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Amylin Proprotein Processing Generates Progressively More Amyloidogenic
Peptides that Initially Sample the Helical State’
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ABSTRACT: Human amylin, or islet amyloid polypeptide, is a peptide cosecreted with insulin by the beta
cells of the pancreatic islets of Langerhans. The 37-residue, C-terminally amidated human amylin peptide
derives from a proprotein that undergoes disulfide bond formation in the endoplasmic reticulum and is
then subjected to four enzymatic processing events in the immature secretory granule. Human amylin
forms both intracellular and extracellular amyloid deposits in the pancreas of most type II diabetic subjects,
likely reflecting compromised secretory cell function. In addition, amylin processing intermediates,
postulated to initiate intracellular amyloidogenesis, have been reported as components of intracellular
amyloid in beta cells. We investigated the amyloidogenicity of amylin and its processing intermediates in
vitro. Chaotrope-denatured amylin and amylin processing intermediates were subjected to size exclusion
chromatography, affording high concentrations of monomeric peptides. NMR studies reveal that human
amylin samples helical conformations. Under conditions mimicking the immature secretory granule (37
°C, pH 6), amylin forms amyloid aggregates more rapidly than its processing intermediates, and more
rapidly than its reduced counterparts. Our studies also show that the amyloidogenicity of amylin and its
processing intermediates is negatively correlated with net charge and charge at the C-terminus. Although
our conditions may not precisely reflect those of amyloidogenesis in vivo, the lower amyloidogenicity of
the processing intermediates relative to amylin suggests their presence in intracellular amyloid deposits
in the increasingly stressed beta cells of diabetic subjects may be a consequence of general defects in

protein homeostasis control known to occur in diabetes rather than serving as amyloid initiators.

INTRODUCTION

In type II diabetes, an increasing demand for insulin places
a substantial stress on the protein secretion system of the
beta cells of the islets of Langerhans, which results in cellular
dysfunction and, eventually, beta cell death. As the popula-
tion of beta cells continues to diminish, the stress on the
remaining cells increases as they struggle to produce the
insulin necessary to mount a proper host homeostatic
response. This feedback loop is thought to be responsible
for the progressive nature of type II diabetes (7).

Cross-f3-sheet amyloid deposits are generally observed in
the islets of Langerhans of type II diabetic subjects (2) and
their presence correlates with the loss of beta cells (3).
Whether amyloidogenesis causes, exacerbates, or results from
beta cell dysfunction in humans are key unanswered ques-
tions being intensely investigated (2—5). The primary
component of the amyloid deposits is amylin or islet amyloid
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polypeptide (IAPP)," a peptide that is cosecreted with insulin
by islet beta cells (3). Human amylin is a highly amy-
loidogenic peptide based on in vitro experiments, and amylin
amyloidogenicity in organismal diabetes models correlates
with beta cell death, although to date, a direct cause and
effect relationship has been difficult to establish (2, 6—8).

Although it is highly amyloidogenic in vitro, human
amylin generally does not form amyloid deposits in healthy
humans for reasons that are still being investigated. This is
particularly interesting because the secretory granules exhibit
very high concentrations of peptides. Estimates of amylin
concentration in the secretory granule range from <100 uM
(based on a >1:50 ratio with insulin (9, 10)) to 4 mM (/1),
and values in between (/2). In addition to extracellular

! Abbreviations: BME, 2-mercaptoethanol; CPE, carboxypeptidase
E; DMSO, dimethyl sulfoxide; DQF-COSY, double quantum-filtered
correlation spectroscopy; DSS, 3-(trimethylsilyl) propane sulfonic acid;
DTT, dithiothreitol; EDTA, ethylenediaminetetraacetate; ESI-MS,
electrospray ionization mass spectrometry; FPLC, fast protein liquid
chromatography; GdnHCI, guanidinium chloride; HFIP, 1,1,1,3,3,3-
hexafluoro 2-propanol; IAPP, islet amyloid polypeptide; IMAC, im-
mobilized metal affinity chromatography; LB, Luria—Bertani broth;
MES, morpholino ethane sulfonic acid; MRE, mean residue ellipticity;
NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect;
NOESY, nuclear Overhauser effect spectroscopy; PAM, peptidyl amino
monooxygenase; PC, prohormone convertase; RP-HPLC, reverse-phase
high performance liquid chromatography; TCEP, tris (carboxyethyl)
phosphine; TFA, trifluoroacetic acid; TFE, trifluoroethanol; TOCSY,
total correlation spectroscopy.
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Scheme 1: (A) Proamylin Undergoes Processing to Yield the Final, 37-Residue, Amidated Peptide Amylin (bold)* and (B) A

List of the Peptides Studied and Nomenclature Used in This Study

A

1' 10' 20" 30" 40'

50' 60’ 69'

KATPIESHQV EKRKCNTATC ATQRLANFLV HSSNNFGAIL SSTNVGSNTY GKRNAVEVLK REPLNYLPL proamylin

oxidation (ER lumen)

KATPIESHQV EKRKCNTATC ATQRLANFLV HSSNNFGAIL SSTNVGSNTY GKRNAVEVLK REPLNYLPL

PC2 dominant cleavage*

1
KCNTATC ATQRLANFLV HSSNNFGAIL SSTNVGSNTY GKRNAVEVLK REPLNYLPL

processing
in secretory
granule

PC1/3 dominant cleavage

*relative T 1

timing of KCNTATC ATQRLANFLV HSSNNFGAIL SSTNVGSNTY GKR
PC2 CPE exoproteolysis
cleavage |

unknown

KCNTATCATQ RLANFLVHSS NNFGAILSST NVGSNTYG

amylin free acid

PAM complex oxidation/amidation

KCNTATCATQ RLANFLVHSS NNFGAILSST NVGSNTY-NH; amylin
1 10 20 30 37
1' 10' 20" 30° 40' 50* 60’ 69'

KATPIESHQV EKRKCNTATC ATQRLANFLV HSSNNFGAIL SSTNVGSNTY GKRNAVEVLK REPLNYLPL proamylin

KATPIESHQV EKRKCNTATC ATQRLANFLV HSSNNFGAIL SSTNVGSNTY-NH;

amylin+NT

KCNTATC ATQRLANFLV HSSNNFGAIL SSTNVGSNTY GKRNAVEVLK REPLNYLPL amylin+CT

KCNTATC ATQRLANFLV HSSNNFGAIL SSTNVGSNTY GKR
KCNTATCATQ RLANFLVHSS NNFGAILSST NVGSNTYG
1 10 20 30 38

amylin+KR

amylin free acid

“ Amylin processing intermediate sequences are numbered with a (*); amylin sequence numbering is used for the free acid and the amide peptides.
The relative timing of PC 2 processing in this scheme is not established, but the steps following PC 1/3 processing must occur in the sequence

shown.

deposition, amylin amyloid has also been observed within
the beta cells of type II diabetic subjects and in murine
models (/3—15). Proamylin processing intermediates com-
prise a portion of these intracellular deposits, suggesting that
amylin misprocessing may trigger amyloid deposition (/5).

In normally functioning beta cells, the 37-residue, C-
terminally amidated amylin peptide derives from a 69-residue
peptide, proamylin, that is endoproteolytically processed at
the C-terminus of dibasic residue pairs (Lys12’, Arg13’) and
(Lys52’, Arg53’), predominantly by the prohormone con-
vertases PC 2 and PC 1/3, respectively (Scheme 1A),
although both enzymes are believed to be capable of cleaving
the other site, as well as a third site at the pair (Lys60’,
Arg61’), albeit at a lower efficiencies (16—18). Endopro-
teolysis generates new N- and C-termini; the latter (Arg53”)
is further processed by carboxypeptidase E (CPE), which
removes the dibasic PC 1/3 recognition motif (KR) (/9). The
resulting peptide, containing an extra C-terminal glycine
residue (Gly38), is referred to as amylin free acid. The
peptidyl amidating monooxygenase (PAM) complex ablates
the C,H,COOH substructure of the C-terminal Gly38 as a
glyoxylate in the last processing step, affording amylin,
which has an amide functional group at the new C-terminus
(Tyr37). The proteolytic modifications are performed by the
same enzymes which process proinsulin and are believed to
occur in the acidified, immature secretory granule (20). In
addition to these proteolytic modifications, native amylin also
has a disulfide bond between Cys2 and Cys7, presumably

formed in the oxidizing environment of endoplasmic reticu-
lum, possibly via an enzyme-mediated reaction, and carried
through in the oxidized state throughout the aforementioned
processing steps.

A buildup in the concentration of one or more of the
proamylin processing intermediates displayed in Scheme 1B
has been implicated in amyloidogenesis and in beta cell
death (15, 217). To understand their aggregation propensity,
we synthesized, purified, and monomerized the amylin
processing intermediates and evaluated their relative amy-
loidogenicity at pH 6, 37 °C. Biophysical studies on
monomerized amylin reveal that the majority of the peptide
samples helical conformational states. The transformation of
amylin from a soluble peptide to an amyloid cross-3-sheet
structure is extremely rapid. The amyloidogenesis of amylin
free acid and reduced amylin (dithiol) is significantly slower
and seems to occur in an energetically downhill fashion at
high concentrations. Aggregation of the remaining amylin
processing intermediates is slower yet, with their relative
rates of amyloidogenesis correlating negatively with net
charge and charge flanking the putative amyloid core. Thus
processing of proamylin generates progressively more amy-
loidogenic peptides, with the final product, amylin, being
the most amyloidogenic under conditions (pH 6, 37 °C)
envisioned to simulate the immature secretory granule,
although we cannot be sure that these conditions mimic the
environment of amylin amyloidogenesis in vivo.
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EXPERIMENTAL PROCEDURES

Materials. Sodium phosphate, guanidinium chloride (Gd-
nHCI), urea, EDTA (electrophoresis grade); sodium azide
(Biotech research grade); 2-propanol and acetonitrile (HPLC
grade) were obtained from Fisher Scientific (Fair Lawn, NJ).
3-(Trimethylsilyl) propane sulfonic acid (DSS) was obtained
from Cambridge Isotope Laboratories (Andover, MA). Tris
(ultrapure grade) was obtained from Invitrogen (Carlsbad,
CA). MES and TCEP were obtained from Aldrich (Milwau-
kee, WI). Boc- and Fmoc- protected amino acids were
obtained from Novagen (La Jolla, CA). Practical grade
GdnHCI was obtained from MP Biochemicals (Solon, OH)
and recrystallized by adding a minimal amount of water,
boiling, and adding an equal volume of 2-propanol, cooling
at 4 °C and redissolving in water with the addition of
activated charcoal to decolorize the solution. Buffers were
prepared in deionized water ultrafiltered using a Quantum
EX apparatus from Millipore (Billerica, MA); to ensure
reproducibility all analytical buffers were created from 20 x
stocks except where noted. Thioflavin T was obtained from
Sigma-Aldrich (Milwaukee, WI) and was recrystallized as
described in the literature (22) prior to generation of a 100
mM stock in a 10 mM phosphate, pH 6.0 buffer containing
100 mM NaCl.

Human Amylin Synthesis and Purification. Lyophilized
amylin free acid was obtained from SynPep (Dublin, CA)
and was stored at —80 °C. The purity (>95%) was confirmed
by RP-HPLC on a C18 column. ESI-MS confirmed the
correct mass and analytical RP-HPLC retention shifts fol-
lowing treatment by dithiothreitol (DTT) and 2-mercapto-
ethanol (BME) confirmed that the disulfide bond was
correctly formed. Reduced amylin free acid was prepared
from the oxidized peptide by incubation at 10 mg/mL in a
10 mM phosphate, pH 6.0 solution containing 6 M GdnHCI,
100 mM NaCl, and 2% (v/v) 2-mercaptoethanol, and was
purified by RP-HPLC prior to lyophilization and use. Amylin
was synthesized following the protocol of Abedini and
Raleigh (23), with the following modifications: double-
coupling was performed only when coupling non pseudopro-
line residues succeeding the first pseudoproline dipeptide;
relyophilization prior to HPLC was performed 6 times from
30% acetonitrile (ACN), 0.01% trifluoroacetic acid (TFA)
(v/v); after relyophilization, amylin was precipitated from
nonpeptide residual products in 95% ACN, 0.01% TFA (v/
v) and purified by preparative HPLC over two cycles (Vydac
Z18TPNO022, Phenomenex Jupiter 4u Proteo 90A), affording
the reduced peptide; oxidation was performed in 7.2 M
GdnHCI, 10 mM Tris, pH 8.5, by titrating by color in the
same solution with 1% K,Fe(CN)s (w/v), followed by
incubation at 4 °C overnight. A typical 100 uM preparative
synthesis yielded 20 mg dry mass of purified, oxidized
product. Amylin+NT (1’—50’, amide) was produced fol-
lowing the above protocol based on an updated synthesis
(24). Double-coupling was only performed on beta-branched
residues and residues following beta-branched residues after
the first pseudoproline residue, and synthesis was terminated
at the first cysteine residue (2—37, amide) but otherwise the
synthesis was identical to that of amylin. A second peptide
(1’—14’-Mpa-Leu/His8’-DNP) was synthesized using BOC
chemistry, affording a yellow peptide. This peptide was then
coupled to the (2—37) peptide under denaturing native
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chemical ligation conditions, 10 mM phosphate, 7.2 M
GdnHCI, 1% (v/v) thiophenol, pH 7.4, and repurified by C18
HPLC chromatography. Amylin (oxidized disulfide and
reduced dithiol); and amylin free acid (oxidized disulfide and
reduced dithiol) were stored lyophilized at —80 °C.

Recombinant Preparation of Human Amylin Processing
Intermediates. Amylin+KR (14'—52"), amylin+CT (14'—69)
and proamylin (1’—69") were expressed using a common
protocol. These peptides were generated as fusions to a
codon-optimized BCL-XL-1/2 protein in modified pBAD
vectors (details to be published elsewhere and provided upon
request in the interim period). The construct and inserts were
generated using a combination of assembly PCR and standard
molecular biology techniques. BL-21 (DE3) E. coli cells were
transformed with the vector and grown in pH 7.4 LB medium
and harvested 2 h after induction with 0.1% w/v arabinose
at OD 600 = 0.8, frozen overnight and subjected to two
cycles of resuspension, sonication and pelleting in pH 8.0
50 mM Tris, 100 mM NaCl, 0.1% (v/v) Triton-X 100, 50
mM EDTA, 0.02% (w/v) sodium azide, 0.05% (w/v) DNase
A, two cycles in the same buffer without DNase or Triton-X
100, and two cycles in pH 5.0 50 mM Tris, 50 mM MES,
100 mM NaCl, 0.02% (w/v) sodium azide. The remaining
pellet was then resuspended in pH 8.5 50 mM Tris, 7.2 M
GdnHCI (practical grade), 1 mM TCEP, and stirred for one
week. The solubilized pellet was then centrifuged twice at
50,000g for 1 h to clarify the solution, and loaded onto a
TALON cobalt IMAC column.

The column was washed using 50 mM Tris (pH 8.5), 7.2
M GdnHCI, and the peptide was eluted using 50 mM Tris
(pH 5.0), 50 mM MES, 7.2 M GdnHCI. The peptides were
subjected to purification by RP-HPLC using a C4 (Vydac
214TP1022) column. The lyophilized peptides were then
resolubilized at 20 mg/mL in 7.2 M GdnHCI, 0.1 M HCl
(prepared by addition of a 1:50 aliquot from a 5 N HCI
stock), and subjected to cleavage using 1:4 dilution of a 20
mg/mL solution of cyanogen bromide in the same buffer and
incubated at RT overnight in the dark. All amylin intermedi-
ates were stored lyophilized at —80 °C.

General Pretreatment to Remove Aggregates and Mono-
merize Human Amylin and its Processing Intermediates. Prior
to use, 1—6 mg of the lyophilized peptide, depending on
the desired final concentration, was dissolved in 650 uL of
10 mM phosphate buffer (pH 6.0) containing 7.5 M GdnHCl
and 100 mM NaCl. For reduced amylin, 6 uL. of BME was
added to ensure disulfide reduction. The denatured amylin
solution was sonicated for 5 min to ensure maximal dissolu-
tion. This solution was filtered through a 0.22 um syringe-
driven filter and loaded onto a Superdex 30 column pre-
equilibrated in a filtered, autoclaved 10 mM phosphate buffer
(pH 6.0) containing 100 mM NaCl. For kinetic studies, the
conductivity of the solution at 4 °C was 13 &= 1 mS/cm as
determined by an inline conductivity meter (Amersham
Pharmacia). Amylin or its processing intermediates were
eluted at 4 °C and kept on ice for immediate usage.

NMR Spectroscopy of Human Amylin. Amylin free acid
solution (400 uL of ~250 uM solution), monomerized as
described directly above, was added to 100 uL of 10 mM
phosphate buffer (uncorrected pH/D 6.0) containing 50%
D0, 0.02% NaN; (w/v) and 0.05% (w/v) DSS. This solution
was transferred into a NMR tube (Kontes) which had been
cleaned thoroughly with detergent and boiled for 20 min in
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1 M NaOH and 1 M HCI successively, rinsed in buffer, and
dried prior to loading sample. This was placed on ice until
transfer into an Avance 500 MHz NMR spectrometer
(Bruker) with a 5 mm TXI probe. The sample temperature
was preset to 278 K. DQF-COSY, TOCSY, and NOESY
experiments (100, 150, and 300 ms mixing time) were
performed sequentially with 1D experiments performed
between each experiment to ensure that aggregation had not
occurred. For spectroscopic experiments, reduced amylin was
prepared after purging FPLC buffers with argon and pre-
treating the size exclusion column with a blank run consisting
of guanidine and DTT. Amylin (oxidized disulfide and
reduced dithiol) aggregated in the spectrometer within 10 h
at NMR concentrations, and was subjected to DQF-COSY
and 150 ms mixing time NOESY experiments only, with
fresh preparations performed between each spectroscopic
experiment.

CD Spectroscopy of Human Amylin. Amylin free acid was
monomerized as described above and its concentration was
determined by UV and adjusted to 250 or 200 uM (OD 276
nm = 1660 M AU"! cm™'), depending on yield. 80 or 100
uL nm of this material was added to 320 or 300 uL,
respectively, of 10 mM phosphate buffer (pH 6.0) containing
100 mM NaCl and adjusted concentrations of denaturant
(guanidine or urea for denaturation curves) and lightly
agitated by hand to ensure proper mixing, resulting in a final
amylin concentration of 50 M. This solution was loaded
into a 2 mm quartz cell (Hellma QC) and CD spectra were
obtained using a CD spectropolarimeter (AVIV 202SF) and
corrected with a matching background.

At each denaturation point, three spectra were taken
between 250 and 215 nm wavelengths at 0.5 nm increments
with 1 s integration times and averaged, then the chaotrope
concentration was measured using refractometry. Each
denaturation scan was performed three times with additional
data collected in the transition and post-transition regions.

Electron Microscopy of Human Amylin and its Processing
Intermediates. Amylin was monomerized as described above,
except with 0.02% (w/v) NaNj in elution buffers, and its
concentration was determined by UV and adjusted to 100
UM. A freshly prepared solution was seeded (10%) with a
solution of sonicated, aggregated amylin or amylin processing
intermediate fibrils composed of the same sequence of the
peptide in solution, and left to incubate overnight. The
aggregated solution was desalted by pelleting, decanting, and
resuspension in deionized water. Ten microliters of aggregate
solution were dropped onto an EM grid, incubated for 1 min,
and wicked off. Ten microliters of a freshly prepared solution
of 2% (w/v) uranyl acetate, 50% EtOH were then dropped
on top of the adsorbed fibrils, incubated for 1 min, and
wicked off. Grids were air-dried overnight and then observed
in a Philips CM-100 electron microscope at 80 kV accelera-
tion energy. Micrographs were taken using Kodak S0162
film.

ThT Fluorescence-Monitored Amyloidogenesis Kinetics of
Human Amylin and its Processing Intermediates. Amylin
amyloidogenesis was monitored by the amyloid binding dye,
thioflavin T. Amylin was monomerized as described above,
except with 0.02% (w/v) NaNj in elution buffers, and its
concentration was adjusted by UV to 111% of the desired
experimental concentration. Amylin solution (360 uL) was
added on ice to a 10 mm quartz cell (HELLMA QC)
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containing 40 uL of 1 mM thioflavin T solution, pH 6.0.
The cuvette was then lowered into a spectrofluorimeter
(AVIV ATF 105) pre-equilibrated at 37 °C. Fluorimetry
readings were taken every 30, 60 or 120 s with 1 s averaging
times. Measurements were taken around an excitation
wavelength of 440 nm and an emission wavelength of 485
nm with 5 nm bandwidths. Readings were normalized against
the autofluorescence of a solution containing 1 mM ThT
incubated at 25 °C. Cuvettes were rinsed with 0.5 M NaOH,
and incubated for 3 h (minimum) in Alconox detergent
followed by incubation for 3 h (minimum) in conc. nitric
acid. Kinetic measurements were repeated 5 times at each
condition (oxidized amylin and amylin free acid) or 4 times
at each condition (reduced amylin and amylin free acid,
processing intermediates). Fluorescence intensity was replot-
ted as fraction complete, renormalizing based on the highest
and lowest set of 10 sequential points. #s) was calculated by
fitting the curve to a stretched exponential and error for each
individual experiment was calculated based on error analysis
of the asymptotic standard errors for each term.

RESULTS AND DISCUSSION

Aqueous Chaotrope Pretreatment Followed by Gel Filtra-
tion Affords Monomeric Human Amylin. The aggregation
state of peptides in lyophilate is generally not well character-
ized. For amylin and its processing intermediates, the
elimination of amyloid fibrils and oligomeric seeds, which
would hasten aggregation, was a general concern in all
experiments. Historically, removal of aggregates has been
achieved by dilution of amylin stocks prepared in organic
solvents. The solvents utilized include trifluoroethanol (TFE)
(25), hexafluoroisopropanol (HFIP) (24, 26—37), and di-
methylsulfoxide (DMSO) (26, 38), which disassemble beta-
sheet aggregates of amylin by favoring alpha helical peptide
conformations or by eliminating the hydrophobic effect
critical for the stability of the amyloid state, or both. The
preparation of amylin by dissolution in HFIP followed by
lyophilization and reconstitution in deionized water has been
previously reported (/7, 36). However, this preparation
resulted in rapid aggregation when reconstituted in salt-
containing buffers and the aggregation state of this prepara-
tion was not well defined (/7, 36).

We avoided solvent pretreatment approaches because the
denaturing solvents persist after aqueous dilution; because
the fluorinated solvents are known to accelerate amylin
amyloidogenesis, despite stabilizing helical conformations
(29); and because of the ill-characterized aggregation state
in lyophilate. For all experiments in this study, the removal
of aggregates was achieved by chaotrope denaturation of the
lyophilized amylin peptide or processing intermediate, fol-
lowed by size exclusion chromatography into the desired
buffer. This approach for monomerization has been used
concurrently for other aggregation-prone peptides in our
laboratory and by others, and appears to be generally
efficacious (39, 40).

The conductivity of the size-exclusion fractions containing
amylin or amylin processing intermediates matched the
conductivity of the elution buffer (Figure 1), confirming the
lack of denaturant. Both the elution volume and analytical
ultracentrifugation analysis of a representative preparation
of amylin free acid (see Supporting Information) suggest a
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FIGURE 1: A typical FPLC size exclusion chromatography step
accomplishes buffer exchange and elimination of amylin aggregates
prior to experimentation. Absorbance is measured at 280 nm (black
trace) and conductivity (gray trace) indicates the passage of
guanidinium chloride. The UV peak near the void volume was not
always observed and had varying intensities. The elution time shown
is representative for amylin; for the longer processing intermediates,
the elution times are earlier but still separate from the void volume
and consistent between runs.

hydrodynamic radius of a globular protein with a mass of 7
kDa, consistent with that of a monomeric, partially unfolded
peptide like amylin, although trace repopulation of small
oligomers cannot be ruled out from these data alone.

NMR Spectroscopy of Human Amylin Reveals That It
Samples Helical Conformations. In order to ascertain the
structures of human amylin in a biologically relevant buffer
(pH 6), several 2D spectra were obtained, as described in
the Experimental Procedures, over the course of 5 days at
278 K. The 1D NMR spectra of amylin recorded after each
2D experiment did not change appreciably, confirming that
aggregation did not occur at this temperature on this time
scale. Spectra and resonance assignments for human amylin
free acid obtained in these studies are provided in the
Supporting Information. Resonance assignments were ob-
tained using amylin free acid because it is less aggregation
prone than amylin. However, analogous resonances were
found in the spectra of amylin.

Analysis of the NMR spectra of human amylin (10 mM
phosphate buffer, pH 6.0, 100 mM NaCl) revealed that the
N-terminus preferentially populates backbone dihedrals in
the alpha region, indicative of helical conformations, with
no detectable beta strand or sheet structure, in contrast to
previous models (5, 47). Unambiguous long-range side-chain
to side-chain NOE resonances were not observed in soluble
human amylin, suggesting the peptide does not adopt a
unique 3D structure or fold. Amide proton chemical shift
deviations (Figure 2A) in human amylin are similar to those
found in the homologous rat amylin by the Miranker group-
consistent with an N-terminus (residues 1—20) with a modest
helical propensity and a C-terminus that is less structured
(residues 21—37) (42). However, Ca. proton chemical shift
deviations (Figure 2B) suggest that human amylin shows
greater helical propensity than rat amylin across the entire
peptide, markedly so in the C-terminal half of human amylin.
We also observe strong (i, i+1) amide-amide NOEs across
the entire sequence of human amylin; indicative of a peptide
backbone that samples a-helical backbone dihedrals (Figure
2C). However, no significant (i, i+3) alpha-amide or (i, i+4)
alpha-amide NOEs were observed, which if observed, would
be diagnostic of a well-folded helical conformation. Hence,
human amylin adopts a conformation similar to, but seem-
ingly more structured than that found in the murine homo-
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logue and amylin’s nearest paralogous relative, calcitonin
(43, 44). The increased helical propensity of the C-terminus
of human amylin relative to rat amylin can be rationalized
by the presence of three proline residues in the latter, which
would act as helix breakers. Interestingly, the presence of
these prolines in the rat peptide is also thought to abrogate
its amyloidogenicity (8, 30). It is possible that the higher
amyloidogenicity of the human peptide necessitates the
observed enhanced helicity in its C-terminus to protect
against aberrant aggregation in the secretory pathway.

Our NMR data also reveal that the disulfide bond at the
N-terminus of human amylin imparts an unusual structure
to this region. Unlike almost all the other residues in amylin,
Thr4 and Ala5 show no amide-amide NOE. Instead, a Thr4-
Ala8 NOE is observed (Figure 2D). There are strong
sequential amide NOEs between residues 6—8 and a strong
NOE between the amide protons of residue 4 and residue 5.
Together, these data suggest that the disulfide bond orients
the amide bonds of residues 4 and 5 in a direction opposite
to the alignment established by the helix sampled by the
remainder of the peptide; residues 6 through 8 are twisted
to accommodate this change in direction. This unusual
conformation likely results in a net destabilization of the
helical conformational ensemble in this region.

A previous NMR study reported a helical structure for
human and rat amylins, with spectra being recorded in a
solution containing 25% (v/v) HFIP-a helix inducing solvent.
In that study, two helical segments were observed: one from
residues 7—17 and another from residues 23—29 (25). Our
NMR data, collected in the absence of organic solvents, are
more consistent with a peptide sampling helical conforma-
tions extending over the majority of human amylin, except
in the N-terminal disulfide region. While increasing /3-struc-
ture was observed as the HFIP concentration was decreased
(25), we observe no evidence of S-structure in purely aqueous
buffers at pH 6.

The Helical Conformations That Human Amylin Samples
Can Be Denatured Using Chaotropes. Far-UV CD spectra
of amylin free acid in buffer with and without 4 M guanidine
differ significantly, suggesting that the population of helical
states being sampled is high enough to be altered by
denaturant (Figure 3A). Previous attempts at amylin dena-
turation have reported unusual denaturation profiles, with
dichroic extrema observed at intermediate denaturant con-
centrations (45). In contrast, we observed a smooth increase
in mean residue ellipticity (MRE) with increasing denaturant
concentration (Figure 3B,C). Moreover, the transitions are
modestly cooperative, further supporting the idea that the
population sampling helical conformations is low, but finite
(Figure 3B,C). Thermal denaturation was attempted (data not
shown) but visible aggregates formed inside the cuvette,
likely triggered by the incubation of the peptide solution at
elevated temperatures for extended periods.

Human Amylin and Its Processing Intermediates Exhibit
Similar Fibrillar Morphology. Human amylin, amylin free
acid, and their processing intermediates: amylin+KR,
amylin+NT, amylin+CT, as well as proamylin (see Scheme
1B for sequences) all generated aggregates exhibiting a
fibrillar structure when examined by electron microscopy
(Figure 4). These fibrils were all generated in the quiescent
state overnight at 37 °C. Amylin and its processing inter-
mediates were seeded with fibrils composed of the respective
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peptides also generated overnight in the quiescent state,
except for proamylin, which was seeded with proamylin
fibrils generated by rotary agitation. The fibrils all exhibited
a similar diameter and a helical pitch, and formed higher
order assemblies of twisted fibrils. The similar morphologies
of the fibrils suggest a common structure, although subtle
conformational differences cannot be ruled out by examining
the fibrils using electron microscopy alone. Even if the
structures are nearly identical, their mechanisms of assembly
could be quite different.

Human Amylin Free Acid Transitions from Concentration-
Dependent to Concentration-Invariant Aggregation Kinetics.
Although the shape of individual kinetic traces for
oxidized (intact disulfide) and reduced human amylin free
acid suggest the assembly of these amyloids is not likely
to be a singly nucleated polymerization process (Figure
5A and Supporting Information), we found that the
concentration dependence of amyloidogenesis can be
rationalized using this model. The data are consistent with
the existence of a high-energy on-pathway oligomeric
species or nucleus that is a prerequisite to fibril assembly.
This is evident as velocity increases with concentration
at low concentrations while converging toward a maximum
velocity at high concentrations (Figure 5B). At these

concentrations, amyloidogenesis becomes an energetically
downhill process, with the rate limiting step being
conversion of monomer to an amyloid competent species.

To explain this unusual phenomenon, we recall Powers
and Powers’ report that while traditional nucleated poly-
merizations exhibit a linear relationship between log(con-
centration) and log(#so), this relationship can be lost at high
concentration without a change in assembly mechanism or
energies of association, including enthalpy of binding, and
configurational and solvent expulsion entropies (46). Elevated
concentrations will, however, alter the entropy of assembly,
resulting in an overall decrease of the energetic penalty of
monomer addition to oligomers. In particular, beyond a
certain concentration (supercritical concentration, K;), the
enthalpic and solvent expulsion contributions can overcome
the entropic penalty of oligomer assembly, resulting in
downhill polymerization kinetics without a change in as-
sembly mechanism. It appears that amylin free acid and
reduced amylin free acid undergo a similar transition from
concentration-dependent kinetics to concentration-invariant
kinetics. Notably, this transition appears to occur across a
supercritical concentration that is likely to be below the native
concentration of amylin in the immature secretory granule
(9—12).
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FIGURE 3: Denaturant diminishes the amplitude of amylin’s ellip-
ticity. The difference in spectra (A) between biomimetic buffer (10
mM P;, 100 mM NacCl, pH 6.0, filled circles) and denaturing buffer
(10 mM P;, 100 mM NaCl, 4 M GdnHCI, pH 6.0, open circles)
suggests the loss of structure under the latter conditions. Urea (B)
and guanidine (C) denaturation curves based on ellipticity at 222
nm wavelength. This wavelength exhibits the greatest difference
in ellipticity when recorded under biomimetic and denaturing buffer
conditions. The folding curves suggest a modestly cooperative
folding transition, modeled by the gray curves.

Oxidized Human Amylin Free Acid Aggregates More
Rapidly than Reduced Amylin Free Acid. The reduced form
of amylin free acid aggregated slower than that of the
oxidized form (Figure 5B, unfilled vs filled circles, respec-
tively). For amylin free acid, the data suggest that the kinetics
are shifted by a similar velocity across all concentrations
evaluated. If fibril dissociation rates are similar, then the
difference in amyloidogenesis kinetics between the two forms
is likely to be the result of a difference in the rate of
prenuclear assembly. This suggests that the disulfide bond,
while thought to generally protect the peptide from N-
terminal proteolytic degradation, has the effect of destabiliz-
ing the soluble helical conformations relative to the amyloid
competent -sheet conformations. This may be due to the
helix-destabilizing orientation of amide bonds in residues 3
and 4 (vide supra), which appear to be in opposition to the
polarity established by the helix sampled by the remainder
of the peptide.

Yonemoto et al.

Human Amylin Is More Amyloidogenic than Human
Amylin Free Acid. Amylin misprocessing, resulting from
the failure of the PAM complex oxidation machinery to
remove the glyoxylate, could result in the production of
a more amyloidogenic peptide. Previous publications have
not addressed the difference in amyloidogenicity between
amylin free acid and amylin. We observed that amylin
(filled squares; Figure 5B) aggregates faster than amylin
free acid in both oxidized (Figure 5B, filled circles) and
reduced states (Figure 5B, open circles) over a broad range
of concentrations.

A plot of 759 vs amylin concentration reveals that reduced
amylin free acid and reduced amylin exhibit similar con-
centration dependent kinetic profiles (Figure 5B, open circles
vs open squares), although reduced amylin aggregates faster
and reaches a limiting velocity at a lower concentration.
Assuming a common assembly mechanism, reduced human
amylin’s supercritical concentration is decreased and the
maximum velocity is increased relative to reduced human
amylin free acid, suggesting that there is an increase in the
rate of prenuclear assembly and also an increased enthalpy
of assembly. Both of these trends are consistent with the
elimination of a negative charge from the C-terminal
carboxylate of amylin, believed to flank the amyloid core
((40); Figure 6).

Human amylin exhibits a #5p vs concentration Kkinetic
profile (Figure 5B, filled squares) dissimilar to that of
oxidized and reduced human amylin free acid and dissimilar
to that of reduced human amylin, all plotted in Figure 5B.
We were unable assess the aggregation kinetics of human
amylin at very high concentrations due to prohibitive
quantities required relative to availability; however, in the
range of concentrations tested, it does not appear that we
reached the maximum velocity of amyloid assembly. None-
theless, aggregation of human amylin with its disulfide bond
intact becomes very fast at concentrations exceeding 100 «4M.
Although we cannot assume that the aggregation of human
amylin is a downhill process either in vitro or in vivo (i.e.,
that we exceeded its supercritical concentration), the ag-
gregation occurred more rapidly than for amylin free acid
or reduced amylin. The dramatically different kinetic profile
(Figure 5B) further suggests that oxidized human amylin may
aggregate via a different mechanism than its processing
intermediates.

Native Human Amylin Is More Amyloidogenic than Its
Processing Intermediates. In addition to studying the kinetics
of oxidized and reduced amylin and amylin free acid
discussed directly above, we evaluated the amyloid propen-
sity of four other possible human amylin processing inter-
mediates. These include proamylin and intermediates cor-
responding to a failure of the processing machinery required
to produce human amylin from proamylin. Amylin+NT
corresponds to human amylin with an extended N-terminus,
which could arise from the failure of PC 2 endoproteolysis.
Amylin+CT corresponds to human amylin with an extended
C-terminus, which could arise from the failure of the PC
1/3 endoproteolysis. Amylin+KR corresponds to the human
amylin produced as a result of a failure of carboxypeptidase
E activity, and amylin free acid, evaluated above, corresponds
to the peptide produced as a result of failure of PAM complex
oxidation that removes the glyoxylate and affords the
C-terminal amide of human amylin.
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5 RSE . i i :
FIGURE 4: EM images reveal that amylin (A), amylin+KR (B), amylin+NT (C), amylin+CT (D), and proamylin (E) all form fibrillar
aggregates when aggregated at 100 uM overnight. All fibrils were formed by preseeding (1:10) with a quiescently generated, fibrillized
sample of the respective peptides at a concentration of 100 uM, except for proamylin, which required agitation to form the seed fibrils.

When compared to amylin, proamylin was less amy-
loidogenic at equal concentrations of 100 uM, as previ-
ously reported in the literature ( (47); Figure 5C). We
further established that proamylin was the least amy-
loidogenic peptide in the processing pathway of amylin.
Indeed, it did not exhibit amyloidogenesis in solution when
left in a quiescent state over the course of 6 days. Beyond
this time, aggregates were observed at the air—water
interface where concentration due to evaporation was
occurring. However, overnight agitation of proamylin in
a rotary shaker (24 rpm) afforded aggregates which were
competent to seed the quiescent amyloidogenesis of
monomerized proamylin, as confirmed by EM (Figure 4E).

Unlike proamylin, the other human amylin processing
intermediates all exhibited amyloidogenesis without seed-
ing to varying degrees when subjected to quiescent
aggregation at a concentration of 100 uM. Of these, amylin
free acid was the most amyloidogenic, followed by

Biochemistry, Vol. 47, No. 37, 2008 9907

amylin+NT, amylin+KR, and amylin+CT (Figure 5C)
in that order. This trend can be explained biophysically
by comparing the charge states of these peptides. In
particular, aggregation propensity correlates negatively
with increasing charge after what would be the C-terminus
(Tyr50”) of the core f-strand (core strand) in the amylin
amyloid fibril (Figure 6), based on solid state NMR
evidence (40). Since each strand is arranged with the side
chains in an in-register fashion (40), the charges must also
be in-register, rationalizing how the presence of these
charges would be enthalpically destabilizing, rendering
the overall hydrophobic burial process less energetically
favorable or prohibitive. The aggregation propensities of
the processing intermediates of amylin also seem to be
negatively affected by the increasing net charge on the
peptide as a whole (Figure 6). Both of these observations
are in accordance with the general principle that charge
reduces amyloidogenicity (48).
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in the Supporting Information. Kinetics of oxidized (filled, geo-
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amylin processing intermediates along the processing pathway, all
measured at 100 uM (C). Proamylin did not aggregate quiescently
over the course of 6 days in two separate experiments at this
concentration.

SUMMARY AND PERSPECTIVE

We have developed an aggregate removal protocol that
affords human amylin and human amylin processing inter-
mediates as metastable monomers in the desired aqueous
buffer—by chaotrope denaturation followed by gel filtration
chromatography as a critical finishing step. Experimental
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K1(14'@4_{}"'" R11(24')

H18(31")

R53

(+KR only)

Exposed Strand
Core Strand =

a

Fibril Axis

species net charge charge flanking core ts5q (S)
amylin +4 0 2.0x103
amylin free acid +3 -1 8.6x103
amylin +NT +5 0 1.5x10%
amylin +KR +5 +2-1 5.8x10%
amylin +CT +5 +2 8.7x10%
proamylin +6 +2 n.d.

FIGURE 6: A schematic diagram of the location of the charges in
the fibril, based on the structures reported by Tycko, et al. (40).
The C-terminus of amylin is buried as a beta strand in the “core”
of the fibril; the N-terminus becomes a half-solvent-exposed beta
strand. Charges flanking the C-terminus of amylin in the mispro-
cessed forms may destabilize the fibril by situating in-register
charges near the buried “core” strand. 5y values are reported as
geometric means.

evidence demonstrates that this is a reliable way of eliminat-
ing seeds, allowing for highly reproducible structural and
kinetic aggregation studies to be accomplished in vitro.

Access to high concentrations of human amylin and its
processing intermediates, afforded by the new monomeriza-
tion protocol, enabled exploration of the concentration
dependence of fibril assembly kinetics under conditions
closer to those found in the secretory pathway of the islet
beta cell (9—12). We report that all of the human amylin
processing intermediates are less amyloidogenic at pH 6, 37
°C than oxidized, amidated amylin itself, consistent with
previous reports that proamylin is much less amyloidogenic
than amylin (47). The decreased amyloidogenicity of the
amylin processing intermediates relative to amylin is
rationalized by the increased net charge on the human amylin
processing intermediates and the increase of in-register
charges in the C-terminal extension sequences directly
flanking the amylin amyloid core.

Progress along the human amylin processing pathway
(Scheme 1) generates amylins of progressively increasing
amyloidogenicity (Figure 5C). While misprocessing of
amylin has been implicated as a causative factor in generating
the intracellular amylin deposits found in type II diabetes
models and in humans (/3—15), the lowered amyloidoge-
nicity of the processing intermediates observed under our
conditions seems inconsistent with this hypothesis. However,
it is possible that our in vitro conditions do not precisely
mimic the environment of amyloidogenesis in vivo, to the
extent that the differences would change the amyloidoge-
nicity rankings of amylin and its processing intermediates
that we observe in vitro (Figure 5C). For example, altered
binding to secretory granule components believed to seques-
ter amylin and preclude amyloidogenesis (9—/2) may
overcome the gross differences in amyloid propensity we
observed.

It seems more likely to us that the discovery of amylin
processing intermediates deposited as amyloid within beta
cells reflects a general defect in protein homeostasis control
known to occur in diabetes (49), rather than being a trigger
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of pathology (50). That the N- and C-terminal extensions
present in the processing intermediates of human amylin have
a protective effect against amyloidogenesis, further leads us
to speculate that part of their function may be to prevent
aggregation and amyloidogenesis in early stages of amylin
biosynthesis and transport through the exocytic pathway. The
highly amyloidogenic nature of human amylin is peculiar,
suggesting that its amyloidogenicity may have something to
do with its function or that residues required for function in
humans confer amyloidogenicity.
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