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ABSTRACT. Human insulin, which consists of disulfide cross-linked A and B polypeptide chains, readily
forms amyloid fibrils under slightly destabilizing conditions. We examined whether the isolated A and B
chain peptides of human insulin would form fibrils at neutral and acidic pH. Although insulin exhibits a
pH-dependent lag phase in fibrillation, the A chain formed fibrils without a lag at both pHs. In contrast,
the B chain exhibited complex concentration-dependent fibrillation behavior at acidic pH. At higher
concentrations, e.gz 0.2 mg/mL, the B chains preferentially and rapidly formed stable protofilaments
rather than mature fibrils upon incubation at 3Z. Surprisingly, these protofilaments did not convert
into mature fibrils. At lower B chain concentrations, however, mature fibrils were formed. The explanation
for the concentration dependence of B chain fibrillation is as follows. The B chains exist as soluble
oligomers at acidic pH, havefasheet rich conformation as determined by CD, and bind ANS strongly,
and these oligomers rapidly form dead-end protofilaments. However, under conditions in which the B
chain monomer is present, such as low B chain concentrati®?2(mg/mL) or in the presence of low
concentrations of GUHCI, which dissociates the soluble oligomers, mature fibrils were formed. Thus,
both A and B chain peptides can form amyloid fibrils, and both are likely to be involved in the interactions
leading to the fibrillation of intact insulin.

Many proteins can misfold and form intracellular or 1 (A)
extracellular aggregates that cause cellular dysfunction, ,@00@0@@0@0080000@@9@@

the misfolding of more than 20 proteins is associated with i B i DH DHH DHH I/HDD DDDDDDDD
amyloid fibril diseases1—3). In fact, it has been suggested 90@0@90@9”‘30@"‘3000@@@@@‘3‘390@“0
that the ability to form fibrils may be a generic property of

the polypeptide backbone, although the propensities of 10 (B)
different sequences to form such species can differ widely P E—

(4—6). So far, a number of studies have been reported on
key features of amyloid fibrillation: (i) identifying residues
critical for aggregation{—11), (ii) identifying factors that
lead to inhibition or enhancement of fibrillatiodZ—14),

(i) characterization of hierarchical assemblies, such as
protofilaments, protofibrils, and fibrils, in the fibrillation 15
pathway (5—17), and (iv) studying molecular-level structure
of amyloid fibrils (18) by using X-ray diffraction 19), solid-

Net charge
‘ (4]

state NMR R0, 21), FTIR (22), and H-D exchange 43, oH
24). H_owever_, Fhe detalled_ mechanisms underlying the Ficure 1: (A) Amino acid sequence and location of the disulfide
formation of fibrils still remain unclear. bonds of human insulin. The supersctipts indicate the amino acid

Insulin is a small helical protein hormone consisting of residues involved in association of insulin into dimers (D) and
hexamers (H). (B) Protein net charge as a function of pH: insulin
two polypeptides, the A chain (21 residues) and the B chain (=), B chain é-+), A chain (- - -), RCAM-Ach - — —), and RCM-

(30 residues), linked together by two interchain disulfide ach (—---).
bridges (Figure 1A), and undergoes fibrillation at elevated
temperatures, at low pH, and in the presence of organicit is subjected to low pH, agitation, and organic solvent, all
solvents and agitatior26—29). Fibrillation poses a variety ~ conditions that favor fibrillation.
of problems in the production, storage, and delivery (espe- In solution, insulin can exist as monomers, dimers,
cially via insulin pumps) of soluble insulin. For example, tetramers, hexamers, and possibly higher associated states,
during the preparation of recombinant insulin for clinical use, depending on concentration, pH, metal ions, ionic strength,
and solvent compositior8Q, 31). It has been proposed that

To wh J hould be add 4 Deoartment finsulin fibrillation occurs through the dissociation of oligo-
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X-ray analysis of the insulin hexamer reveals that the A fibril/aggregate morphologies. We used thioflavin T, a dye
chain consists of two helical segments,-A28 and A13- that has the useful property of binding relatively specifically
A20, the B chain includes a region of extended structure to amyloid fibrils with an associated large enhancement in
(B1—B8), ana-helical region between residues B9 and B19, its fluorescence quantum yield, to monitor the kinetics of
a -turn (B20-B23), and, finally, another extended strand fibril formation. We used the fluorescent hydrophobic dye
between residues B24 and B282). From studies of the  ANS to detect the presence of partially folded intermediates,
effects of mutations in insulin on its kinetics of fibrillation,  since this compound is well-known to bind to partially folded
Nielsen et al. 83) identified two surfaces on the insulin  conformations with an enhancement of its fluorescence,
monomer as potential interacting sites in insulin fibrils, one including a blue shift in its emission maximum. Our results
consisting of residues B10, B16, and B17 (all on one indicate that although the A chain formed amyloid fibrils
p-strand) and the other consisting of at least residues A8readily without a lag phase, the B chain formed either stable
and B25, observed from data on the fibrillation of insulin protofilaments or mature fibrils depending on the experi-
mutants. Since possible effects of the mutations on the mental conditions, implying that both chains may play
stability or dynamics of the monomer were not investigated, important roles in the fibrillation of intact insulin.
these conclusions regarding the interaction sites in the fibril

should be regarded as tentative. Cryoelectron microscopyMATERIALS AND METHODS

has been used to characterize insulin fibrils: low-resolution

three-dimensional structures of fibrils revealed a compact

shape for the insulin protofilament (two, four, or six per
fibril), with the crossp structure composed of relatively flat
[-sheets 34). The solution structure of human insulin under
amyloidogenic conditions (pH 2.4 and 6@) has been
determined using NMR36). In this structure, the N-terminal

segments of the A and B chains are separated from the core

and unfolding of the N-terminal helix of the A chain exposes

a hydrophobic surface, suggesting a potential initial interac-
tion surface for aggregation. In contrast, the C-terminus of
the B chain remains attached to this partial helical core. The

solution conformation of des-(B28830)-insulin determined
by NMR has been compared to that derived from crystal-
lography; whereas the overall structure is retained in solution
a high degree of flexibility at the N-terminal part of the A
chain and at the N-terminal and C-terminal parts of the B
chain was observe®6). Crystallographic studies of human

insulin at pH 2.1 in the presence of sulfate demonstrate that

the native fold is maintained at low pH. The bound sulfate

ions are associated with local deformations in the protein,

suggesting that the structure is more flexible at low 8 (
Thus, the identification of the specific regions of the insulin

molecule involved in aggregation remains to be determined.

The potential for fibrillation of the isolated A and B chains
also has not been examined.

Several models for fibril formation have been proposed.
The most common is the nucleated polymerization, in which
a rare event leads to formation of a nucleus (usually
considered to be a small oligomer, but in principle it could

be a rare monomer conformation) that once formed very

rapidly leads to the formation of the beginning of a “fibril".

The smallest such entity, often thought to consist of two
parallel 5-sheets, is called a protofilament. Protofilaments
can wrap around each other to form protofibrils or mature
fibrils, which are usually considered to be composed of two

to six protofilaments. One model assumes that the proto-

filaments grow simultaneously in place in the mature fibril;
i.e., the growing face of the mature fibril has the protofila-
ments in place. Alternate models include formation of
oligomers (protofibrils) that line up and “snap together” to
form fibrils.

In this study, to improve our understanding of the
mechanism of insulin fibrillation, insulin was reduced and
the A and B chains were isolated. The fibrillation behavior

Materials.Monocomponent human insulin (batch HO1713)
was obtained from Novo Nordisk A/S. The zinc content was
0.4% (w/w of insulin), corresponding to approximately two
Zn?t atoms per insulin hexamer. ANSpdoacetic acid, and
iodoacetamide were purchased from Sigma (St. Louis, MO).
Thioflavin T (ThT) was obtained from Fluka.

Purification of Insulin A and B Chaingduman insulin (4
mg) was dissolved in 1 mL of 50 mM potassium phosphate
buffer (pH 7.4) containing 1 mM EDTA and 10 mM DTT,
as described previously3®). This was kept at room
temperature for 1 day, at which time the B chain precipitated,
and the A chain remains soluble. The reaction mixture was
centrifuged at 14 000 rpm for 30 min. The A chain in the
supernatant was separated from residual reagents on a

' Sephadex G-25 column. Because the A chain peptide at high

concentrations rapidly formed fibrils, it was prepared at 0.5
mg/mL and used at that concentration in fibrillation experi-
ments immediately after its purification. The pellet containing
mainly the B chain was washed with water at least three
times to remove the intact insulin and DTT. The presence
of intact insulin in the supernatant of the washed pellet was
monitored with SDSPAGE; when the pellet had been
washed three times, no intact insulin was observed in the
supernatant.

Alkylation of A Chain Thiol Group®lkylation of the thiol
groups of the reduced A chain was achieved by addition of
an excess of iodoacetamide or iodoacetic acid.{ M) over
the thiol groups. The reaction was continued for 2 h, and
then the alkylated A chain was separated from residual
reagents on a Sephadex G-25 column. The alkylation of the
thiol groups of the A chain was confirmed by titration with
5,5-dithiobis(2-nitrobenzoic acid) (DTNB). The B chain and
RCM-Ach were insoluble at pH 7.5 and 1.6, respectively;
thus, we could not carry out fibrillation experiments under
these conditions.

To study the relationship between net charge and solubil-
ity, we calculated the net charges of the A and B chains and
their alkylated forms assuming independence of titratable
groups based on thékp; values as a function of pH (Figure
1B). The pl (isoelectric point) values for the B chain and

1 Abbreviations: ANS, 1-anilinonaphthalene-8-sulfonic acid; CD,
circular dichroism; DTNB, 5,5dithiobis(2-nitrobenzoic acid); EM,
electron microscopy; RCAM-Ach, reduced and carboxamidomethylated
insulin A chain; RCM-Ach, reduced and carboxymethylated insulin A

of the two chains was examined in terms of the kinetics and chain; ThT, thioflavin T; GuHCI, guanidine hydrochloride.
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RCM-Ach were~7.2 and~2.3, respectively, suggesting that 2000
the limited solubility in the vicinity of the pl was responsible (A) ;N o ° o
for their formation of insoluble aggregates at the correspond- W W,
ing pH values. 1500
Kinetics of Fibrillation Monitored by Thioflain T Fluo-
rescence All protein samples were freshly prepared im-
mediately prior to the experiments. Insulin was dissolved at
a concentration of 2 mg/mL in the appropriate buffer, and
its concentration was determined by the absorbance at 27
nm using an extinction coefficient of 1.08 for 1.0 mg/mL.
The extinction coefficientse] for insulin A and B chains
were calculated from their amino acid sequences. Fibril
formation was studied in solutions of 25 mM HCI, 100 mM

1000 -

Fhr intensity

TfT intensity

o
S

500 4

NaCl (pH 1.6), or 50 mM phosphate buffer (pH 7.5). A stock ° 0 10 2 20 0
solution of ThT was prepared at a concentration of 1 mM in

distilled water and stored at AC protected from light. For 4000

in situ ThT fluorescence measurements, @ ThT was B) M,‘q..‘

added to each of the protein solutions to be incubated in the
96-well plate; 10QuL sample volumes were added to each 3000 -
well. Five replicates were measured for each sample to
minimize the well-to-well variation. The plate was covered
with a Mylar plate sealer and incubated at°®7. The plate
was subjected to continuous agitation except for readings at;
15 or 30 min intervals, with the speed of agitation being
600 rpm and the shaking diameter being 1 mm. The
fluorescence measurements were performed on a Fluoroskan
Ascent CF fluorescence plate reader (Thermo Labsystems).
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The fluorescence was measured with excitation at 450 nm Time (hr)
and emission at 485 nm and curve-fit as described previously 0 - - - -
( 2 8) . 0 20 40 60 80 100 120

Supernatant Studiedfter fibrillation, all samples were Time (hr)

centrifuged at 14 000 rpm for 30 min, and proteins in the FEUREZ Kietis offlr formaton, moniored by T of uman
supernatant and pellet were analyzed with the Lowry assay.; . bated gt 37C at (A) pH’1.6 and (B) 75 insulir.ﬂ), A ghain

In addition, the concentration of ThT in the supernatant was peptide (0), RCAM-Ach (a), RCM-Ach (v), and B chain peptide
determined using a Shimadzu UV spectrometer (model UV- (a). The concentrations of insulin and B chain peptide were 2 and
2401PC) at 412 nm. 1 mg/mL, respectively, and the concentrations of A chain and

Circular Dichroism MeasurementsCD spectra were alkylated A chain peptides were 0.5 mg/mL. Note the different

obtained with an AVIV (Lakewood, NJ) 60DS spectropho- ordinate scales in the insets.

tometer. Spectra were recorded in a 0.1 cm path length round . : .
cell from 250 to 190 nm. For all spectra, an average of five were deposited on Formvar-coated 300 mesh copper grids

i i i 0,
scans was obtained. CD spectra of the appropriate bu1‘fersand negatively stained with 1% aqueous uranyl acetate.

were recorded and subtracted from the protein spectra.  peguLTS

ANS Fluorescence Measurementbe effect of various
concentrations of GUHCI on the binding of ANS to insulin Kinetics of Fibrillation of Human Insulin and A and B
and the B chain was studied. Protein (1 mg/mL) was Chains at Acidic and Neutral pH he kinetics of formation
dissolved in 0.025 M HCIl and 0.1 M NaCl at pH 1.6 with of amyloid fibrils for insulin and A and B chains were
10 uM ANS. The samples were incubated at room temper- monitored by ThT fluorescence at 3 and pH 1.6 and
ature for 20 min. The ANS fluorescence spectra were 7.5 (Figure 2). In the case of insulin, the fibrillation shows
measured with a FluoroMax-3 spectrofluorometer from 360 a pH-dependent lag time, which was much shorter at pH
to 600 nm (excitation at 350 nm). 1.6 (454 0.7 h) than at pH 7.5 (23.5 2.1 h). This

Seeding Experiments for B Chain FibrillatioAmyloid difference is caused by the fact that low-pH conditions favor
fibrils of the B chain peptide were used as seed fibrils in the the monomer or dimer, whereas the neutral-pH conditions
seeding experiments. When fibrillation was complete, as favor the tetramer or hexame8l), and the monomer is
described above, the fibril solution (2 mg/mL) was centri- required for fibrillation ¢0). On the other hand, the A chain
fuged at 14 000 rpm for 30 min. After the supernatant was formed amyloid fibrils without a lag phase at both pHs.
removed, the pellet was resuspended in water and sonicatedRCAM-Ach also exhibited a rapid increase in the magnitude
The effect of seeding on the kinetics of fibrillation was of the ThT signal (i.e., no lag) at both pHs. The formation
studied by adding 10% preformed seed fibrils. of fibrils by the A chain and RCAM-Ach was confirmed by

Electron MicroscopyTransmission electron micrographs electron microscopy (Figure 3BD). The fibrils were straight
were collected using a JEOL JEM-100B microscope operat- with a diameter of 16t 2 nm and were similar in appearance
ing with an accelerating voltage of 80 kV. Typical nominal to insulin fibrils (Figure 3A), except for more lateral
magnifications ranged from 300@0to 75000<. Samples association. For RCM-Ach, we observed no increase in the
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Ficure 4: Secondary structures of the insulin A and B chains. (A)
i ; " = Far-UV CD spectra at pH 7.5: insulin (thick solid line), A chain

‘B e : ; |, : (thin solid line), RCAM-Ach (dotted line), RCM-Ach (dotted

' dashed line), and fibrils of insulin (thick dotted line). (B) Depen-

5

FicURE 3: Negatively stained transmission electron micrographs gency of CD spectra on the concentration of the B chain: 1 mg/
of various fibrillar states for human insulin at pH 1.6 (A), A chain (thin solid line), 0.3 mg/mL (thick solid line), 0.1 mg/mL
atpH 7.5 (B), A chain at pH 1.6 (C), RCAM-Ach at pH 7.5 (D),  (dashed line), B chain protofilaments (thick dotted line), and 0.1
B chain at pH 1.6 (E), and the supernatant of incubated B chain mg/mL in 5 M GuHCI (dotted-dashed line).

solutions (F). The scale bar is 200 nm.

insulin, the A chain, and modified A chains at neutral pH

magnitude of the ThT signal (Figure 2B), even after were examined (Figure 4A). The CD spectrum of insulin
incubation for up to 1 week (data not shown), and no fibrils before fibrillation shows a double minimum at 208 and 222
were observed in the images from EM analysis. This nm indicative of substantiak-helical structure, consistent
decreased level of self-association is attributed to the changewith the crystal structure of the insulin hexam&g2), We
in protein net charge caused by the four added carboxyl also observed the presence of helical structure at acidic pH
groups, resulting in an increased level of electrostatic (data not shown), which has previously been reported from
repulsion between the RCM-Ach peptides, and consequentlya NMR solution structure determined under similar condi-
inhibition of fibrillation. tions of pH but in the presence of 20% acetic ac3d)(

Intriguingly, the B chain peptide did not exhibit a Following incubation at 37°C with agitation, the CD
significant increase in the magnitude of the ThT signal, even spectrum assumes a shape that is typical of the presence of
after incubation for up to 1 week, in contrast to the A chain. g-sheet, characterized by a minimum in the ellipticity at 217
A very small increase in the magnitude of the ThT signal nm, reflecting the large numbers of fibrils that are formed.
was observed without a lag phase, and EM images showedThe CD spectra of the A chain and the alkylated A chains
formation of protofilaments, which were thin @& 2 nm) at pH 7.5 exhibited the features of a substantially unfolded
and very flexible (Figure 3E) in comparison with the insulin  conformation although with slight differences between them;
and A chain fibrils. In addition, while the mature fibrils of e.g., the spectrum of the A chain has some structure with
insulin and the A chain were completely removed by negative ellipticity in the vicinity of 220 nm compared to
centrifugation at 14 000 rpm for 30 min, only 30% of the the alkylated versions. For these A chain peptides, CD spectra
total B chain peptide was recovered in the pellet under thesewere also recorded at pH 1.6 and the same spectral features
conditions. The EM images for the supernatant of B chain were observed (data not shown). Comparison of the CD
fibrillation showed the presence of many very short protofil- spectra with the fibrillation kinetics shows a correlation
aments reminiscent of those in the incubation mixture and abetween faster fibrillation and less secondary structure in
few very short fibrils (Figure 3F). the different forms of the A chain at both acidic and neutral

Secondary Structure Analysis by Far-UV CD Spectra and pH, suggesting that less structure in the peptide means that
B Chain AggregatioriNext, the far-UV CD spectra of human it more readily forms fibrils.
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Ficure 5: Different aggregation states of the insulin B chain. (A) Influence of B chain concentration on its fibril formation monitored by
ThT fluorescence. B chain concentrations werd@®}, 0.5 ©), and 0.2 mg/mL Y) in 0.025 M HCI and 0.1 M NacCl (pH 1.6), incubated

at 37°C. The inset shows an expanded ordinate view for the fibrillation of 0.2 mg/mL B chain, showing the two transitions, as seen at 0.5
mg/mL. Corresponding EM images for 0.5 (B) and 0.2 mg/mL (C) fibrillated B chain. (D) EM image of soluble aggregates of B chain
insulin.

In contrast, the CD spectrum of the B chain at pH 1.6 effect of the concentration of the B chain on its fibrillation
prior to incubation at 37C shows3-sheet conformation with  at acidic pH (Figure 5). The kinetics of B chain fibrillation
a negative peak at 217 nm, which is dependent on the Bwere markedly dependent on peptide concentration. For
chain concentration (Figure 4B), indicating formation of example, incubation of 0.2 mg/mL B chain showed a long
soluble oligomers (confirmed by EM; see Figure 5D). The lag time (65+ 9 h), whereas the lag time of 0.5 mg/mL B
spectrum of B chains at a low concentration (0.1 mg/mL) chain was much shorter (304 h). At higher concentrations
shows two minima in the 216217 and 206-202 nm such as 1.0 mg/mL, however, there was no lag time, and
regions, diagnostic of coexisting-sheet and unfolded only a small increase in ThT intensity was observed. From
structures. In the presencé 8 M GuHCI, however, the EM analysis, we observed mature fibrils for 0.5 mg/mL B
spectrum indicates a completely denatured structure. Interestchain, as well as protofilaments (Figure 5 B), consistent with
ingly, the spectrum of the protofilaments of the B chain also the idea that low concentrations of the B chain lead to
shows a typicab-sheet rich conformation with the negative dissociation of the soluble oligomers to provide monomers
peak at 217 nm, and almost the same spectrum as the on¢hat can form mature amyloid fibrils of the B chain. The
before the incubation and/or fibrillation, suggesting that there EM image for 0.2 mg/mL B chain shows some protofila-
is no significant change in the amount@®structure in going ments but mostly mature fibrils (Figure 5C). These observa-
from the B chain soluble oligomers to the protofilaments. tions can be explained as follows (Scheme 1). At low B chain
Though the far-UV CD spectrum of mature fibrils of insulin  concentrations, there will be more monomer and less soluble
was similar to that of the B chain protofilaments, the negative aggregate. The monomers can associate and form mature
intensity of the fibrils was larger than that of protofilaments, fibrils with typical fibrillation kinetics (i.e., a lag followed
suggesting structural differences between the mature fibrils by exponential growth). However, at higher concentrations,
and protofilaments. As discussed subsequently, the B chainthe B chains are present as the soluble oligomers and these
protofilaments do not appear to be intermediates on the rapidly and preferentially form protofilaments and not mature
pathway to mature fibrils. fibrils.

Effect of B Chain Concentration on Fibrillatiorn view Actually, the kinetics for fibrillation at 0.2 and 0.5 mg/
of the concentration-dependent CD spectra, we examined thenL B chain are more complex then the typical sigmoidal
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Scheme 1

8% S Protofilaments

Soluble oligomer

|

O ——»  Mature Fibrils
Monomer

ThT intensity

curve defined by an initial lag phase, a subsequent growth
phase, and a final equilibrium phase; instead, the traces
appear to be composed of two transitions, an initial one due

to the formation of protofilaments and a second larger Time (hr)

increase in ThT intensity due to formation of mature fibrils 40 30

(e.g., see the inset of Figure 5A). Our results clearly show (B)

that B chain fibrillation has a lag phase for mature amyloid § 30 | - 25

fibril formation in contrast to the results of the A chain §

fibrillation and B chain protofilament formation in which b 120

there is no lag phase. S 20 1 ] @
Effect of GUHCI on B Chain FibrillationDenaturants are i 15 £

known to decrease the level of association of aggregated '= 10 1 10 it

polypeptides, so we next investigated the effects of GUHCI Z ¢

on B chain fibrillation, with the expectation that low < 0] P g5

concentrations of denaturant would increase the amount of

monomeric B chain at higher concentrations of the peptide T T T - 0

and, hence, according to our hypothesis, increase the level 0 1 2 3 4 5

of formation of mature fibrils. This was confirmed using light GuHCI (M)

scattering, which showed a sharp drop in aggregate size going
from 0 to 0.5 M GdnHCI, attributed to dissociation of the
soluble oligomers into monomers, followed by a small 100
increase at higher denaturant concentrations, presumably ©)
reflecting unfolding of the monomer. The kinetics of 1 mg/ 80

mL B chain incubated at pH 1.6 and 3 in the presence
of GUHCI, monitored by ThT fluorescence, are shown in
Figure 6. We observed the typical sigmoidal curves of the
ThT signal at low concentrations of GUHCI (6:3.0 M). 40
The kinetic curves show an initial lag phase, an exponential
growth phase, and a final equilibrium phase with a strong

120

60

% in pellet

ThT signal; this is in contrast to the absence of GuHCI, in 04 , , : . N
which no lag was seen and much lower ThT intensities were 0 1 2 3 4 5
observed (Figure 5A), and suggests a different mechanism GuHCI (M)

of fibrillation in ‘h‘? presence Of.the denaturant. At higher IGURE 6: Effects of GUHCI on the fibrillation of B chain insulin.
GuHCI concentrations, the peptide becomes denatured anqa) Kinetics of B chain (1 mg/mL) fibrillation at pH 1.6 monitored
no fibrils are formed. by ThT fluorescence: 0 (controldj, 0.2 @), 0.7 ©), 1 (v), 3
Figure 6B shows the lag times calculated from curve fitting (2), and 5 M GuHCI ®). (B) Dependencies of the lag timeY
as a function of GUHCI concentration. The lag time decreased@nd final ThT fluorescence (60 h®) on GUHCI concentration.
with an increase in GUHCI concentration to a minimum at i(rg:)ﬂ%mount of protein©) and ThT ¢ in the pellet after incubation
. . . presence of GUHCI.
0.7 M GuHCI and then increased at higher concentrations.
The final ThT signals have also been monitored as a function GUHCI concentrations of 0.5 or 0.7 M, however, the EM
of GUuHCI concentration in Figure 6B. These show a images show mature fibrils with extensive lateral association
maximum value at-0.5-0.7 M GuHCI, which is consistent ~ (Figure 7C,D), with a diameter of 1& 2 nm, similar to
with the region of GUHCI concentration accelerating the B insulin fibrils, and B chain fibrils grown at low protein
chain fibrillation, and we observed the most fibrils in the concentrations in the absence of GUHCI. When the incubation
pellet after centrifugation in this region of GUHCI concentra- mixtures of the mature fibrils of the B chain formed in low
tion (Figure 6C), suggesting that very low concentrations of concentrations of GUHCI were centrifuged, all the protein
GuHCI increase the rate of B chain fibrillation as well as was in the pellet, suggesting that under these conditions
the amount of mature fibrils that is formed. essentially all of the B chain molecules formed mature fibrils,
EM pictures of B- hain fibrils grown in the presence of since protofilaments were not significantly removed by such
GuHCl at pH 1.6 are shown in Figure 7. In the presence of a centrifugation (see above). In high concentrations of
0.1 or 0.2 M GuHCI, the EM images showed mixtures of GuHCI, where incubation of the B chain gave weak ThT
short protofilaments and mature fibrils (Figure 7A,B). At signals, the EM images showed more short and clumped
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Ficure 7: Electron micrograph images of B chain fibrils. The images show the morphology of fibrils at various GuUHCI concentrations at
pH 1.6: (A) 0.1, (B) 0.2, (C) 0.5, (D) 0.7, (E) 1.0, and)(& M GuHCI. The scale bar is 200 nm.

fibrils than in low concentrations of GUHCI (Figure 7E,F). insulin hexamers into dimers or monomers and partially
These results are consistent with EM images of insulin fibrils unfolded states that lead to accelerated fibrillatié@)( To
in high concentrations of GUHCH(). confirm that the acceleration of B chain fibrillation in the
We interpret these results to mean that low concentrationspresence of GUHCI is due to the induction of a monomeric
of GuHCI, optimally around 0.7 M, dissociate the soluble amyloidogenic intermediate due in turn to dissociation of
oligomers of the B chain peptide to form monomeric species the soluble B chain oligomers, we analyzed the CD and ANS
which undergo “normal” fibrillation to form mature fibrils.  binding properties of the B chain. Figure 8 shows the far-
At >1 M GuHCI, denaturation of these monomers becomes UV CD spectra of the B chain in the presence of various
increasingly predominant, so fewer fibrils are formed. concentrations of GUHCI. These experiments were carried
Effect of GUHCI on the Structure of the B Chalrow out at 1 mg/mL B chain, the same concentration as in the
concentrations of GuHCI have been shown to dissociate fibrillation experiments. At low concentrations of GuUHCI,
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the spectrum of the B chain exhibited substanfiadheet an increase in GUHCI concentration, again consistent with
structure, the amount of which decreased-@M GuHCI. low denaturant concentrations leading to dissociation of
The ellipticities at 220 nm were plotted against the concen- soluble oligomers and formation of mature B chain fibrils.
tration of GUHCI in Figure 8B. The negative ellipticity Role of B Chain Protofilamentd/Ne then investigated
increased initially to a minimum at 0.3 M GuHCI, paralleling whether B chain protofilaments could convert into mature
the effects of GUHCI on the fibrillation kinetics of the B fibrils, since protofilaments are usually intermediates on the
chain peptide (Figure 6B), consistent with the idea that pathway to mature fibrils in most amyloid fibril systems.
dissociation of soluble oligomers is required for mature fibril  The kinetics of protofilament formation were compared with
formation. The spectra changed markedly abaw GuHClI, the kinetics of the extension reaction of the mature fibrils
presumably reflecting denaturation of the peptide. by the addition of seed fibrils (Figure 10). After incubation
We also examined the effects of GUHCI on the binding under conditions in which the B chain forms protofilaments,
of ANS to the B chain to obtain further information about the final ThT intensity has a low value of 30; however, the
the peptide conformation (Figure 9). Hydrophobic ligands addition of B chain seed fibrils (formed in 0.7 M GuHCI) at
such as ANS and bis-ANS bind to hydrophobic regions of the start of the incubation leads to the formation of mature
partially folded intermediategt{—45), resulting ina marked B chain fibrils with a ThT intensity of 150, 5 times higher
increase in fluorescence emission of the ANS ligands and athan that of protofilaments at the same concentration. This
change inMlmax The fluorescence emission spectra of ANS intensity is still lower than the value of 250 for B chain
in the presence of the B chain are shown in Figure 9A. mature fibrils formed directly in 0.7 M GuHCI (Figure 6A).
Interestingly, ANS binds strongly to the B chain in the EM images after incubation of the B chain in which seeds
absence of GUHCI at pH 1.6, while it does not bind to insulin were added at time zero show the existence of laterally
under these conditions, suggesting that the B chain peptideassociated mature fibrils with a background of protofilaments
is partially folded and/or that it forms oligomers that have (Figure 10B), suggesting that the high ThT intensity is due
hydrophobic binding sites for ANS. The ANS fluorescence to the formation of mature fibrils of the B chain. These results
intensities at 480 nm for the B chain and insulin are plotted (along with those of Figure 5) indicate that the fluorescence
versus the GuHCI concentration in Figure 9B. The changesof ThT bound to the protofilaments is much lower than that
in fluorescence intensity for insulin show unfolding induced of the mature amyloid fibrils and that the majority of the
by GuHCI with a partially folded intermediate at1.0 M protofilaments do not convert into the mature fibrils even
GuHCI; in contrast, the fluorescence for the B chain after the addition of seed fibrils. After the incubation, we
essentially decreases monotonically with an increase inmeasured the amount of protein in the pellet and found
GuHCI concentration. The corresponding effects ontthg 50—70% of the total protein, indicating that 3®0% of the
of ANS binding are shown in Figure 9C and show essentially protein still remains in the supernatant (as protofilaments
no change as a function of GuHCI concentration. These and/or soluble oligomers), presumably due to the lack of
observations suggest that the B chain molecules in thedissociation of soluble oligomers preventing mature fibril
oligomers are already partially unfolded and become evenformation.
less structured as the GUHCI concentration increases above We also examined whether the protofilaments can be
0.5 M. converted into mature fibrils by adding seeds of mature fibrils
From these results, we can account for the formation of after incubation of the B chain for 45 h (Figure 10A).
mature fibrils of the B chain in the presence of low Interestingly, a small increase in the magnitude of the ThT
concentrations of GUHCI by the dissociation of soluble B signal was noted, to a value of 100. This increase is attributed
chain oligomers, as shown in the model of Scheme 1, andto the formation of B chain mature fibrils, probably from
indicating that the initial association state is an important the small amount of monomer present. When we analyzed
factor in determining the type of fibrillar material formed this sample with EM, a mixture of mature fibrils and
by the B chain. Figure 6C shows that the amount of total protofilaments was observed (Figure 10C), with a much
protein spun down in the pellet (essentially the amount of higher fraction of protofilaments compared to the sample
mature B chain fibrils formed) reaches a maximum at very seeded at time zero (Figure 10B). The amount of protein in
low GuHCI concentrations and then slowly decreases with the pellet was 3650% of the total protein, suggesting that



9350 Biochemistry, Vol. 45, No. 30, 2006 Hong et al.

1.6e+6 200
2 1.4e+6 | :
(7]
5
.E 1.2e+6 . 150
g 1.0e+6 1 =
c { o=
8 8.0e+5 A [0}
A £ 100 1
O 6.0e+5 - =
9 —~
= 4.0e+5 - |'E
2 20 50
< ? e+5

0.0 . ; . ]

400 450 500 550 600 0

Wavelength (nm)

1.8e+6

1.6e+6 (B)

ANS fluorescence intensity at 460 nm

0 1 2 3 4 5
GuHCI (M)

520 A
s (C)

500 %

4901 ¢

4804 S

470 -

Emission wavelength (nm)

460

GuHCI (M)

Ficure 9: Effect of GUHCI on ANS binding of the B chain peptide,
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at 460 nm for B chain®) and monomeric insulind). (¢) GuHCI effect on the kinetics of B chain fibrillation monitored with ThT.

ﬁqeopneonmd:pigyingzlitgi)em|SS|on wavelength for B chai) end Seed fibrils of the B chain (0.1 mg/mL), formed in the presence of
' 0.7 M GuHCI, were added to the B chain solution@ @nd 45 h

the protofilaments could not convert into the mature fibrils. (4) after incubation (arrow). The filled circles show the corre-
sponding curve in the absence of seeding. (B) EM images of B

On _the basi; of these observf’;ltions, W_e conclude that the E”chain fibrils formed in the presence of seed fibrils added at the
chain protofilaments are not intermediates on the pathway peginning of the incubation and (C) after incubation for 45 h.
to mature amyloid fibrils but an off-pathway or dead-end

product. the dissociation of the native oligomers into the monomer;
DISCUSSION the monomer then undergoes a structural change to a partially
folded intermediate, which has a strong propensity for

Roles of A and B Chains in the Fibrillation of Insulit. fibrillation (28, 30, 40, 46—48). For this reason, the fibril-
has been proposed that insulin fibrillation occurs through lation of insulin at acidic pH (conditions favoring monomer
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and/or dimer) occurs more readily than that at neutral pH from 2-microglobulin, a major component of dialysis-
(conditions favoring tetramer and/or hexamer). It is known related amyloid fibrils $2): thin and flexible protofilaments
that short peptides including key amyloidogenic residues of of f2-microglobulin, prepared under conditions of high salt
larger proteins can form amyloid fibrils. Thus, the fact that at acidic pH, had no seed function and a weak ThT signal
the fibrillation of the insulin A chain occurred easily with and did not convert into mature fibrils. Protofilaments were
no lag phase in a pH-independent manner could indicate thatalso observed to form at a slow rate spontaneously, analogous
the A chain may be, or include, the key sequence for insulin to the situation with insulin (Figures 2 and 5). Since fibril
fibrillation. The observation that fibrils of both the A chain  formation occurs very rapidly once nucleation is complete,
and the alkylated A chain with iodoacetamide (RCAM-Ach) the slow rate of protofilament formation observed with the
exhibited the same morphology and similar kinetics of B chains might be an inherent property of dead-end
formation indicates that the cysteine residues do not play aprotofilaments.

critical role in fibrillation. In Contrast, the lack of fibrillation Fibrillation of the B Chain Depends on Its Association
by the A chain alkylated with iodoacetic acid (RCM-Ach), state. One of the most interesting findings from this
presumably due to the increase in the level of electrostatic jnyestigation is that B chain fibrillation is affected by the
repulsion, demonstrates the critical nature of small changesnature of the soluble oligomers. Freshly prepared B chains
in the nature of residues not necessarily involved directly in from the reduction of insulin are aggregated at neutral pH,
self-association in the formation of amyloid fibrils. in the vicinity of its pl (Figure 1B). At acidic pH, while
Unlike the A chain peptide, which is quite soluble, the B - they are apparently soluble, B chains nevertheless still form
chain forms insoluble aggregates at neutral pH and solublez soluble aggregate except at very low protein concentrations.
oligomers at acidic pH. This suggests that the B chain peptide Since low concentrations of the B chain can form mature
has a stronger intrinsic propensity to self-associate than theamyloid fibrils with a typical lag phase, we assume that this
A chain. Interestingly, the B chain did not form typical reflects the properties of the monomeric form of the B chain.
mature amyloid fibrils except at very low concentrations, However, higher concentrations of the B chain lead to a
where significant amounts of monomer were present. Instead,combination of soluble oligomers and protofilaments. Thus,
the soluble oligomers lead to the formation of protofilaments. the ability to form fibrils is affected by the association state
The driving force for insulin aggregation is assumed to be of the starting material. One possible explanation for this is
hydrophobic in nature, and it has been suggested that thethat the soluble oligomers directly interact to form protofila-
initial step in aggregation is probably the formation of ments without proceeding through a monomeric species.
monomeric, partially_fold.ed mole.cules, in which hydrophobic The addition of GUHCI markedly affects B chain fibril-
faces, normally buried in the dimer and hexamer, becomeIation. We attribute the effects of low concentrations of

tehxp%serc]i o soIv_emS’lG, 37) Mtch]st 3m|no aC;]d res'd“?s |r:_ GuHCI predominantly to dissociation of soluble oligomers
€ b chain are Involved In either dimer or hexamer INSUlIN 4 monomers. We believe that these monomers are partially
formation (Figure 1A), and these hydrophobic properties of unfolded, permitting the necessary topological rearrange-

the B chain are considered to be a driving force for insulin ; ;
aggregation when they become exposed to solvent by thernents of the polypeptide for formation of thé-sheet

h - ) v structure of the fibril.
dissociation of the dimer or hexamer into the monomer. Thus, o
the facile association of the B chain to form soluble Our results demonstrate that mature B chain fibrils are

oligomers at neutral pH near its pl is not unexpected. At formed only from monomers, which are only found signifi-

acidic pH, however, although the B chain peptide is soluble, cantly at low B chain concentrqt|on§o_2 mg/mL) or in
it is mostly present as oligomers that lead to formation of the presence of low concentrations of GUHCI with higher
protofilaments with no lag phase (Figure 2A). concentrations of the B chz_iln, Wherea_s protofllame_znts form
One of the unusual aspects of A chain fibrillation is the diréctly from the soluble oligomers, without formation of a
significant amount of lateral association of fibrils formed Cfitical nucleus (hence, the lack of a lag phase). The fact
from the A chain: this could reflect a tendency for nucleation that they do not go on to form mature fibrils suggests that
on the side of existing fibrils or a strong lateral interaction the underlying structure of the protofilaments must have
between fibrils due the exposure of either hydrophobic or SOMe critical differences from mature fibrils.
electrostatic (or both) interactions of residues on the surface In conclusion, the three major findings from this study
of the fibril. are first that both insulin A and B chains can form fibrils,
Protofilaments and Fibrils of Insulin B ChainBor insulin ~ suggesting that regions of both chains are involved in the
B chains, the protofilaments are thin and very flexible fibers self-association leading to insulin fibrillation. Second, the
with low ThT intensity, and the mature fibrils are straight data indicate that the association state of the starting species
and thicker with high ThT intensity and also possess a strongcan have dramatic effects on the final product of aggregation
tendency to associate laterally. Protofibrils are usually and fibrillation. Third, a specific polypeptide, in this case B
considered as a transient species during formation of maturechain insulin, can form two very different types of non-
amyloid fibrils and have been implicated in the toxicity interconverting fibrils, namely, the protofilaments and the
responsible for cell dysfunction and neuronal loss in Alz- mature fibrils.
heimer’s disease and other protein aggregation dise48es (
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