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ABSTRACT: In the search for the molecular mechanism of insulin fibrillation, the kinetics of insulin fibril
formation were studied under different conditions using the fluorescent dye thioflavin T (ThT). The effect
of insulin concentration, agitation, pH, ionic strength, anions, seeding, and addition of 1-anilinonaphthalene-
8-sulfonic acid (ANS), urea, TMAO, sucrose, and ThT on the kinetics of fibrillation was investigated.
The kinetics of the fibrillation process could be described by the lag time for formation of stable nuclei
(nucleation) and the apparent rate constant for the growth of fibrils (elongation). The addition of seeds
eliminated the lag phase. An increase in insulin concentration resulted in shorter lag times and faster
growth of fibrils. Shorter lag times and faster growth of fibrils were seen at acidic pH versus neutral pH,
whereas an increase in ionic strength resulted in shorter lag times and slower growth of fibrils. There was
no clear correlation between the rate of fibril elongation and ionic strength. Agitation during fibril formation
attenuated the effects of insulin concentration and ionic strength on both lag times and fibril growth. The
addition of ANS increased the lag time and decreased the apparent growth rate for insulin fibril formation.
The ANS-induced inhibition appears to reflect the formation of amorphous aggregates. The denaturant,
urea, decreased the lag time, whereas the stabilizers, trimethyldivoxéde dihydrate (TMAQO) and
sucrose, increased the lag times. The results indicated that both nucleation and fibril growth were controlled
by hydrophobic and electrostatic interactions. A kinetic model, involving the association of monomeric
partially folded intermediates, whose concentration is stimulated by thevaier interface, leading to
formation of the critical nucleus and thence fibrils, is proposed.

Physical and chemical instability problems are among the Insulin is normally formulated as a zinc-coordinated
most challenging tasks in development of protein delivery hexamer, which is the physiologically predominant form. The
systems 1). The most common physical stability problem hexamer is formed by the association of three dimers, and
is protein aggregation or fibril formation. Insulin has been is stabilized by two to four zinc ions. Zinc-free insulin is a
used for more than 75 years in the treatment of insulin- dimer at low protein concentrations over the pH&range,
dependent diabetic patients, but much effort is still being shifting to a tetramer at protein concentrations>df.5 mg/
spent to improve and optimize the therapeutic use of insulin. mL. Insulin is conformationally very stable under acidic
Studying the kinetics and identifying the key steps in the conditions at ambient temperaturés. (In 20% acetic acid,
formation of insulin fibrils may reveal important information  insulin is monomeric§, 7).
for preventlon of fibril formatlon. Furthermore, it may help Formation of insulin fibrils is a physical process in which
elucidate the mechanism for the development of a number ,,_hative insulin molecules interact with each other to form

gf nl((e_urode,geg_eratlve d|sodrdgrs such as AI_the|mer S d'sﬁalserinear, biologically inactive aggregated) (It was recognized,

r?r r|]nsonh§ h |seaS(ﬁ, ﬁn 0‘('”% Epongl grm enlcep a0 early, that three reactions are involved in fibril formation:
8 at Yt'.W |c_4are all characterized by an abnormal protein ., jsation (formation of stable nuclei), growth (elongation
eposition 2—4). of nuclei to fibrils), and precipitation (floccule formation)
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model has been found to apply for fibrillation of several and addition of 1-anilinonaphthalene-8-sulfonic acid (ANS),

proteins, including Alzheimer’'s amyloig-peptide (3), a urea, trimethylamineéN-oxide dihydrate (TMAO), sucrose,
peptide derived from OsmB resembling the C-terminal region and ThT on the fibrillation process, and thereby gain more
of amyloid -protein (L1), anda-synuclein (5). insight into the molecular mechanism of insulin fibril

The driving force for insulin aggregation is assumed to formation.
be hydrophobic in nature. It has been suggested that the initial
step is the exposure of certain hydrophobic residues, normalIy'V|A-|—ERV'\'-S AND METHODS

buried in the three-dimensional structure, to the surface of Materials Monocomponent (MC) bovine insulin (batch

the insulin monomer. Thus, the initial step in aggregation is 9601331) was obtained from Novo Nordisk A/S. The zinc

probably the forma_non Qf monomeric, c_onformanonally content of insulin was 0.4% (w/w of insulin), corresponding
changed molecules, in which the hydrophobic faces, normallyto approximately two Z# ions per insulin hexamer

buried in the dimer and hexamer, become exposed to Solventyjoqa i T, 1-anilinonaphthalene-8-sulfonic acid, and tri-

(16, 17). Insulin has a very strong propensity to form fibrils methylamineN-oxide dihydrate were obtained from Sigma

in the presence of hydrophobic _surfaces, including thg air (St. Louis, MO). All other chemicals were of analytical grade
water interface formed on agitatiorld 19). Amyloid from EisherChemicals

deposits have been observed both in patients with type Il Preparation of Insulin Fibrils.All insulin samples were
diabetes 20-22) and in normal aging23), as well as after made from a fresh stock solution of 20 mg/mk3.5 mM)

continuous subcutaneous insulin infusio?4)( and after o I . .
repeated insulin injection®%). However, the major problem bqvme insulin in O'OA.' M HC (pH 1.6) prepared "T?”.‘e‘?"ate'y
g Prior to each experiment. This was done to minimize the

with insulin aggregation is in the production, storage, an possible formation of nuclei in an old stock solution, which
livery of the protein. For example, fibril formation i L o ; ’
delivery of the prote or example, fibril formation is a would affect the kinetics of fibril formation. For the

major problem in the commercial isolation and purification tration d d tudv. the insulin stock soluti
steps, where many steps in the purification of insulin involve concz_r; fta('f.” oeggg I\?Inl?éjls N é”o 1e|\|/|n?\lu 'gls Ol?l 1sg ut lon
a pH of 1-3. The low pH promotes relatively rapid fibril Wt?ts' fiute mt .t' : anf : 02t a20 (P / L)T?\
formation @6). Agitation of insulin solutions during trans- i%sjlllirr: ggrr:g:rr:trr;ilgr?iv;asnr%lengsurroerg by./ U\? absg:gtign .at 2766
portation, and in portable delivery systems, also triggers nm using an extinction coefficient of 1.0 for 1.0 mg/n&8§j.

aggregation 18). The effect of ani tudied usi insuli
- : P Qo : e effect of anions was studied using an insulin concen-
Quantitative analysis of the kinetics of fibril formation jtration of 2 mg/mL in 0.025 M HCI (pH 1.6) with

requires both well-characterized protein preparations an . .
: o . C o concentrations of NaCl, N8Oy, and NaHPQO, ranging from
appropriate monitoring techniques, as significant variations 0.05 to 0.50 M. The effect of acids, hydrochloric acid,

in the degree of aggregation in the initial solutions may lead sulfuric acid, and phosphoric acid, was studied using 2 mg/
to large experimental irreproducibility. Several techniques mL insulin in 0.025-0.50 M HCI. 0.0167-0.50 M bSO,

have been employed in the study of fibrillation of proteins, X
including quasielastic light scattering, turbidity, analytical and 0'.1_0'5 M HPQy W.'th apH bv_atvvgen_o.s and 1.7. These
experiments were carried out using in situ ThT fluorescence

ultracentrifugation, size exclusion chromatography, transmis- d ‘bed bel
sion electron microscopy, and atomic force microscddy ( as described below. o ) .
27-31). The effect of pH, ANS, and ThT on the kinetics of insulin

: ; ; ; ; fibrillation was studied in glass vials. For studying the effect
The histological dye thioflavin T (ThT)has been widely o ; ) .
used for the detection of amyloid fibril82, 33). In the  ©f ?H' é mg/mL b0\|/|ne insulin was dlsfsolved |rt1)(1c.f025 '\g
presence of fibrils, ThT gives rise to a new excitation HCl and 0.1 M NaCl at pH 1.6, 20 mM formate buffer an

maximum at 450 nm and enhanced emission at 482 nm,o'1 M NaCl at pH 3, and 20 mM phosphate buffer and 0.1

whereas unbound ThT is essentially nonfluorescent at these'vI NaCl at pH 7.4._The_eff¢ct of AN.S was studied using 1
wavelengths. Insulin fibrils have been shown to fluoresce M3/ML (0.17 mM) |nsul|n. dissolved in 0.1 M HCI .(pH 1.6)
intensively with ThT, resulting in fluorescent properties that using a molar ratio of 19'1 (1'8. mM ANS) and 50:1 (9 mM
are indistinguishable from those of other amyloid fibrB8, ANS). A 1 mg/mL insulin solution in 0.1 M HCI (pH 1.6)
34). ThT is believed to interact relatively specifically and without ANS was used as a control. Each sample (0.5 mL)

apidly with amyloid fibrils, and the binding is independent WaS incubated at 37C in 1.8 mL borosilicate glass vials
(r)fp;hé/ V[\)”rimaryystlrucltu:: of the prlotelirtg4l)s IOnI)F/) the with rubber-lined closures (from Fisherbrand). The solutions

multimeric fibrillar forms, not multiple3-sheet domains in were stirred with micro stirring bgrs (8mm1.5 mm) from
native proteins, fluoresce with ThT. Measuring the level of Fisherbrand. At appropiate time intervals, the vial was gently

o ; L ; haken to distribute fibrils evenly in the vial before with-
binding of ThT to insulin fibrils is thus a potential powerful Shake . o
tool for studying the kinetics of insulin fibril formatior8§). drawing aliquots of 1GiL. The effect of ThT on the kinetics

Insulin fibril formation has been shown to result in formation _Of insuli_n fibril format_ion was alsq stu_died in glass vials by
of B-sheet structure3, 37). incubating 1 mg/mL insulin solutions in 0.0225 M HCI and

0.0775 M NaCl (pH 1.6) with and without 20M ThT and
removing aliquots for fluorescence measurements.

The effect of urea, trimethylamin&l-oxide dihydrate
(TMAOQ), and sucrose on the kinetics of insulin fibrillation
was studied by incubating the samples in 96-microwell

1 Abbreviations: AFM, atomic force microscope; ANS, 1-anilino- ; ot A ;
naphthalene-8-sulfonic acid; CD, circular dichroida;, apparent rate polystyrene plates at £L without agitation. Bovine insulin

constant for fibril growth (elongation rate); ThT, thioflavin T; TMAO, (2 mg/mL) was dissolved in 20 mM phosphate buffer Qnd
trimethylamineN-oxide dihydrate. 0.1 M NaCl (pH 7.4), and urea was added at concentrations

The purpose of this paper was to study the kinetics of
insulin fibril formation by investigating the effect of insulin
concentration, agitation, pH, ionic strength, anions, seeding,
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of 2, 4, and 6 M. The effect of the stabilizers, TMAO and at 482 nm from which was subtracted a blank measurement
sucrose, was studied under monomeric conditions, i.e., 20%recorded prior to addition of insulin to the ThT solution. Data
acetic acid. Bovine insulin (2 mg/mL) was dissolved in 20% were processed using DataMax/GRAMS software.

aceticacidand 0.1 M NaC_I (pH 1.6), and TMAO and sucrose  Circular Dichroism (CD) Spectroscop@D spectra were
were added at concentratiorisloM and 10%, respectively.  gptained at ambient temperature on an AVIV 60DS circular
Preparation of Seed3he effect of seeding on the kinetics  gjichroism spectrophotometer (Aviv Association, Lakewood,
of insulin fibrillation was studied by adding different amounts NJ) using an insulin concentration of 2 mg/mL. In the near-
of preformed fibrils. Bovine insulin (2 mg/mL) was dissolved |y region, CD spectra were recordetia 1 cmcell from
in 0.025 M HCland 0.1 M NaCl (pH 1.6). The solutionwas 320 to 250 nm. In the far-UV region, CD spectra were
incubated at 37C with stirring fa 7 h and subsequently  recorded in a 0.01 cm cell from 250 to 190 nm. Both near-
mildly sonicated for 5 min. Aliqouts of 100, 50, 10, and 5 4nq far-UV CD spectra were recorded using a step size of
uL were withdrawn and added to 900, 950, 990, and 995 ( 5 ym, a bandwidth of 1.5 nm, and an averaging time of 5
uL, respectively, of a fresh 2 mg/mL bovine insulin solution g oy the spectra at ambient temperature, an average of five
in 0.025 M HCl and 0.1 M NaCl (pH 1.6). The samples gcans were obtained. For the spectra at@0only one scan
were incubated in a 96-microwell plate at 43 without a5 recorded, and the temperature in the cell was maintained
agitation using in situ ThT fluorescence. = at 60°C using a circulating water bath. The samples were
Thioflavin T Fluorescence Assays for FibrillatioA.stock  equilibrated at 60C for 10 min before collecting the spectra
solution of ThT was prepared at a concentration of 1 MM in ¢ 60°C. CD spectra of the appropriate buffers were recorded
double-distilled water and stored at@ protected from light  5,q suptracted from the protein spectra. The molar ellipticity,

to prevent quenching until it was used. For in situ ThT [6], was calculated as the CD signalmolecular mass (in
fluorescence measurements, /@@ ThT was added to each  ggjtons)/[number of residues insulin concentration (in
of the insulin solutlon§ to be incubated in the 96-microwell milligrams per milliliter) x cell path length (in millimeters)].
polystyrene plates with flat bottoms (Nunc). A sample Atomic Force Microscope (AFM) Imaging bovine
volume of 200uL was added to each well. Five replicates . ; COpE ging:

insulin (1 mg/mL) solution in 0.1 M HCI (pH 1.6) was

corresponding to five wells were measured for each sample. ) o .
to minimize the well-to-well variation. The plates were incubated at 37C with stirring for 1 h. An aliquot of %L

covered by ELAS septum sheets (Spike International, Ltd.) was diluted 10-fold n 0.1 M HCI, and bL of th'e diluted :
and incubated at 60C without agitation or shaking. The ;amplg was d_epoglted on freshly cleaved mica and dried
plates were removed from the incubation at°@every 30 |mmed|ately with nitrogen gas. The se}mp!e',-s were imaged
min, and fluorescence measurements were performed on é’v'th an Autoprobe CP AFM (Park Scientific, Sunnyva[e,
Perkin-Elmer LS 50B spectrofluorometer using the plate ©A): in the noncontact mode (NC-AFM). The NC-AFM is
reader (excitation at 450 nm, emission at 482 nm). Both the &1 imaging mode in which the cantilever is set vibrating in
excitation and the emission slits were maintained at 2.5 nm, the Z direction at a resonant frequency of100 kHz.
The read time for each well was 1 s, and the total read time APProaching the sample results in a dampening of the
for the whole plate was approximately 3 min. Alternately, amplitude of vibration of th_e _cannlevgr. A_tube scanner scans
insulin was incubated with continuous shaking (960 rpm) in the sample and moves it in thedirection to keep the
a Fluoroskan Ascent CF fluorescence plate reader (Lab_amplltude of vibration constant. The tube scanner was a 100
systems) at 37C (excitation at 444 nm, emission at 485 #M ch_nmaster (Park SC|ent_|f|c), and NC Ultralevers (Park
nm) with bottom reading. For the seeding experiments and Scientific) were useq as cantilevers. Th_e resonant frequgncy
the effect of urea, TMAO, and sucrose, insulin solutions were Was~100 kHz. The images were taken in air, under ambient
incubated in the Fluoroskan Ascent CF fluorescence plate €Onditions, at a scan frequency of-2 Hz, using silicon
reader at 43C without agitation. Insulin adsorption to the Nitride tips.
plates was investigated by incubating an insulin solution in ~ Small-Angle X-ray Scattering (SAX$he association state
the plate for 10 min at 37C with stirring, and determining  of insulin was determined using a SAXS instrument on
the insulin concentration before and after incubation by beamline 4-2 at Stanford Synchrotron Radiation Laboratory.
measuring the UV absorbance. No evidence of insulin Insulin (2 mg/mL) was dissolved in 0.025 M HCI and 0.1
adsorption was observed. Three to eight replicates wereM NaCl at pH 1.6, 20 mM formate and 0.1 M NaCl at pH
performed in the plate-reader assays, and the ThT readings3.0, 20 mM phospate and 0.1 M NaCl at pH 7.4, and 20%
for each time point were then averaged. acetic acid and 0.1 M NaCl at pH 1.6. Scattering patterns
For fibril formation in glass vials, 1L aliquots were were recorded by a linear position-sensitive proportional
withdrawn from the glass vials as described above and addedcounter, which was filled with an 80% Xe/20% GQas
directly to the fluorescence cuvette (1 cm path length semi- mixture. Scattering patterns were normalized by incident
micro quartz cuvette) containing 1 mL of a ThT mixture X-ray intensity, which was measured with a short length ion
[5 uM ThT, 50 mM Tris buffer, and 100 mM NaCl chamber in front of the sample. The sample-to-detector
(pH 7.5)]. Fluorescence measurements were performed usinglistance was calibrated to be 230 cm, using a cholesterol
a FluoroMax-2 spectrofluorometer (Instruments S. A., Inc., myristate sample. To avoid radiation damage of the sample,
Jobin Yvon-Spex). The light source was a 150 W xenon the protein solution was continuously passed through a 1.3
lamp. Emission spectra were recorded immediately after mm path length observation flow cell with 2Zm mica
addition of the aliquots to the ThT mixture from 470 to 560 windows. Background measurements were performed before
nm (excitation at 450 nm, 1 nm incremeits integration and after each protein measurement and then averaged before
time, and slits of 5 nm for both excitation and emission). being used for background subtraction. All SAXS measure-
For each sample, the signal was obtained as the ThT intensityments were performed at 28 1 °C.
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Ficure 1: Schematic illustration of the sigmoidal increase in
thioflavin T fluorescence upon insulin fibril formation. The data 104
were simulated using the > | < nucleus— fibrils scheme and
then curve-fit by eq 1. The lag time is approximatedxgy- 2z,
and the apparent rate constaly,, for fibril growth is given by
1/t (see Materials and Methods).

0.8

The values of the radii of gyratiorRf) were calculated 061

according to the Guinier approximatio89):
04 1

In 1(Q) = In 1(0) — R/"Q?/3

0.2

ThT fluorescence (arbitrary units)

whereQ is the scattering vector given §y = (4 sin 6)/1
(20 is the scattering angle, aridis the X-ray wavelength). 0.0 5
The value ofl(0), the forward scattering amplitud€Q) as ——————
Q — 0, is proportional to the square of the molecular mass 0 50 100 150 200 250 300

of the molecule 39). 1(0) for a pure dimer sample will Time (minutes)

therefore be twice that for a sample with the same number Ficure 2: Influence of insulin concentration on insulin fibril

of monomers since each dimer will scatter four times as formation monitored by ThT fluorescence: (A) 6C without

strongly, but there will be half as many as in the pure aditation and (B) 37C with vigorous agitation (960 rpm). The
' symbols represent ThT fluorescence intensities determined experi-
monomer sample.

X L . . mentally, and the lines are fitted sigmoidal curves according to eq
Data Evaluation of Kinetics of Fibril Formation.The 1. (A) Insulin concentrations were 2@, 10 ©), 5 (¥), 2 (v), 1

kinetics of insulin fibril formation could be described as (m), 0.5 ), and 0.2 mg/mL ) in 0.025 M HCl and 0.1 M NaCl
sigmoidal curves defined by an initial lag phase, where no (PH 1.6). Calculated lag times and rate constants are shown in Table

; ; ; 1. (B) Insulin concentrations were §), 1 (v), 0.05 ©), and 0.01
change in ThT fluorescence intensity was observed, amg/mL ®) in 0.025 M HCI and 0.1 M NaCl (pH 1.6). The

subsequent growth phase in which ThT fluorescence in- fjyorescence intensities were normalized on a scale from 0 to 1.
creased, and a final equilibrium phase, where ThT fluores- S

cence reached a plateau indicating the end of fibril formation até constantkay, for the growth of fibrils is given by ¥/
(Figure 1). Analysis of the data showed that it was consistent @nd the lag time is given by, — 2z.

with the following kinetic scheme: RESULTS

M < | < nucleus— fibrils Effects of Agitation on Insulin Fibrillation KineticsAt
37 °C, no fibrils were formed under standard conditions (2

where M is the monomer and | is the intermediate. The q/m insulin) in the ThT plate-reader assay at either neutral
kinetic scheme, when simulated, gives sigmoidal curves suchy, 5 cigic pH after 20 h in the absence of agitation (shaking),

as that in Figure 1. For SImp'ICIty in comparing effects of whereas with agitation, fibrils were formed with2 h at
different incubation conditions on fibrillation kinetics, the. acidic pH (data not shown). Comparison of the kinetics of
ThT fluorescence measurements were plotted as a functiongjpyijiation as a function of the level of agitation in the ThT
of time and fitted by a sigmoidal curve described by the p|ate.reader assay indicated that vigorous agitation had a
following equation using SigmaPlot dominant effect on the kinetics of aggregation. For example,
v+ mx when the effect of insulin concentration on fibrillation
Y=y, +mx+ i (1) kinetics was monitored with vigorous shaking (960 rpm),
1+ g [xxd)f1] negligible differences in the kinetics were observed as a
function of concentration, in contrast to the case when the
whereY is the fluorescence intensityjis time, andx, is the samples were not shaken (see Figure 2). Similarly, the effects
time to 50% of maximal fluorescence. Thus, the apparent of variations in ionic strength with vigorous shaking were
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Table 1: Lag Time and Growth Rate Constants for Insulin Fibril 4 A
Formation Depend on Insulin Concentrafion
insulin concentration lag time Kapp 37
(mg/mL) (h) (h =
0.2 4.6 2.8 2 2
0.5 35 15 =
1.0 3.3 15 8
2.0 3.3 1.7 g 11
5.0 2.3 2.9 £
10.0 1.7 3.4 2
20.0 0.8 4.9 £ 07
£
a Fibril formation at 60°C without agitation was monitored by in
situ ThT fluorescence using 2eM ThT in 0.025 M HCl and 0.1 M 14
NaCl (pH 1.6). Typical errors (standard deviation) were 19% on the
lag times and 27% on the rate constants. Lag times and rate constants . ‘ .

were determined using eq 1.

Lag time (hours)

Table 2: pH Dependence of Insulin Fibril Formation 6 B
ionic strengthlag time  Kapp
pH medium (calcd) (hy (™ 5
1.6 25 mM HCland 0.1 M NacCl 0.12 0.9 6.4
3.0 20 mM formate and 0.1 M NacCl 0.12 1.6 5.7
7.4 20 mM phosphate and 0.1 M NacCl 0.12 132 06 =~ ,|
n
a Fibril formation in glass vials at 37C with stirring was monitored 'g
by the thioflavin T assay. The insulin concentration was 1 mg/mL. £
Typical errors (standard deviation) were 25% on the lag times and 32% x§ 3 -
on the rate constants. Lag times and rate constants were determined
using eq 1.
2 -
Table 3: Effect of Anions and lonic Strength on Lag Time and
Growth Rate Constant for Insulin Fibrillati®n
1 r . : : :
lag time (h) Kapp (h71) 0 5 10 15 20 25
ionic strength 60 °C without 37°C with 60°C without 37 °C with Insulin concentration (mg/mt)
(M) agitation  agitation  agitation  agitation FIGURE 3: Effects of insulin concentration on the kinetics of
NaCl fibrillation. (A) Inverse linear dependency of the logarithm to insulin
0.05 3.3 1.6 3.5 0.12 concentration as a function of lag time. Fibril formation of insulin
0.10 2.9 1.4 2.4 0.14 at 60°C, no agitation, in 0.025 M HCI and 0.1 M NaCl (pH 1.6).
0.20 2.6 1.3 1.3 0.11 (B) Linear dependency of the apparent rate conskagy,for fibril
0.50 2.1 15 0.8 0.05 growth on the insulin concentration.
NaSO,
0.05 3.5 2.0 2.4 0.08 subsequent growth phase, and a final equilibrium phase, as
8'%8 g'g ig ig 8'82 seen in Figure 2. This curve is consistent with a nucleation-
0.50 115 14 08 004 dependent elongation model, in which the three phases (lag,
NaH.PO, exponential increase, and final leveling off) correspond to
0.05 3.5 15 05 0.12 nucleation, extension, and equilibrium phasks, (L2, 15,
0.1 2.0 1.6 0.6 0.11 40)
0.2 1.9 1.6 0.6 0.08 .h infl fi i . he kineti f
05 11 16 08 0.06 The influence of insulin concentration on the kinetics o

— , ; — fibril formation at 60°C, without agitation, is illustrated in

2 Fibril formation was monitored by in situ ThT fluorescence at 60 . . . . .
°C without agitation and at 37C with agitation (960 rpm). The insulin Figure 2A. Th,e sigmoidal curves We_re fitted according to
concentration was 2 mg/mL, dissolved in 0.025 M HCI (pH 1.6). The €d 1. The lag times and the apparent first-order rate constants
ThT concentration was 20M. Typical errors (standard deviation) were  for fibril growth were determined from the curve fits and
11% on the lag times and 15% on the rate constants. Lag times andgre shown in Table 1. An increase in the insulin concentration
rate constants were determined using eq 1. resulted in a decrease in the lag time and an increase in the

apparent rate constants for fibril growth (Table 1). There

dramatically attenuated compared to the situation with no was an inverse linear correlation between the logarithm of
shaking (Table 3). Consequently, a number of experimentsinsulin concentration and the duration of lag time (Figure
were performed at both 37C with agitation and 60°C 3A). The rate of elongation of fibrils is consistent with a
without agitation (at 60°C, the rate of fibril formation in  first-order reaction, based on the good fit of the data to eq
the absence of shaking or stirring was suitably rapid for 1. There was also a linear dependency of the apparent first-
convenient analysis). order rate constant for fibril growth on insulin concentration

Effect of Insulin Concentration on Fibril FormatiokVhen (Figure 3B).
insulin solutions were incubated under conditions leading The physical appearance of the fibrillated insulin solutions
to fibrils, the fluorescence of ThT at 482 nm followed a depended on the initial insulin concentration. For concentra-
characteristic sigmoidal curve, i.e., an initial lag phase, a tions of =5 mg/mL, the end state of the fibrillated insulin




Kinetics of Insulin Fibril Formation Biochemistry, Vol. 40, No. 20, 2006041

40000
A
30000

20000 -

10000 4

[6] deg/(cm®*dmol)

-10000

-20000

180 190 200 210 220 230 240 250 260
Wavelength (nm)

o 0.2 0.4 0.6 0.8 pm

Ficure 4: Atomic force microscope (AFM) images of insulin fibrils 0

grown in HCI (pH 1.6). Note the braided structure. The scale bar
on the left represents the height of the sample; the lighter the color,
the higher the sample is from the surface. The average height of
the}{ibrils was 21 A, corresponding to an average diameter of
21 A
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solutions consisted of a firm, turbid gel. At concentrations

of <2 mg/mL, the fibrillated state was a viscous solution -300 1
containing visible aggregates. A similar dependency of the a5 . ‘ . .
appearance of the fibrillated solutions on the concentration 240 260 280 300 320 340
has been observed for human calcitonin fibrdd)( As an Wavelength (nm)

insulin concentration of 2 mg/mL gave a reasonable lag time FIGURE 5: Far-UV (A) and near-UV CD spectra (B) of insulin (1

for fibril formation and a reasonable increase in ThT mg/mL) measured at ambient temperature in 0.025 M HCl and 0.1

- ) ) : M NacCl at pH 1.6 ), 20 mM formate and 0.1 M NaCl at pH 3.0
fluorescence upon fibril formation, this concentration was (....) and 20 mM phosphate and 0.1 M NaCl at pH 74 —).

used for further studies. A typical atomic force microscope The CD spectra of insulin measured at€Din 0.025 M HCI and
(AFM) image of insulin fibrils from relatively early in the 0.1 M NaCl at pH 1.6 {+-—) are shown for comparison. See
fibril growth phase is shown in Figure 4 (at later times, the Materials and Methods for details.

fibrils were much more clumped together; data not shown).
The fibrils averaged 2% 3 A in height, corresponding to
an average diameter of 21 A, and showed evidence o

The effect of pH on fibril formation at 37C in glass vials
fwith stirring was investigated at three different pH values.
braiding Shorter lag times and faster growth of fibrils were seen at

' . . ) , acidic pH compared to those measured at neutral pH (Table
~ Effect of pH on Insulin Fibril Formation.Prior to 2). An increase in pH from 1.6 to 3.0 resulted in a 2-fold
investigating the effect of pH on insulin fibrillation, we ncrease in lag time and a minor reduction in the growth
studied the conformation of insulin as a function of pH. The (ate At neutral pH, the lag time was 15 times longer than at
far-UV CD spectra of insulin measured at different pH values pH 1.6, and the growth rate was reduced almost 12-fold
(PH 1.6-7.5) were very similar (Figure 5A). This means (Taple 2). However, when fibril formation was studied in
that there is no evidence for significant distortion of the the 96-well plate at 60C without stirring at pH 3 and 7.4,
insulin secondary structure induced by the decrease in pH.ng fibrils were formed within 24 h. Thus, a pH of 1.6 was
However, the near-UV CD spectra of insulin revealed some chosen for further studies in the 96-well plate-reader assay,
loss of tertiary structure under conditions of low pH (pH  as fibrils were formed at this pH on a convenient time scale.
=3) (Figure 5B). It is known that dissociation of insulin  Effect of lonic Strength and Acid Media on Insulin Fibril
oligomers into monomers is reflected by a weakening of the Formation. The influence of ionic strength on insulin
negative band at 275 nm arising from the tyrosines (B16 fibrillation was studied at pH 1.6 with and without agitation.
and B26) in the monomemmonomer interface4@, 43). At Comparing the complete kinetic curves (data not shown) for
60 °C, insulin shows some loss in the far-UV CD signal fibril formation as a function of anion, in the absence of
and a substantial decrease in the magnitude of the near-UVagitation, indicated that at low ionic strength the order was
CD signal (Figure 5). However, it is evident from Figure 5 sulfate ~ chloride > phosphate, whereas at high ionic
that insulin still retains substantial secondary and tertiary strength, the order was chloride phosphate> sulfate. In
structure even under conditions of extremely low pH or at the presence of vigorous agitation, there were no significant
elevated temperatures. SAXS analysis shows that insulin isdifferences in the overall rates of fibrillation. The calculated
hexameric at pH 7.4R; = 19.8 A), tetrameric at pH 3.0  lag times and apparent rate constants for fibrillation of insulin
(Ry = 17.8 A), dimeric at pH 1.6 Ry = 14.9 A), and in the presence of increasing concentrations of sodium
monomeric in 20% acetic acid at pH 1.By(= 11.6 A). chloride, sodium sulfate, and sodium dihydrogen phosphate
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Table 4: Lag Time and Apparent Growth Rate Constant for Insulin
Fibril Formation as a Function of Acid (HCI, 230, and HPOy)
Concentratioris

medium
concentration  lag time Kapp ionic strength

(M) (h) ()  pH (calcd)

HCI
0.025 9.4 0.6 1.7 0.025
0.05 7.7 1.9 1.4 0.05
0.10 3.8 3.8 1.1 0.1
0.20 3.6 11 0.9 0.2
0.50 2.3 0.8 0.5 0.5

H2SOy
0.017 11.7 1.5 1.7 0.036
0.033 9.8 11 1.5 0.063
0.05 10.6 0.8 1.3 0.088
0.067 9.5 0.7 1.2 0.11
0.10 6.7 0.6 1.1 0.16
0.20 3.2 0.7 0.9 0.29
0.50 2.6 1.5 0.5 0.64

H3POy
0.1 14.2 0.5 1.6 0.024
0.2 12.5 0.4 1.4 0.035
0.5 7.6 1.3 1.2 0.058

a Fibril formation at 60°C without agitation was monitored by in
situ ThT fluorescence using 20M ThT. The insulin concentration
was 2 mg/mL. Typical errors (standard deviation) were 20% on the
lag times and 28% on the rate constants. Lag times and rate constant:
were determined using eq 1.

are shown in Table 3. With the exception of sulfate, increased
ionic strength led to shorter lag times. In the samples that
were agitated, the effects were attenuated, compared to thos

incubated in the absence of agitation. There was no clear <

correlation between the rate const&gy, for fibril growth

and ionic strength. In general, an increase in ionic strength
resulted in slower growth of the fibrils, with the exception
of phosphate, in the absence of agitation. The effects of
increasing concentration of the acids, hydrochloric acid,
sulfuric acid, and phosphoric acid, were also examined. The
calculated lag times and apparent rate constants for fibril-
lation are shown in Table 4. For each acid, increased
concentrations led to shorter lag times However, no direct
correlation between the concentration of the acids and the
rate of fibril growth was observed.

Effect of ANS and ThT on Insulin Fibril Formatiomhe
hydrophobic fluorescent dye, ANS, is known to bind
preferentially to partially folded intermediate44j, and is

ANS was present in the insulin incubation solutions, the ANS
was observed to inhibit fibril formation. A 10-fold molar
excess of ANS resulted in a 3-fold increase in the length of
the lag time and a 3-fold reduction in the growth rate. With
a 50-fold molar excess of ANS, no insulin fibrils were
formed within 24 h. In both cases, addition of ANS to the
insulin solutions resulted in immediate protein precipitation.
In contrast to ANS, ThT did not affect the kinetics of insulin
fibril formation significantly (data not shown). The calculated
lag times and apparent rate constants for insulin fibril
formation with and without ThT were identical within
experimental error.

Effect of the Denaturant and Stabilizers on Insulin Fibril
Formation.The denaturant, urea, had an accelerating effect
on insulin fibril formation at pH 7.4 (Table 5). When insulin
was incubated at 43C without agitation, no fibrils were

Table 5: Influence of Urea, TMAO, and Sucrose on the Kinetics of
Insulin Fibril Formatios

lag time Kapp
(h) (h™) pH

denaturant

control >48 ne 7.5

2 M urea 17.3 0.15 7.4

4 M urea 8.1 0.29 7.4

6 M urea 2.8 0.39 7.4
stabilizer

control 2.96 0.87 1.6

1M TMAO 7.05 3.11 1.6

10% sucrose 5.62 1.10 1.6

a Fibril formation was monitored by in situ ThT fluorescence at 43
°C without agitation. The ThT concentration was2d. The insulin
concentration was 2 mg/mL dissolved in either 20 mM phosphate and
0.1 M NaCl (pH 7.4) or 20% acetic acid and 0.1 M NaCl (pH 1.6).
Typical errors (standard deviation) were 18% on the lag times and 26%
on the rate constants. Lag times and rate constants were determined
using eq 1° Not determined.

units)

2

sg

uorescence (arbitra

&

10 20

Time (h)

Ficure 6: Influence of seeding on insulin fibril formation at 43
°C monitored by ThT fluorescence. The symbols represent ThT
fluorescence intensities determined experimentally, and the lines
are fitted according to eq 1. Insulin (2 mg/mL) in 0.025 M HCI
and 0.1 M NacCl at pH 1.6X), 0.05% fibril seeds addedj, and
0.1% fibril seeds added®). The fluorescence intensities were
normalized on a scale from 0 to 1.

15 25

formed under neutral conditions within 48 h. Addition of

increasing concentrations of urea to insulin at pH 7.4 resulted
in decreasing lag times and slightly increasing elongation
rate constants (Table 5). The effect of the stabilizers, TMAO

ind sucrose, was investigated under monomeric conditions,

i.e., in acetic acid. The presence of both TMAO and sucrose
resulted in longer lag times at pH 1.6 (Table 5), indicating
a stabilizing effect on the native insulin conformation.
Effect of Seeding on Insulin Fibril FormationVhen
insulin was incubated in HCI at pH 1.6 and 43 without
agitation, the lag time of fibril formation was 9.3 h and the
elongation rate constant was 0.7% (Figure 6). The addition
of 0.5% fibril seeds to a fresh solution resulted in a 10-fold
decrease in the lag time and a 2-fold increase in the rate of
elongation. Addition of fibril seeds at concentrations of 1,
5, and 10% relative to the concentration of the native insulin
completely eliminated the lag phase.

DISCUSSION

Exposure of proteins to acidic pH and high temperatures
for prolonged periods of time may result in significant
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chemical degradation. The main degradation reaction of The decrease in the lag time of fibril formation with
insulin under acidic conditions is deamidation at A3r§45). increasing ionic strength can be explained by the shielding
Even though some deamidation is expected under the acidicof repulsive charges between the interacting insulin mol-
conditions used in these experiments, it is considered to beecules, and thereby a promotion of fibril formation. At pH
of minor importance, since the deamidated form of insulin 1.6, the insulin monomer has a net positive charge @} (
has the same fibrillation properties and structural properties Addition of the chloride, sulfate, and phosphate anions will
as the native insulin 36). According to the European thus screen these positive charges and make hydrophobic
Pharmacopoeia, some deamidation of insulin is allowed in interactions, which are necessary for self-association and
insulin preparations for human use (not more than 5% A12 formation of nuclei, more favorablet8). Thus, the results
desamidoinsulin). As noted, a low pH is used in the indicate that nucleation of insulin is controlled by both
manufacture of insulin for use by diabetics. electrostatic and hydrophobic interactions. For human cal-
The characteristic sigmoidal curve of ThT fluorescence, citonin, it has been proposed that electrostatic interactions
seen when insulin fibrils are formed, is also seen for amyloid between calcitonin monomers play an important role in the
p-peptide aggregation46, 47) and most other amyloid initial aggregation step4(l). Electrostatic interactions were
systems. The kinetics of insulin fibril formation were also important for glycosaminoglycan-induced fibrillation of
characterized by two independent factors that determined theamyloid3 peptide 1-40 (A340) (49). There are also data
overall rate of fibril formation: lag time (related to how fast to indicate that both electrostatic and hydrophobic interac-
the nuclei are formed) and fibril growth (the rate of fibril tions were involved in fibril formation of amyloig-peptide
elongation). Previous studies suggest that the minimum (50).
kinetic scheme for formation of insulin fibrils involves the The lack of linear dependency of lag time on ionic strength
following major steps (manuscript submitted for publication): (Table 3) indicates that ionic strength is not the only factor
that influences the lag time of insulin fibril formation. It is
hexamer/tetramer/dimer monomer— intermediate—~ observed that HCI and NaCl at low concentrations, 0.05 M,
nucleus— filament/fibril have different lag times (7.7 and 3.3 h, respectively; Tables
3 and 4). Since the anions are the same in both cases, the
Thus, for fibril formation to occur, the hexameric or difference may be explained in terms of the cationsard
tetrameric associated states of insulin at neutral pH, or theNa*, as cations have been seen to influence aggregation of
dimers at low pH, must initially dissociate into monomeric proteins 51, 52). At concentrations 0f0.5 M, NaCl is more
molecules, which are in equilibrium with a partially folded effective in promoting fibril formation than HCI. It would
conformation (manuscript submitted for publicatidf) that therefore appear that cations may also be involved in the
undergoes oligomerization to form the critical nucleus. This formation of the critical nucleus. Further studies investigating
step is assumed to involve a number of additional intermedi- the influence of monovalent and divalent cations on insulin
ates (soluble oligomers) for which the equilibrium disfavors fibril formation are in progress.
the nucleus, accounting for the lag phase observed in the Fibril Elongation. The rate of elongation of fibrils is also
kinetics of fibrillation. consistent with a first-order reaction, based on the good fit
Nucleation Proces®Although the sigmoidal curve fits for ~ of the data to eq 1; the term in the denominator of eq 1
the ThT kinetic data gave very good fits, the expression given corresponds to the exponential growth part of the sigmoidal
in eq 1 must be considered an empirical approximation of curve, i.e., the latter half of the sigmoid. The kinetics of
the real underlying kinetic scheme, especially with respect elongation have been shown to follow first-order kinetics
to the lag time. However, as noted, simulation of the for other proteins, includingo-synuclein and amyloid
underlying kinetics scheme gave curves that were very well S-protein (L3, 15, 46, 53). The simplest explanation for the
fit by eq 1. We assume that the lag time is directly related linear dependency of the apparent first-order rate constant
to the length of time it takes to form the nucleus. This is for fibril growth on insulin concentration is that increasing
supported by the fact that addition of seeds essentially the concentration of insulin leads to increasing numbers of
eliminated the lag phase. The seeding effect is characteristicfibrils, due to the increasing concentration of nuclei.
of a nucleation-dependent elongation mechani$g). (The Fibril formation was slower in phosphoric acid than in
observed inverse linear correlation between the log of the hydrochloric acid or sulfuric acid. This can be explained by
insulin concentration and the lag time must reflect some the fact that HPO, is a much weaker acid than both HCI
aspect of the underlying kinetics associated with formation and HSO,. The smaller degree of dissociation of phosphoric
of the nucleus. As discussed subsequently, we believe thatacid provides smaller amounts of negatively charged anions
the rate-limiting step in insulin nucleation is the formation that would be able to screen the repulsive positive charges
of the aggregation-competent intermediate, which would be between the interacting insulin molecules. Consequently, the
expected to be a first-order process. If this is correct, the formation of a nucleus is not favored, and fibril formation
influence of ionic strength and anions on nucleation (i.e., proceeds more slowly in phosphoric acid.
lag time) is likely to have an effect on the conformational =~ There is no clear-cut correlation between the rate of fibril
stability of the intermediate or on the rate of formation of elongation and ionic strength or acid concentration as seen
the intermediate. This hypothesis involves a model in which in Tables 3 and 4. However, the generally slower rates of
the key partially folded intermediate conformation, once elongation at higher ionic strength or increasing acid
formed, oligomerizes very rapidly to form insoluble fibrils. concentration indicate that increasing the concentration of
Supporting evidence for this is the effect of vigorous agitation anions slows the fibril elongation process. This could reflect
and the effects of denaturant and stabilizers, as discussedhe role of electrostatics in elongation, and that at elevated
below. anion concentrations the electrostatic attraction between fibril
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and monomer or partially folded intermediate (or soluble
oligomer) is screened by the ions.

Agitation EffectsThe fact that vigorous agitation attenu-
ated the effects of insulin concentration or ionic strength
indicates that agitation is a particularly critical factor in
insulin fibrillation. Previous investigations have demonstrated
the important role of hydrophobic surfaces in insulin ag-
gregation, in particular airwater and Teflor-water inter-
faces (.8). Thus, the enhanced rates of fibrillation with strong

Nielsen et al.

partially folded intermediate during the lag phase. The most
reasonable explanation is that urea, by destabilizing the
conformation of insulin, promotes the population of the
partially folded intermediate, which will lead to a decrease
in the lag time. In contrast, TMAO and sucrose have a
stabilizing effect, and therefore shift the equilibrium to the
native state and away from the partially folded intermediate,
resulting in longer lag times. The dramatic effect of seeding
on the lag times also supports the importance of a partially

agitation undoubtedly arise from the increased amount of folded intermediate.

air—water interface. Interestingly, the addition of a small

During the first 10 min at 60C, the secondary structure

Teflon bead to the agitated (960 rpm) insulin incubation of insulin was only slightly altered, whereas the tertiary
solution had no significant effect on the kinetics of fibrillation ~ structure was significantly changed. This is most likely due
in the studies presented here, indicating that the smallto the presence of a partially folded intermediate with
additional hydrophobic interface was negligible to that caused relatively native-like secondary structure. On the basis of
by the strong agitation. It should be noted that the shaking the near-UV CD signal observed at 80, compared to that

rate used in the 37C plate-reader assays (960 rpm) is much of native and fully unfolded insulin, we estimate that the

higher than that of 80250 rpm used previouslyl8).
The most reasonable explanation for the role of the air
water interface in fibrillation is that it promotes the (partial)

putative intermediate has approximately 53% of the native
tertiary structure. Partially folded intermediates typically have
relatively native-like secondary structure, but relatively little

denaturation of the protein. This leads to the buildup of a near-UV CD signal. Upon further incubation at 80, the
partially folded intermediate that is a critical species on the far-UV CD spectra of insulin exhibited a significant loss of
fibrillation pathway. Furthermore, the essentially identical the signal, due to either conformational changes and/or loss
fibrillation kinetics observed with strong agitation, regardless of protein material due to fibril formation (data not shown).
of the insulin concentration, in comparison to the marked Effect of ANS on Insulin FibrillationUnder conditions
concentration effects in the absence of agitation, indicate thatof low protein and ANS concentrations, there was evidence
the rate-limiting step in the absence of agitation is formation that ANS binds to insulin, as an increase in ANS fluorescence
of the fibrillation-competent intermediate. At low pH, the intensity and a blue shift in emission maximum were
net positive charge on insulin will make it more sensitive to observed (data not shown). This is further confirmation of
denaturation; the additional destabilization brought about by the existence of a partially folded intermediate. However,
the air-water interface when samples are incubated with upon addition of high ANS concentrations to the concentrated
agitation will lead to a shift in the equilibrium from the native insulin solutions, protein precipitation was observed. The
state (N) to the partially folded intermediate (I) and the most plausible explanation for this phenomenon is that ANS
unfolded state (U), as in the following scheme: binds to the intermediate, and at higher concentrations causes
insulin to form amorphous aggregates as an alternative
pathway to fibril formation. Since the precipitate is not
fibrillar, we assume it is amorphous in nature. Since the
It is well-known that the addition of salts (more specifically, precipitation will cause depletion of native insulin molecules
anions) to proteins that are unfolded at low pH leads to their from the solution, the increase in lag time and reduction in
becoming more compact and adopting a partially folded the growth rate upon addition of ANS can therefore be
intermediate conformation54). Thus, increasing ionic  interpreted to be due to a decrease in insulin concentration.
strength, under conditions of low pH and vigorous agitation, The results also indicate that the conversion of amorphous
would be expected to significantly populate the partially precipitates into fibrils is either very slow or nonexistent.
folded intermediate (rather than the unfolded state). We alsoAnother possibility is that ANS binds to insulin at low pH
attribute the observed decrease in lag time with increasingdue to electrostatic interactions. Insulin has a net positive
concentration of acid to this phenomenon; the increasingly charge of 6 at pH 1.6, while the sulfonate group of ANS is
lower pH values may potentially increase the concentration negatively charged. This would explain the interaction of
of U, but the corresponding increase in anion concentration ANS with insulin at low pH. The precipitation observed
will have a more significant effect in increasing the could simply be a precipitation of an insuiA\NS complex.
concentration of the intermediate, . The very different effects observed when ANS or ThT was
At 37 °C, there was no significant effect of insulin present indicate that these two dyes must have quite different
concentration on the rate of fibrillation when agitated at low modes of interaction with insulin during fibrillation. The data
pH, whereas when it is agitated at neutral pH, lower are most consistent with ThT only interacting significantly
concentrations lead to faster fibrillatiod8), presumably  with fibrils, rather than intermediates on the pathway to
because the lower protein concentration increases the amountibrils.
of monomer. In the absence of agitation at neutral pH, fibrils ~ Model for Insulin Fibrillation. We propose that the early
form very slowly, indicating that agitation is necessary for stages of insulin fibril formation involve the dissociation of
the intermediate to build up. native associated states (hexamer, tetramer, and dimer) to
As expected, shorter lag times of insulin fibril formation give native monomer, which is in equilibrium with the
were observed in the presence of the denaturant, urea, andibrillation-competent partially folded intermediate. This
longer lag times in the presence of the stabilizers, TMAO intermediate then oligomerizes to form transient soluble
and sucrose, indicating the importance of the buildup of the oligomers that lead to the nucleus. In the absence of vigorous

N=I=U
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Scheme 1: Model for Insulin Fibrillatién it will be important to evaluate their effect on both the
nucleation and elongation during fibril formation.
O Conclusions.The kinetics of insulin fibrillation were
Unfolded successfully monitored by the fluorescent probe, thioflavin

T, and shown to be consistent with a nucleation-dependent
elongation mechanism via the initial formation of a partially
folded intermediate conformation. The results indicate that
both nucleation and fibril growth are controlled by electro-
static and hydrophobic interactions, and that agitation is the
most sensitive of the various variables examined in insulin

1
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