increasing content of insulin in fibrillar form.
Strategies and practical approaches to prevent insulin from forming f brils
are reviewed. Stabilization of the insulin hexameric structure and blockage
of hydrophobic interfaces by addition of surfactants are the most effective
means of counteracting insulin fibrillation.

1. Introduction

Like other globular proteins, insulin tends to adopt and
maintain a three-dimensional structure in which its hydro-
phobic surfaces are buried by folding and assembly of indi-
vidual molecules. However, changes of the native conforma-
tion or of its “normal” pattern of assembly can be provoked
by a variety of factors. To assure insulin stability the
processes that cause insulin deterioration must be understood.
The propensity of insulin, under the influence of heat and
exposure to hydrophobic surfaces, to undergo conformational
changes, resulting in successive, linear aggregation and
formation of a viscous gel or insoluble precipitates, has been
one of the most intriguing and widely studied phenomena in
relation to insulin stability.
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Unfortunately this aggregation process has often in the
literature been mistermed with phrases like “association”,
“polymerization”, or even “crystal formation”. In the following
these terms are defined as used in this paper: The marked
tendency of insulin to undergo self-association into soluble
dimers and hexamers is a natural process which, for example,
occurs in vivo in the B-cell as a consequence of processing and
storage requirements. Association involves the interaction of
two or more insulin monomers in their native conformation
and in a spheric (globular) arrangement, and this process is
easily reversible by reducing the insulin concentration. In-
sulin aggregation (fibrillation) also involves non-covalent
interaction of several insulin molecules but these are to some
extent unfolded (partially denatured) compared with their
normal globular structure. This physical process creates long
fibers which eventually form large, insoluble aggregates.
Insulin fibrillation is normally not reversible without dramatic
changes in the solvent environment. Insulin is also known
to aggregate and precipitate in the presence of excess Zn?*+ at
pH values above 4, but the tertiary structure is not thought
to be significantly affected by this process. Denaturation
(complete unfolding) of insulin requires organic solvents.
Under such conditions insulin will sometimes precipitate,
possibly as unfolded aggregates, but there is no convincing
evidence as to its loss of structure. The term insulin polym-
erization should preferably be used to designate a chemical
process whereby two or more insulin molecules are covalently
linked together.

The objective of this paper is to survey the biochemical
literature on insulin fibril formation in order to present an
overview of this subject. Particular attention will be given to
studies aimed at identifying the interacting domains in insulin
fibrils and elucidating the molecular mechanism of insulin
fibril formation. Strategies and means to reduce insulin’s
tendency to form fibers are also discussed.

2. Early Observations

The original investigators already noticed the irreversible
inactivation of insulin that occurred in response to heat
treatment,! and at the time when crystalline and, therefore,
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Figure 1 —Insulin fibrillation monitored by an increase in viscosity on standing of
acid solu ions of different insulins (1.5% insulin, 0.025 M HCI, pH 2.1, 45 mM
NaCl, 21 °C): 10 times crystallized bovine insulin (O); Monocomponent bovine
insulin (@); 10 times crystallized bovine insulin (lab. preparation) (O); Monocom-
ponent porcine insulin (A); 5 times crystallized porcine insulin (a).

relatively pure insulin preparations were becoming available,
it was found that heating insulin in acid provoked insulin to
precipitate in an inactive form.2~* The phenomenon was
termed heat denaturation or coagulation, but it was shown
later that heat precipitation and insulin fibrillation are
directly related.> The precipitate was shown to be insoluble
in acid but to resume its original solubility and activity in
dilute alkali.3&7

The first systematic study of the heat precipitation of
insulin was published by Krogh and Hemmingsen,* who found
the rate of inactivation at pH 3 to be proportional to the
insulin concentration and to closely follow the law of Arrhe-
nius in the temperature interval 50—117 °C. Subsequent
studies showed the rate of reaction in acid to increase with
acidity in the pH range from 3 to 1 and to be dependent of
the type of acid (H,SO,4 > HCI > H3PO, > HAC),8° probably
as a consequence of the promoting effect of ion strength on
insulin fibrillation (see section 3.1.3).

Waugh'%11 was the first to realize that formation of insulin
fibers precedes precipitation and that the heat treatment does
not radically alter the globular nature of the insulin molecule.
He later showed that heat precipitation involves three reac-
tions: formation of active centers (nucleation), elongation of
these centers to fibrils (growth), and floccule formation
(precipitation).512.13

The nucleation reaction, which is the slowest process,
requires the nearly simultaneous interaction of 3 to 4 insulin
molecules.’* Essentially undistorted insulin is involved in
these interactions, which are mainly between nonpolar side
chains (hydrophobic interactions).>1315 The subunits of these
interactions have been suggested to be either the dimer or
the monomer of insulin.’31 Whereas nucleation seems to
require temperatures above normal, the growth into fibrils
can proceed at ambient or even lower temperatures and,
depending on the conditions, the growth leads to long fibers
resulting in a thixotropic gel or to shorter fibers with a
tendency to arrange radially to spherolites with precipitation
as the consequence.’314 The growth of fibrils has been found
to be a function of the surface area of the fibril population
and the concentration of insulin in solution,'” and thus it is a
highly cooperative process able to quantitatively remove the
insulin from solution in the fibrous form. An increase in ionic
strength increases the rate of growth and, in particular,
nucleation whereas high concentrations of organic acids,
urea and phenol suppress the nucleation reaction while
allowing the growth reaction to proceed.'3
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Table 1—Fibrillation and Species of Insulin

Hours to fibrillation? (Mean + SEM)

60% ethanol, pH 7.4
(30 °C) (1% insulin)

26+2(n=09)
17+1(n=11)

aqueous, pH 2.6
(40 °C) (3% insulin)

474479 (n=32)
123 + 24(n = 26)

Species of Insulin

Porcine
Bovine

2Time to 50% fibrillation of different batches of porcine and bovine insulin
dissolved in different media. Samples of insulin were dissolved in hydrochloric
acid, 0.05% phenol and the pH was adjusted to 2.6 (aqueous) or dissolved in 0.1
M tris buffer (pH 7.4) containing 2 mM EDTA (60% ethanol). Aqueous solutions
were stored wi hout agitation, ethanol solutions were agitated in 10 mL vials
(amplitude 55 mm, frequency 110/min).

3. Formation of Insulin Fibrils

The classical method to induce insulin fibrillation has been
to heat a concentrated acid solution.’? The formation of the
fibrils can be observed as an increase in viscosity or precipitate
formation. A more recent method is agitation of neutral
solutions of insulin under the presence of a hydrophobic
surface (air or polymeric material) at ambient or slightly
increased temperature. Precipitation of fibrils is monitored
by the increasing turbidity (nephelometry) of the shaken
solution, as compared with that of an unshaken control,!8 or
by different light-scattering techniques.1®-21

3.1. Factors Affecting Fibril Formation.—3.1.1. Origin,
Species, and Purity of Insulin—The propensity to fibrillate
varies from batch to batch of the insulin, even when it is
isolated from the same source and purified to the same extent
(Figure 1). Different batches come with different histories
associated with them, probably including a slightly varying
content of fibril nuclei which are able to seed growth of fibrils.
Evidence for such aseeding effect comes from the fact that
crystallization of insulin, followed by careful removal of
noncrystalline (amorphous) protein by washing or centrifuga-
tion, is able to reduce the inherent fibrillation tendency
significantly. Further support has been obtained by ultra-
centrifugation of a solution of a rapid fibrillating insulin batch.
Following this treatment the tendency to fibrillation of the
upper layer of the insulin solution was greatly reduced as
compared to that of the lower layer (unpublished observation).

Apart from the inherent batch variation, there seems to be
no significant difference between the tendency to fibrillation
of human and porcine insulins.’® In contrast, bovine insulin
is significantly more prone to fibrillation than the other two
species of insulin (Figure 1, Table 1). Apparently the hydro-
phobicity of the A8 residue (Ala in bovine and Thr in porcine
and human insulin), which is on the surface of the molecule,
plays a role in the fibrillation process by directing the
interactions of insulin with hydrophobic surfaces. The pres-
ence of certain types of inert protein was early shown to retard
the rate of fibril formation, although no conclusive evidence
of the influence of purity could be obtained.® Later, following
the introduction of highly purified insulins in the 1970s, a
strong reverse relationship between the tendency to fibrilla-
tion and the content of a few percent of insulin-related
impurities was demonstrated. It was also shown that this
effect was not a result of the purification processes as such.
If the impurities were reintroduced into monocomponent
insulin, the former propensity to less fibrillation could be
reestablished. Higher molecular weight contaminants such
as covalent dimer and proinsulin were active in counteracting
fibrillation when present in amounts corresponding to a few
percent of the total protein material, whereas more simple
derivatives like desamidoinsulins were ineffective even at
5—10% concentration.??2 Presumably the covalent dimer or
proinsulin is able to block further linear aggregation by
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Figure 2—Time to a 4-fold increase in viscosity of various insulin solutions at
different temperatures (3% insulin, pH 2.5): 10 times crystallized bovine insulin
(x); Monocomponent porcine insulin (A); Monocomponent bovine insulin (@).

providing only one of the two complementary interacting
surfaces in the insulin fibril.

3.1.2. Temperature—The effect of temperature on insulin
fibrillation in acid solution is illustrated in Figure 2. The
results also demonstrate that the inherent differences in the
tendency to fibrillation between insulins becomes less appar-
ent with increasing temperature. Apparently the rate of
nucleus formation at temperatures above 60 °C is so fast that
initiation of fibril growth by the inherent content of fibril
nuclei becomes insignificant compared with that of freshly
formed nuclei. It is noteworthy that the fastest fibrillating
insulins in acid solution form fibrils within a few hours at 37
°C. By contrast, the same insulin in aqueous solution at pH
7 can be stored (without agitation) at 37 °C for many months
without any fibril formation. At neutrality, however, forma-
tion of covalent polymerization products via thiol-catalyzed
disulfide exchange becomes significant and increases expo-
nentially with increasing temperature.?® As this chemical
process eventually leads to insoluble covalent products, great
care should be taken not to confuse such precipitates with
insulin fibrillation.2*

3.1.3. lon Strength—The pronounced influence of ion
strength on the rate of insulin fibril formation was demon-
strated by Waugh et al.,’® who compared fibrillation in 8 M
acetic acid solutions (pH 1.6) with different ion strength,
obtained by addition of sodium chloride. The growth reaction
was examined by seeding preformed insulin fibrils into the
organic solutions of insulin, and the overall reaction (nucle-
ation + growth) was examined by heating 1—2% solutions of
insulin in the organic medium. At the lowest ion strength of
0.04, the growth was substantially retarded in acetic acid as
compared to a hydrochloric acid solution with the same pH,
but this effect was neutralized by an increase in ion strength.
Whereas the overall reaction, which is dependent on nucle-
ation, was virtually absent after 18 h at 50 °C and ion strength
0.04, the fibril growth after addition of fibril seeds was 52%
complete after less than 4 h under the same conditions.
However, increasing the ion strength to 0.11 increased the
rate of nucleation substantially (84% fibrillation after 16 h
at 50 °C). The promoting influence of ion strength on fibril
formation is probably due to its neutralizing effect on repulsive
forces between similarly charged groups. This is supported
by the observation that sodium chloride inhibits renaturation
of insulin fibrils in alkali (see section 4.2).

3.1.4. Concentration of Insulin—Rate of insulin fibrillation
increases in acid solution, as would be expected, with an
increase in insulin concentration'4 (Figure 3). In neutral
solutions of insulin the behavior is more complicated. In
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Figure 3 —Rate of insulin fibrillation as a function of insulin concentration (bovine
insulin, pH 2.5, 21 °C).

Table 2—Influence of Insulin Association State on Fibrillation Tendency

Days?

Monomer (Zn-free, Hexamer (4 Zn ions per

60% ethanol) hexamer, agueous)
. Standing Agitation® at 37 °C
Insulin
Concn (mM) 23°C 37°C
0.1 8 15 15
0.6 23 0.5 8.0
3 0.8 <0.1 25

2Days to first sign of fibrillaion (visual precipitation) in solutions at pH 7.4.
b Shaking test as descibed in ref 18.
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Figure 4 —Influence of pH on the fibrillation tendency (1% bovine insulin, 35 °C).
FI = time to a 4-fold increase of viscosity.

(-]

aqueous solutions of Zn—insulin at pH 7, insulin is predomi-
nantly present as hexameric associates. In such solutions
insulin exhibits a quite anomalous aggregation behavior, being
more prone to fibrillation at reduced concentrations of insu-
1in.192025 By contrast, if zinc-free insulin (or Zn—insulin +
EDTA) is dissolved in organic solvent (e.g., 60% ethanol) in
which the insulin will be present as monomers, the extent
and rate of aggregation is proportional to insulin concentra-
tion?® (Table 2). These results indicate that the initial
formation of fibril nuclei probably proceeds via monomeriza-
tion of oligomeric insulin.

3.2. Significance of pH and Insulin Association
State—The prominent effect of pH on insulin fibrillation is
mainly a consequence of the influence of pH on the association
behavior of insulin. In acid solutions insulin maintains its
tertiary structure but is mainly monomeric below pH 2
whereas an increasing population of dimers dominates the
mixture of monomers and dimers with increasing pH above
2.27 Investigation of the influence of pH on fibrillation in acid
(Figure 4) reveals a decreasing tendency with increasing pH
above pH 2, which supports the idea that fibril formation
requires an interaction between monomers. By accepting this
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Figure 5 —Correlation between fibrillation tendency of different insulins in aqueous
acidic solution (3% insulin, pH 2.5, 40 °C) and in 60% ethanol at neutral pH (1%
insulin, pH 7.4, 30 °C).

theory, it is not surprising that insulin fibrillation in aqueous
solutions at pH 7 is a much slower and more complicated
process than in acid solution. In neutral, aqueous solution
the insulin molecule is typically associated into mainly
hexameric units. Only by 10 times dilution of the normal,
therapeutic concentration of insulin (0.6 mM) does a signifi-
cant dissociation into tetramers and dimers occur, which
increases the propensity for non-native aggregation. However,
insulin fibrillation does still not occur to any significant extent
in agqueous solution at moderate temperatures in the absence
of hydrophobic surfaces?? or agitation.?’ By contrast, fibril-
lation readily occurs at neutrality, even in the absence of
agitation, in organic media that are able to dissociate the
insulin into monomers (Table 2).

Although the charge distribution on the insulin molecule
differs in acid and neutral solution, the inherent tendency of
different insulins to fibrillate in aqueous solution at pH 2.5
correlates well with that of the same insulins dissolved in 60%
ethanol at pH 7 (Figure 5). In both cases, however, the normal
hexameric units are dissociated into smaller units with an
increase of exposed hydrophobic surface area. The more rapid
fibrillation in ethanol, despite the lower temperature and
insulin concentration, can be explained by the monomeric
state of the insulin with more exposed hydrophobic area as
compared to the mainly dimeric state in acidic aqueous
solution. Therefore, these results support the theory that
fibril formation is mainly driven by nonpolar and entropic
effects.

3.3. Effect of Surface Interaction—The agitation-
provoked fibrillation of insulin in neutral solution is now
widely accepted as being mediated by insulin’s interaction
with hydrophobic surfaces, and a model has been proposed
for the mechanism.?® According to this model, monomers as
well as dimers and hexamers can reversibly adsorb to the
surface. However, monomers are the least stable species and
therefore more likely than dimers and hexamers to undergo
conformational changes at hydrophobic interfaces. The par-
tially unfolded monomers can now either refold to the native
conformation or combine with other unfolded monomers,
initiating nucleation (formation of intermediate aggregates).
The intermediates can either fall apart or interact with other
unfolded species. Once a critical size is reached, the inter-
mediates have sufficient surface area for stability and can
start reacting with native molecules. The slow formation of
stable intermediates explained the lag phase often observed
in insulin fibrillation experiments, and the fast insulin deple-
tion following the formation of stable nucleus implied that
native molecules participate in the final aggregation steps.

Insulin aggregation at solid—water interfaces has been
studied by several groups.2221.2829 |n systematic studies on
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Figure 6 —Effect of surface hydrophobicity on agitation-induced insulin fibrillation.
Insulin in solution in samples agitated at 160 rpm at 37 °C in the presence of

teflon (M), polypropylene (4), siliconized glass (&), and unmodified glass spheres
(O). (Reproduced from ref 21, copywright 1992, Wiley.)

the influence of different materials, Sluzky et al.?* showed the
fibrillation tendency to increase with the surface area of
hydrophobic material, and fibrillation tended to proceed faster
with increasing hydrophobicity of the material (Figure 6).
They also provided evidence that aggregation caused by
agitation is the result of both the interfacial and shear forces
on the protein. However, because an insulin solution can be
rotated in a glass vial (without any air present) for several
months?2 or agitated with glass beads for many days?! (Figure
6) without any fibrillation, the shear forces probably play a
minor role compared with the surface interactions.

The air—water interface is hydrophobic, and therefore,
agitation of insulin solutions with an air surface causes
adsorption of insulin and subsequent surface-induced dena-
turation and aggregation. Shaking allows a continuous
creation of new interface and thus provides a large surface
area for adsorption of insulin. Insulin fibrillation at the
agitated air—water interface increases with increasing rate
of agitation.2 The insulin monomer, with its exposed hydro-
phobic surfaces normally buried by dimer and hexamer
formation, has potentially higher binding affinity for a hydro-
phobic interface than the dimer and hexamer. However, at
high insulin concentration, the equilibrium is shifted toward
the hexamer which may populate the interface and reduce
access for the monomeric species. This may explain the
atypical inverse relationship between insulin concentration
and tendency to surface-induced fibrillation at neutral pH.

4. Morphology and Properties of Insulin Fibrils

4.1. Structure of Fibrous Insulin—In the electron
microscope insulin fibrils are seen as long fibers with the
smallest diameters ranging from 3 to 15 nm>30-32 and lengths
up to several microns.3%31 Sometimes the individual fibrils
are seen as bundles of two to five fibers twisted together at
120—160 nm intervals into filaments with a gross diameter
of 10—20 nm.30-32

Fibrous insulin has been studied by various other tech-
niques, including spectroscopic and diffraction techniques.
Using an infrared technique, insulin fibrils were shown to
consist of extended S-chains lying perpendicular to the fibril
axis, with a layer structure involving interchain hydrogen
bonds.®3 In contrast, from an X-ray diffraction investigation,
it was suggested that insulin enters the fibril structure with,
at most, slight distortion and without the large changes
accompanying transformation to the p-form. It was also
suggested that the polypeptide chains in insulin fibrils retain
their normal folded condition, with axes predominantly paral-
lel to the fibril axis.3* Raman spectra of insulin fibrils® and
studies of the binding of Congo Red to fibrillar insulin3® gave
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Table 3—Renaturation of Insulin Fibrils guanidine hydrochloride, 50% acetonitrile, and nonionic and
anionic detergents.*®> Waugh?® found the optimal conditions
for regeneration in alkali to be treatment in 0.03 M NaOH at

% dissolved after treatment for 5 min at

Solvent? 0°C 10 °C 25 °C 45°C 75 °C 0 °C for 45 min. He also showed that NaCl inhibits reversion,
which strongly suggests that repulsive forces between simi-
DMSO . 0 2 larly charged groups play an important role in the mechanism
Bmgo +HCl 0 58 12g of dise_lggregation: Ou_r own results of regeneration of insylin
Glycerin 0 0 30¢ from insulin fibrils with different solvents are summarized
Formic acid 100 100 in Tgble 3. Ip all cases vx_nt_h completg dlss_olutlon_of the fibrils,
Phenol 10% (pH 1.6) 1 the isolated insulin exhibited full biological activity.
NaOH, 0.05 M 100 It is striking that full recovery of native insulin is only

= Fibrils of bovine and borcine ineul Tbv st 2 5% sl obtained at extremes of pH. Thus, renaturation by DMSO
Fibrils of bovine and porcine insulin were prepared by storage of a 5% insulin -~ \yas only achieved by addition of hydrochloric acid. Appar-
solution (60% ethanol, 0.1 M Tris buffer, 2 mM EDTA, pH 7.4) for 2 days at 37 o)y bryeakage of thg intermolecula}r/ interactions in thealiobril

°C corresponding to >99% fibrillation. Fibrils were washed several times with isd dent on the introducti fch Ision bet
60% ethanol and dried in vacuum; 10 mg fibril material was suspended in 1 mL 'S dependenton the introguction or charge repuision between

of solvent and incubated under frequent stirring. » Solvents without effect included the molecules. The inability of urea, guanidine, detergents,
tetramethylurea, dioxane, acetic acid, and 0.1 M HCl. DMSO = Dimethyl sulfoxide; ~ €tc. to dissolve insulin fibrils probably reflects that the

DMF = Dimethylformamide. ¢2 L of undiluted HCI acid was added to 1 mL of interfaces between molecules is poorly accessible for hydro-

DMSO. ?Only porcine insulin fibrils were partially dissolved. philic substances due to tight hydrophobic interactions be-
tween units in the fibril.

evidence of an antiparallel jg-structure, whereas infrared 4.3. Immunogenicity—When a protein chemically or

spectroscopy®' and X-ray diffraction datal® pointed to the physically degrades, its immunogenicity may be altered.
parallel pleated-sheet type. The latter investigators also Studies indicating an increased immune response of ag-
suggested that the fibrils had a uniform cross section with gregated protein have been performed with bovine serum
dimensions of about 3 x 5 nm. Using a dynamic light albumin** and human growth hormone.*> Even when treated
scattering technique it has more recently been found that with homologous human insulin, circulating 1gG insulin
insulin fibrils are of a narrow size distribution with a mean antibodies are found in detectable levels in 40—50% of

diameter of 200 nm.*° diabetics patients whereas local allergy due to IgE insulin
Fibrillation experiments at lower (e.g., 10 °C) and higher antibody formation is much less frequent. The reasons why
temperatures (e.g., 80 °C) indicate that the mechanism of fibril subcutaneously administered human insulin induces antibody

formation is independent of temperature within this range.'4 production in contrast to the endogenous hormone are not
Thus, whereas the initial steps in aggregation of insulin well-understood. However, some of the immunological side
monomers into fibrils probably are common for any insulin effects associated with insulin therapy seem to be due to a
fibril formation, the further growth to form lateral aggregates minor content of covalent dimerization and polymerization
or tightly packed deposits will depend on the experimental products of insulin. Thus, specific 1gG antibodies against
conditions by which they are produced.37:38 covalent insulin dimer have been identified in 30% of insulin-

4.2. Renaturation—Insulin fibrils are insoluble in most treated diabetic patients,*® and cutaneous insulin allergy has
aqueous media, including diluted mineral acids, but can be been associated with a cell-mediated hypersensitivity response
dissolved and renatured into essentially fully biologically to the covalent dimer.4” Whether physical aggregates of
active insulin in alkaline medium at pH > 11, followed by insulin also are able to elicit an immune response is uncertain,
neutralization,3 in 20% HCI,*° in at least 10% phenol441 or but the observation that a high percentage of patients treated
by using strong organic acids.’® In contrast, insulin fibrils with continuous subcutaneous insulin infusion developed
are not dissolved in 7 M urea from pH 2 to 8* or in 5 M insulin allergy after initiation of pump therapy*® may suggest

Table 4—Immunogenicity of Porcine Insulin Fibrils

IgE Antibody Formation
IgG Antibody Formation: Allergy Response? Number of
Sample Fibrillated Area Response® (nmol of histamine/mL responding
No. Purity of Insulin? Treatment at 39 °C Insulin® (%) (Relative to Reference) of whole blood/per h) animals

1 MC insulin Untreated (reference) 0 =1 0 0
2 Storage for 5 days 0 1.03 0 0
3 Agitation 15 117 0 0
4 24 1.33 3 1
5 9 0.89 4 3
6 32 0.46 392 10
7 Sample 6 diluted 5x with sample 1 ~6 1.17 21 10
8 Insulin cryst 5x Untreated 0 2.06 4 1

aMC insulin = monocomponent insulin (<1 ppm proinsulin, < 0.2% covalent insulin dimer); cryst 5x = conventionally purified insulin (2—4% proinsulin, 2-3%
covalent insulin dimer). Insulins were dissolved at pH 7.4 with 0.2% phenol and 1.6% glycerol in a concentration of 40 IU/mL. ® The neutral insulin solutions were
agitated at 39 °C for various duraions as described earlier®. The extent of fibrillation was evaluated by filtration through a 0.2 um filter and UV absorbance of the
filtrate at 276 nm. ¢ Groups of 10 rabhits were immuninized twice weekly for 3 months with 20 IU as descibed earlier,*® with the exception that complete Freund’s
adjuvant was used at the first injection. Blood samples were drawn every 2 weeks. Area response is the mean percent binding (area under the curve) to added
[*#linsulin for each group of rabbits. Sta istical analysis showed significantly higher response of the conventionally purified insulin (sample 8), reflecting its content of
immunogenic proinsulin and covalent insulin dimers, when compared with samples 1-3 and samples 5—7 (p < 0.01-0.05). In addition, the response of sample 6 was
significantly lower than that of sample 1 (p < 0.05). Differences between other samples were not sta is ically significant. ¢Blood cells were isolated from each rabbit
after 3 months of immunization. The histamine release after one hour incubation at 37 °C of blood cells mixed with a fixed amount of the sample used for the
immunization was analyzed in accordance with the method described earlier.° The allergy response is expressed as the mean histamine release from blood cells of
10 rabbits.
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a possible connection with the propensity of insulin to fibrillate
in the pump systems (see section 6).

In rabbit immunization experiments, partially fibrillated
insulin samples exhibited a tendency to increasing formation
of insulin 1gG antibodies with increasing content of fibrillar
insulin when compared with a reference sample of native,
unfibrillated insulin (Table 4). However, the differences were
not statistically significant. The most fibrillated sample
actually showed a significant decrease in immune response
compared with the reference sample but a 5 times dilution of
this sample with the reference sample rather showed an
increase in response (not significant) compared with the
reference sample. In contrast, the formation of IgE antibodies
seems to correlate with the degree of fibrillation of insulin in
the sample. It is interesting that the IgE response mediated
by sample 7 (5 times dilution of sample 6 corresponding to
6% fibrillation) was 5-fold higher than that of the more
fibrillated sample 5 (9% fibrillation). This may indicate that
the size of the fibrils rather than the quantity of insulin fibrils
is the stimulating factor for the allergic response.

5. Molecular Mechanism of Insulin Fibrillation

5.1. The Interacting Domains—The specific amino acid
residues involved in the interactions between units in fibrillar
insulin have been searched for in a number of studies.
Fibrillation experiments on different insulin derivatives have
shown that fibril formation is not dependent on the presence
of carboxyl groups,’35! whereas a marked decrease in the
tendency to fibrillation is observed when the amino groups
are acetylated.'352 Studies on chemical reactivity of functional
groups have revealed that about half of the imidazolyl*?53 and
half of the tyrosyl groups*? have reduced reactivity in fibrillar
as compared to native insulin. As mentioned earlier (section
2), the interactions in fibrillar insulin are supposed mainly
to be between nonpolar side chains (hydrophobic interactions),
and the fact that growth of fibrillar insulin can proceed at
close to 0 °C** strongly indicates that these interactions occur
without extensive unfolding of the globular insulin.

5.2. Significance of the B-Chain C-Terminal—In native
insulin an antiparallel S-sheet at the B-chain C-terminal plays
an important role in the interaction between monomers in the
insulin dimer.>* Raman spectra®® and studies of the binding
of Congo Red to insulin fibrils®® support the presence of an
antiparallel g-sheet also in the insulin fiber. According to
spectroscopic observations, this sheet is perpendicular to the
fiber axis.33

Fibrillation experiments on B-chain C-terminal truncated
insulins have shown that the contacts which dominate fibril
formation are made by those residues which are not in the
B-chain C terminus since both desoctapeptide-(B23—B30)-
insulin (DOI) and despentapeptide-(B26—B30)-insulin (DPI)
are able to form fibrils. In fact, the propensity to fibril forma-
tion increases with increasing truncation. If, on the other
hand, mobility at the C-terminus of the B-chain is restricted
by cross-linking with the nearby N-terminus of the A-chain,
fibrillation proceeds much more slowly. Proinsulin, in which
A1—-B30 is cross-linked by more than 30 residues, fibrillates
to a greatly reduced extent, and a dipeptide cross-linked
miniproinsulin fibrillates even less if at all (Table 5). These
results strongly suggest that fibril nucleation requires expo-
sure of amino acid residues, normally buried in the insulin
monomer, to the surface of the insulin molecule by displace-
ment of the B-chain C-terminal from its normal position.2®

On the basis of X-ray diffraction studies®® and NMR
structural studies®’ this C-terminal segment has been shown
to be highly flexible and easily displaced, and an equilibrium
unfolding intermediate involving such displacement has
recently been proposed®® (Figure 7).
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Table 5—Resistance to Fibrillation of Different Insulin Derivatives

Aqueous
(agitation at 37 °C) 60% ethanol,
pH 7.4 (25 °C
Insulin pH 2 pH7.4 without agitation)

Porcine insulin 0.46 +£0.04 0.30£0.04 ~2
Proinsulin (porcine) 16+2 ~12
Mini-proinsulin® >100 >50
DPI¢ 029 +0.06
DOI? 0.10+£0.03 <0.04

2The values are the mean number of days (+SD, n = 5) until to first sign of
fibrillation (precipitation or turbidity). Al insulins contained <0.02% Zn?*.
b“Proinsulin” with only two amino acid residues in the connecting peptide compared
with the 33 residues in porcine proinsulin. ¢ DPI = despentapeptide-(B26—-B30)-
insulin (porcine). ¢ DOI = desoctapeptide-(B23-B30)-insulin (porcine).

5.3. Modeling Insulin Fibrillation—The extra domain
exposed when the B-chain C-terminus is displaced includes
the hydrophobic, side chains of residues A2 (lle), A3 (Val), B11
(Leu), and B15 (Leu).?® On the basis of the theory that this
domain must be one of the hydrophobic surfaces involved in
fibril interactions, the crystal structure of despentapeptide-
(B26—B30)-insulin (DPI), in which these residues are on the
surface, has been used to predict and model the organization
of insulin molecules in the insulin fibril.>® Apart from the loss
of the -sheet of residues B26—B30, the DPI molecule retains
all the secondary and tertiary structure characteristics of the
native insulin, including an intact hydrophobic surface domain
normally buried when dimers form a hexamer [A13 (Leu), B14
(Ala), B17 (Leu), and B18 (Val)]. Inthe model presented these
nonpolar, aliphatic residues constitute the complementary
surface to that exposed by B-chain C-terminal displacement.
Shielding of the nonpolar surfaces on one monomer requires
the simultaneous assembly of three insulin molecules, which
is consistent with previous observations.’* The dimensions
of the model fibril correspond well with those measured
experimentally by electron microscopy, and the monomer—
monomer contacts within the fibril are in accordance with the
known physical chemistry of insulin fibrils.

The presence of an antiparallel g-sheet in insulin fibrils (see
section 5.2), can in the model be explained by a 3-sheet contact
made by the B-chain N-terminal residues. This sheet is
perpendicular to the principal fiber axis, as required from
spectroscopic observations,® and provides a favorable contact
through which bundles of fibrils may develop from individual
fibrils.3® The location of the B-chain C-terminal residues when
the native insulin forms a fiber has not been identified.
However, these residues may themselves pack favorably
against the remaining exposed, hydrophobic monomer surface
(Figure 8).

6. Stabilization Strategies and Prevention of Insulin
Fibrillation

During the first 60 years of insulin therapy, fibrillation-
related stability problems during normal handling, storage,
or use of insulin preparations were rarely encountered. In
the late 1970s, however, the endeavors to obtain normogly-
cemia in diabetes treatment resulted in the introduction of
devices for continuous insulin infusion (insulin pumps), and
it soon became evident that commercial insulin formulations
were not sufficiently stable for long-term use in infusion
pumps.80-63 Precipitation problems were of major concern and
a comprehensive search for more stable formulations was
initiated, mainly as empirical approaches (for review and a
comprehensive reference list, see ref 64).

It is now obvious that rational strategies to improve the
practical stability of insulin include the following ap-
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B30

B30

Native

Figure 8 —Four adjacent despentapeptide-(B26—B30)-insulin molecules (shown
in dark gray and white) of the model fibril showing the B-chain C-terminus (residues
B26—-B30 shown in light grey) modeled onto the hydrophobic surface in a remaining
cavity in one of the possible three interfaces between molecules.

proaches: (1) promote self-association, (2) stabilize the native
structure by (a) preventing unfolding (displacement of the
C-terminus of the B-chain) and (b) enhancing native hydro-
phobic interactions, (3) avoid or block unwanted hydrophobic
interfaces, (4) reduce shear forces, (5) modify the molecule
(derivatization or protein engineering).

Retrospectively, several of the more effective means to
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Unfolding Intermediate
Figure 7 —Unfolding of native insulin (as proposed in ref 59) with exposure of a hydrophobic domain including residues A2 (lle), A3 (Val), B11 (Leu), and B15 (Leu).

counteract fibrillation can be related to one or more of these
categories. Thus, calcium?25 or zinc ions!® most likely exert
their fibrillation-inhibitory effect by neutralizing negative
charges in the center of the insulin hexamer, whereby the
hexameric assembly is stabilized. These metal ions probably
also play an important role for the storage stability of insulin
in the S-cells of the pancreas.f¢ The most effective prevention
of fibrillation is probably achieved by preventing displacement
of the B-chain C-terminus by cross-linking it to the A-chain
N-terminus (Table 5). Unfortunately restricted mobility at
the C-terminus of the B-chain is also associated with complete
loss of biological activity.6” Enhancement of the hydrophobic
interactions within proteins can be achieved by addition of
polyhydric alcohols that reduce the interaction of the protein
with solute and the penetration of water into the hydrophobic
interior. Hence carbohydrates®®° as well as glycerol®®7° have
been found to increase the physical stability of neutral insulin
solutions, but the physical stabilization is often accompanied
by an unacceptable reduction in the chemical and biological
stability of the preparations due to the capacity of some of
these products to react chemically with the insulin amino
groups.5468

The marked fibrillation-inhibitory effect obtained by adding
surfactants like block copolymers of ethylene oxide and propyl
oxide,”72 and lecithins™ is due to their ability to bind to
hydrophobic interfaces and block unfavorable insulin interac-
tions at container surfaces, air—liquid interfaces, and perhaps
also exposed hydrophobic surfaces on the insulin monomer.
Cyclodextrins, with an ability to microencapsulate small
molecules, have also been claimed to bind to hydrophobic
residues exposed on protein surfaces and thereby decrease
aggregation.” Recently such compounds, in a concentration
of 1.5%, have been shown to minimize agitation-induced
fibrillation of insulin to some degree.”

Shear forces can be reduced by increasing the viscosity of
the solution, and it has been demonstrated that addition of
15% (w/w) of polygeline, a partially hydrolyzed and subse-
quently cross-linked gelatine product, counteracts the promot-
ing effect of shear forces on insulin fibrillation.”®

Sulfated insulin, in which two to four of the hydroxy groups
of Ser and Thr have been converted into negatively charged
groups, is an example of chemical modification capable of
reducing the tendency toward fibrillation.266377 This positive
effect is unexpected because the derivatization renders the
molecule monomeric and consequently more likely to partially
unfold and fibrillate. However, the extra negative charges
which counteract self-association apparently are also able, by
increasing the repulsive forces between the molecules, to
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Table 6—Stabilization of Neutral Insulin Solutions against Fibrillation a

Concentration of Lecithin Zinc ions per Days to Precipitation

(DOPC?) (g/mL) Insulin Hexamer in Shaking Test (37 °C)
0 2.2 1
43 30
30 22 18
29 32
39 40
4.6 >100

@ Neutral solutions of porcine insulin (100 1U/ml) in 10 mL vials were agitated
horizontally as described earlier.® Data are from ref 18 and 78. DOPC =
dioctanoylphosphatidylcholine.

inhibit the hydrophobic interactions responsible for the ag-
gregation into fibrils.

A combination of excipients is used to take advantage of
the characteristics of each excipient. Thus, most effective
stabilization of insulin is achieved when surfactant additives
are combined with elevation of the viscosity of the solution™®
or with metal ion stabilization”® (Table 6).

7. Conclusions

A number of studies over the last 50 years have shown that
fibrillation of insulin is an entropically driven physical process
by which insulin molecules with nearly complete nativelike
globular structure aggregate in a linear fashion. The tendency
to fibrillation increases with temperature and is influenced
by species, purity, concentration, and association state of the
insulin and interaction with hydrophobic surfaces including
the air—water interface. Fibrillation studies on B-chain-
truncated insulins and on proinsulins with restricted mobility
of the C-terminus of the B-chain have provided strong
evidence that the linear aggregation requires a displacement
of the C-terminal segment of the B-chain with exposure of a
hydrophobic domain normally buried in the insulin monomer.
Recently the crystal structure of despentapeptide insulin has
been used to predict and model the contacts this exposed
domain make in the fibril, and it is proposed that the
complementary domain is composed by the hydrophobic
surface normally buried when insulin dimers form hexamers.
The dimensions and characteristics of this model insulin fibril
are in accordance with those measured experimentally.
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