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Islet Amyloid: Phase Partitioning and Secondary Nucleation Are Central to the
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ABSTRACT: Islet amyloid polypeptide (IAPP) contributes to the pathogenesis of type Il diabetes by depositing
as cytotoxic amyloid fibers in the endocrine pancreas. Fiber formation occurs with a marked conformational
change from an unstructured precursor. Using real-time quantitative kinetic methods, fibrillogenesis was
characterized as a function of protein, denaturant, and seed concentration. Several observations are in
sharp contrast to the expectations for nucleation-dependent polymerization. First, the half-time of conversion
for both de nao and seeded kinetics were found to be independent of protein concentration. Second,
while elongation kinetics scale linearly with protein concentration, they are relatively insensitive to changes
in the total seed concentration. Third, seeded bypasteafiao fiber formation kinetics shows a lag
phase. The seeded lag phase is eliminated by a time delay before the introduction of seednma
reaction. Last, conversion is highly cooperative, with the time required fo®0&6 conversion occurring

much faster than the lag time. At a minimum, four kinetic steps are required to describe these
observations: activation, fiber independent nucleation, fiber-dependent nucleation, and elongation.
Furthermore, we invoke a phase transition in which protein initially forms an off-pathway dispersion.
This single construct allows us to model both the concentration independence da# tieo reaction

time and the first-order concentration dependence of the elongation kinetics. Marked acceleration of this
reaction by hexafluoro-2-propanol reinforces this view by altering the relative solubility of the two phases
and/or by stabilizing hydrogen-bonded structures in the transition states of the reaction pathway.

Formation of amyloid plaques is a unifying feature of the proteolysis, and the display of birefringence upon binding
pathology of a range of diseases, including Alzheimer’s, of the histological dye, Congo re&)(

Huntington’s, and Parkinson’d). Proteinaceous fibers are  The kinetics of fiber formation are particularly fascinating
a central component of these plaques and are typically a5 they are nucleation-dependedit Eiber formation reac-
composed of linear, unbranched, and noncovalent aggregategions are generally characterized by a lag phase in which no
of a single polypeptide chain. In dialysis-related amyloidosis, detectable fibers are formed. This is then followed by an
for example, the polypeptide {8-2 microglobulin (32m) explosive elongation phase in which fiber is formed over a
from class | MHC @). In type |l diabetes, the polypeptide period of time which is often shorter than the lag phase itself.
is islet amyloid polypeptide (IAPP)3, 4). In each case,  The lag phase is circumvented by providing preformed fibers
the protein undergoes a conformational change and depositgs seed to de nao reaction. Amyloid fibers have generally
with characteristic pathology2m gives rise, predominantly,  peen found to seed only reactions containing the precursor
to deposits in the joints, while IAPP deposits form in the from which they were formed. This indicates that although
endocrine pancreas. While amyloid fibers are derived from the secondary and ultrastructure of different amyloids are
precursors with distinct primary and tertiary structures, the similar, there must be specificity at the level of tertiary or
resultant fibers share a number of characteristics. Thesequaternary structure. A particu|ar|y clear examp|e is the
include a crossef-sheet organization in which tifestrands inapility of Ag fibers formed fromp-amino acids to seed
are arranged perpendicular to the fiber axis, resistance to,.Ag precursor (and vice versaj)( Recently, cross seeding
kinetic behavior of closely related prion sequences f@m
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biomedical sciences. studies strongly suggest that, despite ultrastructural and

* To whom correspondence should be addressed. Phone: (203) 432-histological commonalities, there exists a specific and defined
8954. Fax: (203) 4325175. E-mail: Andrew.Miranker@yale.edu. ihri

1 Abbreviations: 48, amyloid/ peptide associated with Alzheimer’s Strucwr? to flbn”ar. aggregat'es. .
disease; CD, circular dichroism; DNM, double-nucleation mechanism; ~ IAPP is a 37-residue peptide hormone that is cosecreted
HbS, hemoglobin S; HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol; IAPP, with insulin by thef cells of the pancreas. Deposition of

islet amyloid polypeptide; NCC, nucleated conformational conversion; 3 i i ; ;
NDP, nucleation-dependent polymerization; NM, N-terminal and middle unmodified IAPP as amyloid fibers is observed in greater

domains of Sup35 fronS. cereisiae; PMF, phase-mediated fibrillo-  than 90% of type Il diabetics4{. As IAPP is cytotoxic to
genesis; TEM, transmission electron microscopy; ThT, thioflavin T. cultured S cells, deposition is likely to be causal to the
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observation ofs cell depletion in type Il diabetic9j. Sys- and 50 mM potassium phosphate (pH 6.0), using an
temic insulin resistance in these patients leads to abnormallyextinction coefficient of 1400 M cm™.

elevated secretion of insulin and IAPEQ]. In the context Production of FiberslAPP fiber formation was initiated

of any nucleation-dependent polymerization model, it is by dilution of IAPP stock solution into standard reaction
reasonable to assert that fiber formation by IAPP is a con- buffer 100 mM KCI and 50 mM KHPO,/KH,PO, (pH 7.4)
sequence of raised local concentrations of polypeptide. How-at 25 °C. For experiments at different concentrations of
ever, the concentration of IAPP in the secretory granule is protein, HFIP concentration was matched at 2.5% by the
~400uM (11). As full-length IAPP can readily be converted addition of HFIP to the reaction mixture prior to the addition
to amyloid at concentrations which are 2 orders of magnitude of IAPP. For experiments varying the method of seed
lower (12, 13), increased secretion may be necessary but is addition and varying the concentration of seed, HFIP was
not a sufficient explanation fan vivo deposition. similarly maintained at 2%. Fiber used for seed was produced

To understand the process by which IAPP converts to a Py diluting IAPP stock to 5tM IAPP in reaction buffer at
defined fibrillar structure, a detailed determination of the ki- 5% (v/v) HFIP. The solution was incubated for 10 min at
netics and structures of intermediate states along the pathwayoom temperature and fiber formation confirmed using
is necessary. This is analogous to the study of protein folding Thioflavin T (15). Seed stock was then diluted 2-fold with
and is particu|ar|y Cha”enging as a consequence of the 0|igo-a reaction buffer and br|eﬂy vortexed prior to each use. Seed
meric and heterogeneous nature of fiber assembly. Recently2de was kept a8 h to ensure reproducibility.
we characterized the intrinsic fluorescence of IAPP during  Electron Microscopy Carbon-coated copper grids were
lag and end phases under near-physiological conditit®s (  freshly prepared in-house and glow-discharged for 30 s
The fluorescence of IAPP is dominated by a single C-ter- immediately prior to use. Three microliters of &M
minal tyrosine residue, Y37. Although this residue is outside (monomer units) of a fiber solution was placed on prepared
the proposed amy'oidogenic COM derived from pept|de grids and incubated for 2 min. Grids were stained W|m_3
studies, it has several properties which indicate that it is Of 1% phosphotungstic acid (pH 7.6) for 1 min. Images were
critical to assembly and stability of full-length IAPP. First, taken using a Phillips Technai 12 operating at 120 kV
it is near in space to F15 and F23 in both lag phase and accelerating voltage. Images were collected using a 2000
fibrillar states. For the lag phase, this observation indicates 1000 pixel Gatan 794 slow scan CCD at 11 0@gagnifica-

a more condensed structure than the monomeric random coifion and 10um underfocus.

conformation inferred from CD. Second, tth)Of the Circular Dichroism Circular dichroism SpeCtrUm was
tyrosine hydroxyl is shifted by-2 pH units in the fibrillar ~ measured on an Aviv 62DS spectrometer (Aviv Associates,

state. Last, Y37 in fibrillar IAPP is buried and rigid to an Lakewood, NJ). Fibers were produced as the seed fibers were
extent comparable to that of free tyrosine in frozen solution. and (;'][Uted to 1uM in IAI\/FI>P concentration (in énon%noer "
; T - . ts) for measurement. Measurement occurred at m
In this work, we have capitalized on this final observation, uni
the change in fluorescence anisotropy of tyrosine 37, to EIC:::PSOt anSRfCKZ'\:'PO“jKHZPOf[‘ butfer (IO(|j'| 7.4), ind 2'5.0,[/;’]
monitor fiber formation kinetics. Anisotropy is detected in a - Measuréments occurred every 1 nm with a

real time, with high signal-to-noise, and on a timescale which llO st:;\]veragmg time per point in a quartz cell of 0.2 cm path-
is rapid as compared to fibrillogenesis. As the source of engtn.

anisotropy is a single residue, we can relate our observations]c FIu%rescerILc_ﬁAll fluto r&scincg g)l(pze”? entsl f\lN ere per-
to a specific location within the primary structure of IAPP. ormed on a QuantaMaster C- channet fluorescence

Furthermore, anisotropy can be related directly to the spectrophotometer fitted with a temperature-controlled cell

formation of soluble IAPP which has been incorporated into holder and autor_‘nated excitation shutter. _Gﬁnompson
fiber. Thus, anisotropy enables us to make quantitative, style plane polarizers and G-factor corrections were used to

reproducible, and structurally assignable determination of the c?lchulzte Ft);romge amsl_?tro%ﬁ@. E>t<C|ta(tj|ont Vg?g accom-d
reaction pathway of IAPP fibrillogenesis. plished witi a 5> nmsSiit Wi centered a nm an

detection ly a 5 nmslit width centered at 303 nm. A total
MATERIAL AND METHODS of 160uL of 200 uL reactions were transferred & 3 mm
x 3 mm cuvette (Helma) and placed into cell holder. Dead

Peptides and ChemicalblFIP was obtained from Sigma- times were 36-90 s forde nao experiments and 66120 s
Aldrich (Milwaukee, WI) and repurified by fractional distil-  for seeded experiments. ThT assays were performed by
lation. Salts and buffers were obtained from J. T. Baker diluting fiber solutions to 0.51.0 uM fiber (in monomer
(Phillipsburg, NJ). Thioflavin T was purchased from Acros units) in a ThT buffer. The ThT buffer is &M ThT filtered
(Geel, Belgium). Human IAPP was synthesized by standard at 0.2um with 50 mM glycine at pH 9.0. Fluorescence was
t-Boc solid-phase synthesis methods and purified in-house.measured without polarizers fitted and as an excitation
Stock solutions of IAPP were prepared by solubilizing spectrum scanning every 1 nm from 38060 nm, detecting
reversed-phase purified lyophilized peptidesiM guanidine at 484 nm and averagingf® s ateach point. Slit widths
HCI, 50 mM potassium phosphate (pH 6.0), and loading onto and cell were identical to those used in the tyrosine
C18 reversed-phase spin column (Amica). After being anisotropy measurements.
washed first with 10% acetonitrile and 0.2% trifluoroacetic ~ Data Analysis.Unless otherwise stated, anisotropy as a
acid, followed by a water wash, peptide was eluted with function of time, r(t), was fit to a sigmoidal transition
100% HFIP. Stock solution may contain residual water between two independent straight lines
(<5%) but is treated as 100% for the purposes of calculating _ _
HFIP concentrations. The peptide concentration was deter- r(0) =My x thry) ot (M x t+ 1)1~ a)
mined by UV absorbance at 280 nmé M guanidine HCl ~ wherea = (1 + el 0/)~1,



4696 Biochemistry, Vol. 41, No. 14, 2002 Padrick and Miranker

B 5
+ 4
223
% *
£8 2
S MJ_A\“\\/\N\—
0 350 375 400 425 450
Wavelength (nm)
¢ 0

[6]21g =10
(deg cm2/dmol)

1
N

]
w»

210 220 230 240
Wavelength (nm)

Ficure 1: |IAPP forms amyloid fibers. (A) Negative stain transmission electron micrograph of IAPP fibers generateaif3APP

under our standard conditions. IAPP forms long unbranched fibers, consistent with typical amyloid morphology, that aggregate into large
fiber masses. Several well-resolved fibers are indicated with arrows and were used to determine an average fiberd/@timof(B)

IAPP fibers enhance the fluorescence excitation of the histological dye ThT. Fluorescence excitation specialdiTsin the presence

(thick line) and absence (thin line) oftd IAPP amyloid fibers. Fluorescence emission is detected at 484 nm. The excitation enhancement
at 430-460 nm is characteristic of amyloid fibers5). The small peak at 416 nm is from Raman scatter of water. (C) IAPP fibers are rich

in -strand secondary structure. A far UV CD spectrum of IAPP fibers shows a minimum near 218 nm, characteritsheta

Fitting was performed using the NonlinearRegress function variations that we believe derive from fiber seed formation
in Mathematica 4.0 (Wolfram Research, Inc., Champaign, by IAPP in the lyophilized state. Kinetics of IAPP fiber
IL). Of the six parameters determined by the fit, two are formation are monitored by fluorescence anisotropy of the
presented routinely in this workise, the center of the intrinsic tyrosine at residue 37. Fiber formation results in
transition, andr, the time constant of the transitiotyy is the burial of this residue into a rigid environment, comparable
used without further modification, whileis converted to a  to that of a frozen solid12). Furthermore, we have shown
molar reaction velocityyy,, attso. Upon renormalization of  that the change in this observable correlates with the change
the fits (i.e., setting the baselines to 0 andvl),is computed in the ability of the protein to bind the amyloid-indicative
as v, = [IAPP]i=d/(47). Reported values ofsy and histological dye, ThT. Thus, the change in anisotropy directly
represent averages of at least three independent kinetic runsieflects amyloid fiber formation. Anisotropy, however, is

Errors are quoted as one standard error of the mean. measured in real time directly from a reacting sample rather
SimulationsSimulated kinetic profiles are generated using than after the removal and quenching of discrete aliquots.
finite difference methodsl(, 18). Briefly, rate laws for each Fiber prepared over the range of conditions used here

kinetic step are used to numerically estimate the change inresults in fiber properties which are consistent with previous
the populations of free monomer, fiber mass, and fiber endsreports p1). Observed by electron microscopy (Figure 1A),
over a time interval. A time interval on the ordertgf10000  the fibers are long, straight, and unbranched, with a width
was sufficient for the integrations to converge. Nuclei size of 11—14 nm, consistent with a predominant population of
for NDP kinetics was chosen to be a trimer, although choice fipers composed of coiled 8 nm fiber&1). Fluorescence

of other parameters has little impact on curve sha®.(  analysis of the fibers in the presence of ThT yields strong
Curves generated are indistinguishable from that reportedenhancement at the excitation wavelength of 460 nm (Figure
for NDP. Generalized DNM kinetics similarly behaved as 1B), which is widely attributed to the binding of ThT by
expected. In this work, a simulation is shown based on the amyloid fibers (5). Furthermore, analysis of secondary
double-nucleation model suggested for HI2B){ with ho- structure content using circular dichroism reveals the pres-
mogeneous and heterogeneous nuclei sizes modeled agnce of structures which are rich fhsheet conformations
trimeric. Rate constants were chosen to give a curve that(Figure 1C), consistent with the crogsnature of amyloid
closely matched the shape of the IAPP data. fibers ().

RESULTS The fibrillogenesis kinetics of IAPP reveal two properties
consistent with nucleation-dependent polymerizatiag).(
Fiber formation reactions are initiated by dilution of a stock First, fibers form spontaneously from a solution of precursor
solution of IAPP in HFIP into reaction buffer at pH 7.4 and after a period of incubation with minimal signal change.
25°C and ionic strength isotonic with serum. In HFIP, IAPP  Second, this period of time with little signal change can be
is indefinitely stable and does not give rise to fibers until it bypassed by the addition of exogenous fiber. The first
is diluted into aqueous media. Rather than solubilizing IAPP property, orde nao fiber formation, is demonstrated by the
directly into HFIP, our stock solutions are prepared by eluting dilution of a 2 mM stock solution of IAPP to a concentration
IAPP directly off of a reversed-phase column with 100% of 20 «M in a reaction buffer (Figure 2A). In this representa-
HFIP. Fibers are retained on the column under these tive reaction, the lag phaseisl600 s, and the transition to
conditions (data not shown). This eliminates stock-to-stock mature fibers takes-400 s. The second property is demon-
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the near-limiting anisotropy requires that the vast majority
of IAPP be in the fibrous conformatiori?). Additionally,
under the conditions examined here, IAPP fluorescence
intensity varies by less than 20% (data not shown). Therefore,
we can determiney,, from fits to the kinetic profiles (see
Materials and Methods). These values are 38 and 79 nM/s,
respectively.

Nucleation-dependent polymerization predicts that the
length of the lag phase, measured by the characteristic time,
tso, Will scale in inverse proportion to [precurs@ﬁﬁ where
n is the oligomeric size of the nucleus of fiber formation
(25). To test this, we measurede nao fiber formation
kinetics of IAPP over a 10-fold concentration range. Rather
than demonstrating the predicted sensitivity to concentration,
reactions at 5 and 50M have no apparent difference g
(Figure 3A). Objective measure tf, for these reactions

.. ..de havo

; (Figure 3A, inset) yields an average, including all concentra-

A AR Y tions, of tsp = 2100 + 450 s. The value ofsg at each

-~ s R o individual concentration is within the error of the overall

average behavior. Because anisotropy is inherently concen-

tration-renormalized and the curves at all concentrations are

roughly superimposable;, is roughly linearly proportional

F to protein concentration (Figure 3B). At concentrations of
-0.01L up to 30uM, a linear dependence is observed with a slope

FiGURE 2: IAPP formsde navo fibers following a lag phase, which ~ Of 2.1+ 0.4 nM s uM™* and which extrapolates to near

is completely bypassed by seeding. Fiber formation is monitored zero nM/s (0.4t 7) at zero concentration IAPP. Comparable

by fluorescence anisotropy, which shows the adoption of a rigid studies, using far UV CD and light scattering, give similar
environment surrounding the intrinsic tyrosif¥e nao and seeded results (data not shown).

curves are shown and annotated in the figure (A). Raw data is shown o ) ] )
IAPP kinetic profiles show the presence of an inflection

along with a fit to a six parameter sigmoid transition. Residuals of

these fits (B) are small{5%) and randomDe nao kinetics are point, even under seeded conditions (Figure 2A). This is an
Cglilnet(/:éeg al d?r?'”%gg 5 é‘cr)‘r‘; S“eseh%%dbk'g%téciﬁ agg/c(ot!'e%‘:;;;“o%unexpected observation, as seeded reactions are expected to

. (1] . . .
gtandard seed togan otherwisepidenticalyreactiO%. y follow an exponential decay. This can be explained by only
a limited number of possibilities. First, soluble IAPP may

strated by a reaction that is otherwise identical to the first Undergo conformational changes or oligomerization steps
except for the addition of M of preformed fibers (in before becoming competent to elongate fibers. Second, seed

monomer units). The seeded reaction reaches completion if'€ld @t high concentration and then diluted into a fresh re-
less than 1000 s (Figure 2A). This is clearly shorter than the 2Ction may take time to undergo conformational changes
lag phase of the spontaneous reaction (de.,nao fiber necessary for it to act as an effective seed. !_ast, itis po_SS|bIe
formation has been completely bypassed). Consistency inthat exogenous seed cataly_zes the formation of new fibers.
seeded reactions is achieved by using freshly generated seelfPON being formed, these fibers as well as exogenous seed
fibers following a standard protocol (see Materials and &€ elongated by soluble IAPP. We address these possibilities
Methods). In turn.

Objective comparison of fibrillogenesis reactions requires  First, consider the possibility that changes in IAPP are a
a means of parameterization that is empirical and independentprerequisite of elongation. This was tested by comparing the
of a mass action model. We have found that bad¢hnao addition of seed &t= 0 (Figure 4, curve A) with the addition
and seeded fibrillogenesis of IAPP are well-described by a of seed at = 1800 s (Figure 4, curve B) to a reaction whose
symmetric sigmoidal transition between two independent de nao counterpart has &g of > 7200 s. Remarkably, the
straight lines. This is a six parameter fit similar in form to introduction of a delay prior to the addition of seed causes
that used for fitting equilibrium protein denaturation data the inflection point to vanish. Fiber formation occurs
(23). Residuals of these fits are random (Figure 2B), with a immediately upon the addition of seed, resulting in a kinetic
standard deviation of less than 5% the magnitude of the totalprofile that fits to a single-exponential decay (fit not shown).
change in anisotropy. Two objective parameters from the Thew, of the reaction seeded &= 0 (curve A) is 10+ 1
fits are considered routinely in this study. The firgg, is nM/s, which is comparable to the initial reaction rate, 414
the time required for 50% conversion of material to fibrillar 2 nM/s, for the reaction with a 30 min delay prior to seeding
form. For thede nao and seeded reactions shown in Figure (curve B). These are the maximum observed fibrillogenesis
2, these values are 1900 and 520 s, respectively. The secondates for the two reactions. Their similarity suggests that the
parameteryy,, is the reaction velocity in monomer units at reactions are identical with respect to the elongation phase
tso. Detection of IAPP residual concentration, using a of the process. With preincubation times shorter than 20 min,
sensitive mass spectrometry-based asg4y, Ghows that kinetics containing an inflection point are observed but
IAPP is nearly completely consumed 90%) in bothde diminished in length (data not shown). Clearly, there is a
novo and seeded reactions (data not shown). Furthermore,pre-elongation step required in the assembly of IAPP.

-0.01

o.01p seeded

Residuals
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Ficure 3: Protein concentration dependence of IAPP fibrillogenesis reactions. (A) Six representative kinetic profiles for fiber formation
reactions at initial IAPP concentrations ofy® (thin lines) and 5uM (thick lines). (A, inset) Average values of, for initial IAPP
concentrations of 550 uM. (B) v, as a function of initial protein concentrations used in the reaction. A lineaR¥it5( 0.97) totso
(average values) at protein concentrations througphMds shown. Reactions were performed by dilution of a stock solution of IAPP in
HFIP into 100 mM KCI and 50 mM KHPOy/KH,PO, (pH 7.4) at 25°C. HFIP was maintained at 2.5% in all reactions by the appropriate
addition of HFIP to the reaction media.

4.1+ 0.2 nM st uM~L At higher concentrations, the,,
falls below the extrapolated line, suggestive of saturation
of the reaction. Linear behavior is consistent with first-
order kinetics, for example, rate laws of the fokfsoluble

B IAPP][fiber ends].

Second, consider the possibility that seed itself must be
A activated following dilution. This was addressed by first
diluting the exogenous seed into reaction buffer. This solution
was incubated for 30 min prior to initiation of fibrillogenesis
C by addition of soluble IAPP. If seed activation is a required
step, the lag phase should be diminished by this incubation.
0 400 800 1200 1600 Under these conditions, the lag phase is, in fact, somewhat
Time (s) longer (Figure 4, curve C). An inflection point remains, but
Ficure 4: Determination of the effects of time on seeding of IAPP tso grows to 1270+ 90 s from 710+ 30 s for cases in which
reaction. All reactions are at 1M IAPP, seeded with kM IAPP the seed and soluble IAPP are added simultaneously. As the
fibers. Seeding immediately after the addition of soluble IAPP shape of the kinetic profile changes little, seed activation is
results in a kinetic profile that contains an inflection point (curve unlikely to play a significant part in fibrillogenesis.

A). By contrast, when soluble IAPP is added first and incubated . -
for 30 min prior to addition of seed, the inflection point in the Last, consider the possibility that exogenous seed leads

seeded kinetics is lost (curve B). Adding the seed to the reaction to the formation of new fibers. This was explored by varying
buffer and waiting 30 min prior to adding soluble IAPP has little the concentration of seed used in these reactions. If new fiber

effect on the kinetic profile (curve C). Note that all reactions are ands are not produced during growth, the rate law described
completed on a timescale which is faster than the reactions UnseEdeczreviously, Kisoluble 1APPI][fiber ends], will hold, and

counterpart (Figure 3). Profiles shown are averages of three repeats! . .. - .
reaction velocities of seeded reactions should vary linearly

The pre-elongation step in seeded polymerization may with initial seed concentrations_. Seeded reactions were
require assembly of an oligomer. This was investigated and Performed at 2iM soluble IAPP in the presence of 6:2
discounted by measuring the concentration dependence oftM seed (Figure 6A). Remarkably, over this range of seed
the kinetics of seeded reactions at constant seed and varyingoncentrations, the,, of these reactions varies by a factor
soluble IAPP from 5 to 5@M. Seed was added immediately of ~1.5, _substantlally less th_an th_e factor of 4 predicted by
following dilution of the IAPP stock, as in Figure 4, curve the previous rate law. Seeding with Q/ standard seed
A. Representative reactions at 5 and/80 reveal qualita- ~ 91V€S &%, 0f 24+ 4 nM/s, while seeding with 2M standard
tively similar lengths of the lag phase and width of the S€€d gives ax, of 36 + 2 nM/s (Figure 6C). The char-
transitions (Figure 5A). A quantitative assessmenttsgf acteristic tlme,t59, was found to decrease with increasing
shows an average lag time of 58080 s with little variation ~ S€€d concentrations (Figure 6B), 36040 s for 2uM and
(Figure 5A, inset). If oligomerization is involved in the pre- 880+ 30 s for 0.5«M seed. Under these reaction conditions,
elongation step, the change in concentration should havethis may be explained, in part, by the existence of a pre-
yielded longertso at 5 uM soluble IAPP and shorte, at elongation step on the timescale of the reaction (Figure 4).
50 uM. Qualitatively, higher concentrations of IAPP should The stability, structure, and reaction pathways of folding
more closely resemble curve B in Figure 4. Examination of intermediates are readily explored by monitoring the depen-
Vi, @S a function of concentration reveals that, at constant dence of kinetics on denaturant concentratef) 27). Using
seed concentration, the rate of fiber formation varies linearly a standard reaction condition of M soluble IAPP,de
with IAPP concentration (Figure 5B). A line fit using novo reaction kinetics were determined at HFIP concentra-
points through 3QuM IAPP (R? = 0.98) yields a slope of tions ranging from 2% to 4% (v/v). Surprisingly, these subtle
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Ficure 5: Effects of protein concentration on seeded IAPP fibrillogenesis reactions. (A) Representative kinetic profiles for seeded fiber
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Ficure 6: Effect of seed concentration on IAPP fibrillogenesis.
Seed is added to a final concentration of-62uM (monomer units)

to a reaction containing 20M IAPP. (A) Representative kinetic
profiles at 2, 1, and 0.6M are shown. (B) Average value &) as

a function of seed concentration. (C) Average valuergfas a
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variations in HFIP concentration had a striking impact on
the fibrillogenesis kinetics (Figure 7A). The lag times for
this reaction decrease35-fold when HFIP is increased from
2% to 4%, withtso = 250 + 50 s at 4% HFIP andsy =
8600 + 1400 s at 2% HFIP (Figure 7C). Similarly;,,
increases by a factor of28 over the same range (Figure
7D), from 1.0+ 0.02 nM/s at 2% HFIP to 2& 1 nM/s at
4% HFIP.

The decrease 3o with increasing concentrations of HFIP
fits well to a log-linear relationship between HFIP aig
(Figure 7C). This is analogous to the slowing of protein

folding kinetics by other denaturangj and the acceleration
of folding by TFE @6). This suggests that the elements of
the fibrillogenesis reaction which determizggare dominated

by a single transition. The characteristic tintg, cannot be
used to directly determine the transition energy for IAPP
fiber formation; however, the slope of the plot may be related
to the number of local hydrogen bonds involved in the final
structure 7). Further, the close correlation of Idgy to
HFIP concentrationR? = 0.95) permits extrapolation to 0%
HFIP, giving atso of 2.8 x 10°s or ~3.5 days.

To separate nucleation from elongation contributions, the
dependence of seeded kinetics on HFIP concentration was
also determined. Using otherwise identical conditions as the
previousde nao studies, 1Q:M soluble IAPP was reacted
in the presence of AM seed (Figure 7B). The most obvious
consequence of higher concentrations of HFIP is the reduc-
tion of the lag phase evident in seeded reactions (Figure 4,
curve A). This suggests that we have accelerated the pre-
elongation step revealed by delayed introduction of seed
(Figure 4, curve B). The dependence 3§ on HFIP
concentration is smaller in seeded reactions thateinao
experiments. Average lag times for seeded reactions (Figure
7C) weretso = 970+ 80 s at 2% HFIP and 114 10 s at
4% HFIP. Similar to thede nao kinetics, thetsy of the
seeded Kinetics fit well to a loglinear relationship. The
slopes of the fit is—1.3 (% HFIP)?!, which is comparable
to the slope of-1.8 (% HFIP)! for the de nao reactions.
Consistent with the idea that HFIP impacts seeded reactions
most by accelerating the pre-elongation stap,increases
only marginally (Figure 7C) from 12 2 nM/s at 2% HFIP
to 47 + 8 nM/s at 4% HFIP. At 4% HFIP, the increase in
v, and the decrease ig is due, in part, tade nao fiber
formation.De navo fiber formation at 4% HFIP hastg, =
250+ 50 s, which is comparable to thg = 1104 10 s of
the seeded reaction.

DISCUSSION

Determination of the mechanism of IAPP fiber formation
is a critical step in explaining IAPP’s role in type |l diabetes
pathology. Here, we perform several experiments aimed at
elucidating the basim vitro assembly steps of IAPP fibers.
We observe five behaviors in the kinetics of IAPP fibrillo-
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Ficure 7: Effect of HFIP on the fiber formation kinetics of IAPP. (A) Representative kinetic profiles ofNIOAPP de nao fiber
formation reactions at-24% (v/v) HFIP. (B) Representative kinetic profiles from 4Bl IAPP precursor seeded with/M seed at 24%

HFIP. (C and D) Logrlinear plots of average values & and ., from triplicate experiments. Bottle nao (open squares) and seeded
(open circles) reactions are shown. Linear fits are shd®r; 0.94 in all cases. Error bars are not shown, as they are maximally the same
size as the symbol. Note, for seeded reactions as a function of HFIP (B), the valygsvefe measured from the slope at the anisotropy
value of 0.15. Similarly, thés, were calculated from the time to reach an anisotropy of 0.15.

(iii) The seeded kinetic profile shows an inflection point,
which disappears if a delay is added between the preparation
of a de nao reaction and the addition of seed. (iv) The
kinetic profiles ofde nao and seeded fibrillogenesis are
independent of IAPP concentration. (v) The concentration
of the cosolvent HFIP has a dramatic affect on the timescale
of fibrillogenesis.

Fibrillogenesis Mediated by Two Nucleation Steplseo-
ries of protein polymerization have existed for decades and
serve as the starting point for our analysis of fibrillogenesis
05 1 15 2 ' kinetics. The canonical model of protein polymerization is
Renormalized Time (/tsg) the nucleation-dependent polymerization (NDP) model de-
) , N , veloped for actin 25). The NDP kinetic model consists of
Elr%ltJeRii %ol;(/:n?gipzz;rtliso?\n£LJQIZET$:2e|%Pgr%fg?; ggtftjongglmceipg%s, three steps: (i) monomer rapidly assembles into a range of

de nao reaction at 3QM IAPP) is clearly more similar in shape  high-energy Qligomers, (ii) Oligqmers of suffici_ent size S|0W|_y
to DNM kinetics (thick line) than to NDP kinetics (thin line). DNM  convert to fiber nucleus (primary nucleation), and (iii)

parameters were chosen to match the kinetic profile of IAPP mgnomers elongate fibers by addition to the ends of fibers.

kinetics. On time and intensity renormalized axes, NDP parameters ; ;
have little effect on the shape of their kinetic profile). All curves The population of oligomers that convert to nucleus scales

have been intensity renormalized (final vakiel00% fiber; initial ~ With the total concentration raised to the power of the
value is 0% fiber) and time renormalized relativetsg oligomeric size. As the primary nucleation rate is dependent

on this concentration of oligomers, the nucleation rate and
genesis. (iDe navo fiber growth occurs suddenly; the time  many properties of the system show a very high concentra-
required for fiber growth, measured by the time for20 tion dependence. NDP describes the kinetic profiles (Figure
80% of conversion to occur, is less than one-quarter of the 8), seeding capability (the addition of exogenous nuclei), and
half-time, tso. (ii) Fibrillogenesis can be seeded (i.e., the strong concentration dependence of actin polymerization
is reduced by adding a small amount of preformed fiber). (25).

NDP, e.g., actin

DNM, e.g., hemoglobin S

Fraction Converted
o o o o
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The NDP model does not explain all protein fibrillogenesis which fiber is converted has increased by 10-fold. Indeed,
reactions that show a similar overall concentration depen- »y, increases linearly with concentration and, under DNM,
dence. The timescale of hemoglobin S (HbS) polymerization should have scaled minimally with the square of protein
shows a high-order (roughly 30th) dependence on HbS concentration (Figure 3B).
concentration. This initially suggested that a process similar A critical event in DNM kinetics is the time point at which
to NDP was the polymerization mechanis29), It was later secondary nucleation outpaces primary nucleaticn, t*.
observed that the kinetic profile of HbS polymerization As secondary nucleation is dependent on the concentration
demonstrated a much sharper transition than could beof fiber, this will be a time point near the onset of detectable
accounted for by the NDP modeB@. This observation fiber formation. Kinetic profiles are the same for all of the
necessitates a nucleation rate which increases with time, ade nao kinetics, implying thatt* is proportional tots.
phenomenon readily explained by a double-nucleation mech-Adding seed to a fiber formation reaction bypasses the lag
anism (DNM) @0). The DNM model, similar to NDP,  phase and skips to a condition similar td@nao reaction
includes primary nucleation (i.e., production of fiber ends time betweert* andtso. Seeding a range of IAPP concentra-
from bulk solution) and elongation of those ends. Further, tions with a constant quantity of fiber results in value$spf
the DNM model adds a second nucleation step which is fiber- that do not change appreciably (Figure 5A, inset). By
dependent. This secondary nucleation contributes little to thecontrast, seeding a constant concentration of precursor IAPP
total nucleation rate when little fiber is present and dominates with different quantities of fiber results in measurable
the nucleation rate when large quantities of fiber are presentchanges tdso andwy,, (Figure 6). The latter reaction shows
(i.e., neattsg). This results in an accelerating conversion rate that kinetics are perturbed by the amount of fiber present,
as fiber is produced. There are many possible mechanismswhile the former shows that, for a fixed amount of fiber,
by which secondary nucleation may occur. For example, in kinetics are invariant with concentration. Therefore, the
HbS, it is by templated nucleation using a nongrowing concentration independence @¢ nao reactions suggests
surface of a fiberZ0). On a time axis renormalized plot, that, during the lag phase< t*, a fixed quantity of fiber is
NDP and DNM kinetic profiles are readily distinguished produced. This requires that primary nucleation, secondary
(Figure 8). A parabola closely approximates the early nucleation and elongation to be concentration-independent
portions of the NDP curve. This is explained by a nearly during the time leading up ttj. The interactions leading to
constant nucleation rate over this range. By contrast, thefiber formation are therefore fundamentally different from
DNM curve is quite flat initially, with no apparent polymer the single-phase diffusion-limited interactions typically in-
formation, and then the entire population is rapidly converted. voked for generalized DNM fibrillogenesis reactions.

IAPP polymerization kinetics show a profile necessitating  Requirement of a Phase TransitiolNucleation and
the presence of a secondary nucleation process (Figure 8)elongation processes must behave in an IAPP concentration-
On a time axis and intensity renormalized plot, simulated independent manner during the lag phase. The system must
NDP kinetic profiles are insensitive to the choice of also behave in a linearly concentration-dependent manner
parameters for the simulatiof9). All NDP kinetic profiles during the growth phase. However, oligomerization events
show an inflection point (change from positive curvature to are necessarily dependent on at least the square of protein
negative curvature) but never show a flat lag phaset By concentration. These behaviors can be explained by invoking
tso/2, for the NDP model, significantly more than 10% of a single phenomenon. An apparent concentration indepen-
the total change has already occurred. By contdestao dence may be generated if IAPP partitions into two popula-
IAPP polymerization is undetectabletat ts¢/2 (Figure 8). tions: a soluble population that participates in nucleation
As with HbS, our explanation of this behavior is a second and elongation and a reservoir population that keeps the
fiber-dependent means of generating fiber ends, which soluble phase at a constant concentration. If amyloid as-
dominates as soon a small quantity of fiber is produ@&l (  sembly draws only on the soluble pool of IAPP monomer
Given the similarity of DNM kinetic profiles to IAPP  and the concentration of soluble IAPP is mediated by a
polymerization kinetic profiles (Figure 8), we infer that IAPP  solubility limit, termedc*, then the system will behave in a
polymerization proceeds with two kinetically significant concentration-independent manner during the lag phase.
nucleation steps, which we term primary and secondary Below c*, the length of the lag phase will cease to be
nucleation. concentration-independent and should reveal information

Reaction Order During the Lag Phasghe concentration  about the underlying concentration dependence of the
dependence ofle nao polymerization reactions is the nucleation processes. Our data suggestscthigtwell below
primary tool for elucidating the parameters describing 5 uM IAPP and, therefore, may not be directly observable
nucleation and elongation in DNM kinetics. In this regard, by tyrosine fluorescence anisotropy.

IAPP differs sharply from HbS, as thie nao reaction lag A reservoir phase also allows us to explain the concentra-
phase is concentration-independent and should have mini-tion dependence of the growth phase. If the system continued
mally scaled with the square root of IAPP concentration (i.e., to behave as concentration independent throughout the
10Y2 or ~3-fold) (Figure 3A). Indeed, in the case of HbS, growth phase, the growth phase length would scale directly
the lag phase scales by the 30th power of protein concentra-with the total concentration. Instead, it is the maximum rate
tion (29). Furthermore, the transition time for IAPP polym- of elongationyy,,, which scales linearly with total concentra-
erization (time between 20% and 80% conversion) is also tion (Figure 3B), suggesting first-order dependence on total
concentration-independent. When fibrillogenesis reactions atlIAPP concentration during the growth phase. As the rate of
5 and 50uM are compared, we find the transition time to precursor consumption increases by many orders of magni-
be roughly equal. As there is 10-fold more peptide to be tude over the course of the fibrillogenesis reaction, the rate
converted at 5@M than at 5uM, this means that the rate at at which the reservoir phase replenishes the soluble IAPP
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likely becomes rate-limiting. We conjecture that the reservoir HFIP. Previously reported values & for IAPP fibrillo-
phase is a dispersion (i.e., a finely divided phase which doesgenesis span a range of up to several dags 32). These
not readily separate from the bulk solution) with a charac- studies do not, however, account for the residual organic
teristic size distribution. In such a case, the rate of releasesolvent present in the reaction media. Furthermore, studies
of soluble IAPP will scale in direct proportion to the mass using DMSO as cosolvent require the presence of nonionic
of the dispersed phase. Thus, invoking a dispersed reservoirsurfactants for fiber formation to take place on a laboratory
phase allows the system to simultaneously behave in atimescale 86). We suggest, therefore, that the disparity in
fashion independent of total IAPP concentration during the timescales reported for IAPP fibrillogenesis derives from
lag phase and linearly dependent on IAPP concentrationchanges in the solubility of free IAPP.
QUring the growth phase. Th'is explains both the concentration Dispersed Phase-Mediated Fibrillogenesiée summarize
independence dko and the first order dependence:gf, on these results in a model, dispersed phase-mediated fibrillo-
IAPP concentration. o o genesis (PMF). There are three ways fibrillogenesis is
_Activation of IAPP. Seeded kinetic profiles in DNM  qiated in this model. First, activation is mediated by the
kinetics are typically anticipated to follow an exponential formation and presence of a dispersed phase and subsequent
depay. I.APP,S seeded Kinetic prqfiles "’.1” ShO.W an inflection release of a low concentration of soluble peptide. Second,
point (Figures 2, 5A, and 6A). An inflection pointin a seeded |, jeation processes are mediated by the constant monomer
Kinetic might be explained if soluble IAPP undergoes a concentration to yield a concentration-independent lag phase.

f:g?rtrat'%r.ﬁl (;hanlge thtat OC.CtWS ?_It())wly gnd hconfﬁrs ON As nucleation proceeds, the elongation process accelerates,
€ ability 1o elongate existing 1Ibers. Such a change 4 5 consequence of the increasing number of ends for

IS demonstrated by the dlsappearance of t.he inflection pOInteIongation. Third, the elongation process becomes first-order
upon addmg seed 260 min after pr'eparatlon of the I.APP when it reaches a sufficient rate to be limited by the
SOIU.“Q” _(F|gyre_4). A con_formatlonal change prior to breakdown of the dispersed reservoir phase to soluble
participation in fibrillogenesis processes was observed in monomer. When seeded, fiber production is limited im-
actin polymerization. This change, referred to as monomer o yiately by the availability of activated, soluble IAPP.
activation, was explained by the exchange o¥'Gar Mg=", Further, as the population of fiber increases, secondary

which then accelerates fiber nucleatidi(31). The origin nucleation accelerates, and the reaction speeds up. Thus, the

.Of a cqnformannaI change in IAPP. IS uncl_ear. Itmay be an seeded kinetics are dominated by secondary nucleation and
intrinsic property of the monomeric peptide or an event oo
by activation processes.

coupled to the release of peptide from the reservoir phase. ) . .
As the inflection point in seeded kinetics disappears before A dispersed protein phase as proposed in the PMF model
growth is measurable ide nao kinetics, it is likely that ~ has been observed in the folding and aggregation pathways
activation dominates elongation and not nucleation processes®f other proteins. The tetramerization pathway of corticotro-
Perturbation of Secondary Structure and Solubiliipe ~ Pin-releasing factor is thought to have a peptide micelle as
fluorinated alcohol HFIP accelerates bahnao and seeded ~ @n intermediate 7). At low pH, Af1-4 polymerization
IAPP fibrillogenesis. This may act by increasing the con- shows light scattering evidence for aggregates roughly 7 nm
centration of soluble IAPP. As the primary and secondary in size @8). Further, an oligomeric reservoir phase may also
nucleation rates should depend on the concentration ofexplain the nature of a now frequently observed intermediate
soluble IAPP, perturba‘[ion of the dispersion concentration in amyI0|d fiber formation. Spherical structures, detected via
could have a dramatic impact on the length of the lag phase.AFM or TEM, have been observed prior to fiber formation
An alternative explanation derives from the observation that in AB1-40, AB1-s2 (39, 40), a-synuclein 41), and more
fluorinated alcohols accelerate protein folding in a manner recently the NM domain of the yeast prion Sup35 (NKZ)(
that correlates with the number of local hydrogen bo2d@s ( |APP itself has been reported to form an amorphous
Because of this property we suggest that, at low concentra-aggregate prior to fiber formatior82). Prevalence of a
tion, HFIP accelerates polymerization through the stabiliza- dispersed phase in amyloid kinetic pathways may explain
tion of local hydrogen-bonded structure. Consistent with this, why few amyloid proteins have shown the concentration
we observe the acceleration of fiber formation in IAPP dependence expected from generalized DNM kinetics. For
preparations containing low percentages of TFE (data notexample, neither A (38, 43) nor NM (42) show a strong
shown). CD spectroscopy (Figure 1C)3( 32), Fourier dependence of kinetic timescales on protein concentration.
transform infrared spectroscopy, and fiber diffracti@3)( Interestingly, NM also shows an inflection point in its seeding
all suggest that IAPP fibers are predominanflysheet kinetics, when seeded with low concentrations of unsonicated
structures. Further, the presence of contact between residueseed 44). The fibrillogenesis model proposed for NM,
15, 23, and tyrosine 371P), a proposed 5 nm IAPP nucleated conformational conversion (NC@R), contains
protofiber width @1) and the general instability ¢f strands a step similar to the dispersed phase formation proposed here.
longer than seven residue34, all suggest that a turn is  The role of these aggregates in fibrillogenesis is, however,
necessary in the structure. The necessity @tarn suggests  distinct from the dispersed phase proposed in PMF. In NCC,
that HFIP acts by stabilizing an on-pathway but unstgble the spherical intermediates participate directly in both
turn topology 85). HFIP's effect is~7-fold greater inde nucleation and elongation processes, while, in PMF, the
novo reactions than in seeded reactions. As primary nucle- intermediate is an off-pathway phase. Nevertheless, the
ation is bypassed in the latter, the former suggests thatoverall similarity of the two approaches, specifically the
stabilizedp turns serve a critical role in primary nucleation. inclusion of partitioning into phases with distinct behaviors
The impact of HFIP on the timescale of polymerization in fibrillogenesis, suggests that dispersed reservoir phases
extrapolates to several days (Figure 7B) in the absence ofare widely applicable to amyloid fibrillogenesis.
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