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ABSTRACT. Amyloid formation has been implicated in a wide range of human diseases, and a diverse set
of proteins is involved. There is considerable interest in elucidating the interactions which lead to amyloid
formation and which contribute to amyloid fibril stability. Recent attention has been focused upon the
potential role of aromaticaromatic and aromatiechydrophobic interactions in amyloid formation by short

to midsized polypeptides. Here we examine whether aromatic residues are necessary for amyloid formation
by islet amyloid polypeptide (IAPP). IAPP is responsible for the formation of islet amyloid in type I
diabetes which is thought to play a role in the pathology of the disease. IAPP is 37 residues in length and
contains three aromatic residues, Phe-15, Phe-23, and Tyr-37. Structural models of IAPP amyloid fibrils
postulate that Tyr-37 is near one of the phenylalanine residues, and it is known that Tyr-37 interacts with
one of the phenylalanines during fibrillization; however, it is not known if aromatfomatic or aromatie
hydrophobic interactions are absolutely required for amyloid formation. An F15L/F23L/Y37L triple mutant
(IAPP-3XL) was prepared, and its ability to form amyloid was tested. CD, thioflavin binding assays,
AFM, and TEM measurements all show that the triple leucine mutant readily forms amyloid fibrils. The
substitutions do, however, decrease the rate of fibril formation and alter the tendency of fibrils to aggregate.
Thus, while aromatic residues are not an absolute requirement for amyloid formation by IAPP, they do
play a role in the fibril assembly process.

Amyloid formation plays a role in a wide range of human support this conjecturel®). In particular, substitution of
diseases, including Alzheimer’s disease and type Il diabetes,aromatic residues in short peptides derived from islet amyloid
and a diverse set of proteins has been shown to form amyloidpolypeptide (IAPF,amylin) by alanine significantly inhibited
in vivo and in vitro. There has been considerable interest in amyloid formation or abolished it. Alanine is, however, a
determining the factors and specific interactions which lead nonconservative substitution for phenylalanine, particularly
to amyloid formation {—10). Recent attention has been with regard to amyloid formation since it is smaller and less
focused on the potential role of aromatiaromatic and hydrophobic and has a lowgksheet propensity. Indeed,
aromatic-hydrophobic interactions in amyloid formatioh- substitution of aromatic residues with leucine instead of
3,5, 6, 11—-13). Aromatic—aromatic interactions are known alanine led to peptides which still formed amyloitl3).
to contribute to the stability of globular proteins and have These studies were performed on short fragments derived
been suggested to play a critical role in amyloid formation from IAPP or from other proteins. IAPP contains multiple
(11, 12). Initial experiments involving alanine scanning of aromatic residues, and intrapeptide aromagicomatic in-
peptides containing a single aromatic residue seemed toteractions occur during the fibrillization process; however,

it is not known if these intrapeptide aromatiaromatic
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cance, and there have been suggestions that targetinglouble-coupled. The peptide was cleaved from the resin
aromatic-aromatic interactions is a viable strategy for the through the use of standard trifluoroacetic acid (TFA)
design of amyloid inhibitors, particularly for IAPRS, 16). methods.

IAPP is a hormone which is stored in the insulin secretory ~ Peptide Purification.The crude peptide (100 mg) was
granules and is cosecreted with insull7,(18). Inits normal  dissolved in 10% acetic acid (v/v), frozen in liquid nitrogen,
soluble state, it plays a role in regulating glucose metabolism, and lyophilized to increase its solubility. The dry polypeptide
but in type Il diabetes, IAPP forms amyloid deposits in the Wwas dissolved in 5 mL of DMSO to promote the formation
pancreas X7—23). Islet amyloid is believed to play a role Of the Cys-2-Cys-7 disulfide bond47). After 24 h, the
in the pathology of type Il diabetes, and more than 90% of solution was purified via reverse-phase high-performance
patients with type Il diabetes exhibit islet amyloid upon liquid chromatography (RP-HPLC) using a Vydac C18
autopsy 23). Furthermore, the level of islet amyloid appears Preparative column. A two-buffer system was utilized in
to correlate with the severity of the disease. The mature form Which buffer A consisted of kO and 0.045% HCI (v/v) and
of IAPP is 37 residues in length, has an amidated C-terminus,buffer B consisted of 80% acetonitrile, 20%,®{ and
and contains a disulfide bridge between residues 2 and 70.045% HCI (v/v). The identity of the pure polypeptide was
(17, 18). The human form of the polypeptide contains three confirmed by matrix-assisted laser desorption ionization time-
aromatic residues, Phe-15, Phe-23, and Tyr-37. FRET studiegf-flight mass spectrometry (MALDI-TOF MS). The purity
have shown that the C-terminal Tyr interacts with one or Of the polypeptide was checked by HPLC using a Vydac
more of the Phe residues during the fibrillization process €18 analytical column.

(14). FRET studies have also shown that Tyr-37 is relatively ~ Thioflazin-T Fluorescence Assay# 0.53 mM peptide
immobile in the final fibril structure, while structural models stock solution consisting of 1.9 mg of purified IAPP-3XL
of the fibrils suggest that Tyr-37 could form aromatic ~ in 1 mL of 20 mM Tris-HCI buffer (pH 7.4) was prepared
aromatic interactions with Phe-234, 24). These studies  and allowed to incubate for 2 days at room temperature. A
indicate that aromatic residues may be important in formation second 0.53 mM peptide stock solution was prepared on the
of amyloid by the full-length peptide. Note that the studies second day and used to monitor events at time zero.
with short peptides described above could not test the Fluorescence was measured on a Jobin Yvon Horiba

importance of these interactions because each peptidefluorescence spectrophotometer with excitation at 450 nm
contained only one aromatic residue; thus, intrapeptide @nd emission at 485 nm. The emission and excitation slits

aromatic-aromatic interactions were not possible. were set to 5 nm, and a 1.0 cm cuvette was used. The
A number of studies have suggested that targeting wavelength scan was measured from 462 to 650 nm. All

aromatic-aromatic interactions is a viable strategy for the thioflavin-T fluorescence experiments were performed by
design of amyloid inhibitors, particularly of IAPPL%, 16, diluting 103uL of the stock solution into & 20 mM Tris-
25). However, no studies have been reported which test if 1C! buffer (pH 7.4) containing thioflavin-T. The final
aromatic-aromatic or aromatiehydrophobic interactions are solution conditions were 32M peptide and 3iM thiofla-

absolutely necessary for islet amyloid formation. The ques- Vin'T at pH 7.4. All solutions were stirred during the
tion is important, both because of the growing interest in Wavelength scans to maintain solution homogeneity. As a

inhibitors of IAPP aggregation and because of the general contr.olz a fluorescence spectrum was taken of a solution
insight such a study might offer into amyloid formation in a consisting of only buffer and thioflavin-T. This spectrum was
broader context. Here we report the characterization of aflatin comparison tc.) the spectrum of the solution contal'nlng
triple mutant of IAPP in which all three aromatic residues the peptide, indicating that the fluorescence observed in the

are replaced with Leu. The peptide is denoted IAPP-3XL, presence of the peptide is due to the peptide fiulye
and as described below, it readily forms amyloid. Thus, interactions. The background spectrum was subtracted from

aromatic residues are not required for amyloid formation by the Spectra of the peptide samples. Wavelength scans were

IAPP, although amyloid formation is slower in their absence performgd on both pe_ptide S.tOCk solutions on the: day of
and the final morphology is subtly affected. preparation and after incubation for 15 days. Studies were

also conducted in which a 1.58 mM stock solution was

EXPERIMENTAL PROCEDURES prepared in 100% HFIP as described previougl).(These
conditions are used to ensure that IAPP is monomeric at the
Peptide Synthesis and PurificatiolAPP-3XL was syn- initiation of the kinetic assays. Kinetic studies were per-

thesized on a 0.25 mmol scale with an Applied Biosystems formed by diluting this stock solution by a factor of 50:1 in
433A peptide synthesizer utilizing 9-fluorenylmethoxycar- Tris-HCI buffer (pH 7.4) containing thioflavin-T and moni-
bonyl (Fmoc) chemistry. Solvents that were used were ACS- toring the thioflavin fluorescence as a function of time. Final
grade. Fmoc-protected pseudoproline (oxazolidine) dipeptide solution conditions were 32M IAPP and 32uM thiofla-
derivatives were used as previously describ26).(They vin-T (pH 7.4) with 2% HFIP (v/v). The kinetics of amyloid
were purchased from Novabiochem. All other reagents were formation by IAPP are dependent on the size and shape of
purchased from Advanced Chemtech, PE Biosystems, Sigmathe cell that is used, the sample volume, and whether samples
and Fisher Scientific. Use of a 5{Bmoc-aminomethyl-3%- are stirred as well as the solvent composition.
dimethoxyphenol) valeric acid (PAL-PEG) resin afforded an  Circular Dichroism.Far-UV CD experiments were per-
amidated C-terminus. Standard Fmoc reaction cycles wereformed at 25°C on an Aviv 62A DS CD spectrophotometer.
used. The first residue attached to the resinpgdiranched For far-UV CD wavelength scans, an aliquot from the peptide
residues, the residue directly followinggebranched residue,  stock was diluted into 20 mM Tris-HCI buffer (pH 7.4), for
all psuedoproline dipeptide derivatives, and the residue a total volume of 25Q:L. The final peptide concentration
directly following a pseudoproline dipeptide derivative were was 0.1 mg/mL in 20 mM Tris-HCI buffer. The spectrum is
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FIGURE 1: Primary sequence of (A) wild-type human IAPP and g 5061 PRY,
(B) the F15L/F23L/Y37L triple mutant. The peptides have an @ "s
amidated C-terminus, a free N-terminus, and a disulfide bridge S 00 | A_
between Cys-2 and Cys-7. Positions 15, 23, and 37 are highlighted ~
in bold.
the average of three repeats in a 0.1 cm quartz cuvette and 40 500 550 600 80 700
was recorded over a range of 9250 nm, at 1 nm intervals Wavelength(nm)
with an averaging time fo3 s per scan. A background Ficure 2: Thioflavin-T binds to IAPP-3XL. The solid curve is
spectrum was subtracted from the collected data. the thioflavin-T emission spectrum recorded in the presence of 0.53

- . mM IAPP-3XL which had been incubated for 2 days. The dashed
Transmission Electron Microscopy (TEMJEM was line represents the spectrum of thioflavin-T in buffer in the absence

performed at the University Microscopy Imaging Center at of peptide. Spectra were recorded at Z5in 20 mM Tris-HCI
the State University of New York (Stony Brook, NY). (pH 7.4).
Samples (4«L) from both thet = 0 andt = 2 days peptide
stock solutions were placed on a carbon-coated 300-mesh
copper grid and negatively stained with 2% uranyl acetate. .

o %% ¢,

Atomic Force Microscopy (AFM)The peptide samples 2] o %%,
were characterized using a Nanoscope llla Multimode atomic 'g’? * o
force microscope (Veeco, Inc., Santa Barbara, CA). Specif-
ically, 1 uL of the peptide solution was diluted ta& with
deionized water in an Eppendorf tube and mixed gently for
10 s. A 2uL aliquot of the diluted solution was spin coated
onto a freshly cleaved mica surface at 3000 rpm for 30 s
followed by air drying for 30 min. The samples were
subsequently imaged in ambient air using tapping mode
scanning with conventional etched silicon Nanoprolies ( 61
3—6 N/m). We used an E scanner for our imaging, with
typical scan ranges of1—5 um. The scan rate for imaging -8 - - : - .
of the peptides was between 1 and 1.6 Hz; the tapping ' 200 210 220 20 240 2%0
frequency was between 60 and 90 kHz. The height, length, Wavelength (nm)
and periodicity data on the fibrils were obtained directly from Ficure 3: IAPP-3XL deposits are rich if-sheet structure. Far-
flattened images using the as-provided Nanoscope dataUV CD spectrum of a 32M sample of IAPP-3XL in 20 mM Tris-
analysis software. Height, length, and periodicity measure- HCl (PH 7.4).
ments were taken along a number of line profiles across

replicated over several images and taken above the miceof aggregated IAPP-3XL, exhibiting the characteristic emis-
background. Width measurements were not obtained due t0gjgn maximum near 480 nm associated with the amyloid-

Ellipticity (millidegre

meaningful. samples prepared in aqueous buffer at relatively high initial
concentrations (stock solution was 0.53 mM prior to dilution)
RESULTS AND DISCUSSION as described in Experimental Procedures. We also tested

solutions that were first solubilized in 100% HFIP to remove

A triple mutant of human IAPP was synthesized in which any preformed seeds. Samples prepared by diluting HFIP
each of the aromatic residues was replaced with Leu (F15L, stock solutions into aqueous buffer also show the charac-
F23L, and Y37L). The polypeptide is denoted IAPP-3XL teristic thioflavin-T fluorescence associated with amyloid
(Figure 1). Leucine substitutions were used to eliminate the formation after a short lag phase. This experiment confirms
aromatic interactions instead of Ala since Leu is more that the positive thioflavin assay is not an artifact of the
conservative in terms of its size, hydrophobicity, ghsheet method of sample preparation. These results were confirmed
and a-helical propensity 13). The ability of IAPP-3XL to by far-UV CD studies. Far-UV CD spectra of the triple
form amyloid was first tested using thioflavin-T binding leucine mutant show the classic conformational transition
studies. Thioflavin-T is negligibly fluorescent in solution but for amyloid formation by wild-type IAPP, shifting from a
experiences a significant increase in quantum yield uponrandom coil structure at time zero to/asheet structure
binding to amyloid fibrils. The results indicate that thiofla- (Figure 3).
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(A) N8

Ficure 5: IAPP-3XL forms amyloid deposits. Tapping mode AFM
images of (A) wild-type human IAPP and (B) the IAPP-3XL
mutant. The horizontal scale bar represents 250 (A) and 200 nm
(B). The verticalZ scale is 60 (A) and 20 nm (B). Fibrils were
prepared at pH 7.4 and 2% in 20 mM Tris-HCI and 2% HFIP
(v/v), yielding 0.14 mg/mL peptide.

We also used atomic force microscopy (AFM) to examine
the topology of the fibrils formed by the 3XL mutant.
Tapping mode AFM has been used to probe the morphology
of amyloid fibrils formed by a wide range of proteins and
i pi | el polypeptides and is a technique that complements TEM, since
Ficure 4: |APP-3XL forms amyloid deposits. (A) TEM images sam'ples.do not have 'to be either stain_e_d with heavy ”.‘Eta'
of a sample which had been incubated %oh at 25°C in 20 mM or visualized under high-vacuum conditions. Our ambient
Tris-HCI (pH 7.4). (B) TEM images of samples incubated for 2 AFM data are consistent with the TEM studies and support
days under otherwise identical conditions. The scale bar representthe conclusion that the triple leucine mutant forms amyloid
100 nm. fibrils. Figure 5 compares AFM images of wild-type IAPP

] ) ~and IAPP-3XL, both of which formed left-handed helical,

The morphology of the IAPP-3XL deposits was investi- gjightly curved fibrils. The images are broadly similar and
gated_usmg _TEM._These _expe_rlments demonstrate that thereyeal features typically observed for AFM images of
material which binds thioflavin-T has the morphology amyloid fibrils, including the same sense of the helical twist.
commonly associated with amyloid fibrils. This is an There are differences in the details of the images, however.
important additional observation because there has been somgor example, the twisted ribbon morphology was noticeably
speculation that thioflavin-T binding can yield false positives. more pronounced for the wild-type fibrils. A distinct
Dense mats of long, unbranched fibrils were observed in the periodicity is observed for both peptides which is typical of
TEM images of samples of IAPP-3XL, which had been amyloid. For the wild-type IAPP fibril, the period is 472
incubated for onyt 1 h at pH 7.4(Figure 4). Interestingly, 9.0 nm, whereas for the IAPP-3XL mutant, the period is
the fibrils observed in samples that had been incubated for62.1+ 8.5 nm, indicative of observable macroscopic changes
48 h appeared to be longer and slightly less prevalent,in the fibril structure which result from differences in the
although they were still abundant. two peptide sequences. A similar argument has been previ-
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120 rapid growth phase leading to the final plateau. The lag phase
is noticeably longer for the 3XL mutant, increasing by a
factor of approximately 5. Interestingly, the effect on the
growth phase is less pronounced.

100

80 1

CONCLUSIONS

60 1

Spectroscopy measurements and TEM and AFM studies
of IAPP-3XL clearly demonstrate that it readily aggregates
into fibrils that bind thioflavin-T, have consideralffesheet
structure, and have the morphology expected for amyloid
deposits. These studies unequivocally show that IAPP-3XL
20k . . . forms amyloid despite the complete absence of aromatic
0 2000 4000 6000 8000 residues. We believe that our observations with full-length

Time (s.) IAPP are important because previous studies of the role of

) R aromatic residues in fibril formation by IAPP involved
FiGURe 6: IAPP-3XL forms amyloid significantly more slowly than - f sh . hich ; | inal
wild-type IAPP. Thioflavin fluorescence monitored kinetic assays Studies of short peptides which contained only a single

of fibril formation by wild-type IAPP and IAPP-3XL. Reactions ~aromatic amino acid. In contrast, mature IAPP contains three
were initiated by diluting HFIP stock solutions into aqueous buffer. aromatic residues, and aromatic contacts are known to be
5 '2;’" ;ﬁg%‘t&”?n‘é"/%el_ igmiégOg%g-ijﬁeansr?/vhgrlrgé#glnsgg i, formed during the fibrilization procesd4). Thus, the study

cbnfinuous'stirring at 25C. Thé solid line represents the best fit prese_nted her_e extends qur earlle_r o.bservatllons by showing
to a sigmoidal curve. that intrapeptide aromaticaromatic interactions are not

required for fibril formation. This study together with recent

ously advanced to explain polymorphic fibrillar morphologies Studies of the role of aromatic interactions in amyloid
(28, 29). The distribution of fibril lengths is similar for the ~ formation by muscle acylphosphatase and prior investigations
two peptides in the sense of ranging from 100 nm to several Of short peptides clearly demonstrate that aromatiomatic
micrometers. However, there are differences in the distribu- Or aromatie-hydrophobic interactions are not a requirement
tion of heights worth discussing (Supporting Information). for amyloid formation in all systems2( 13). Our kinetic
The mean height for the wild-type peptide is 54646 studies, however, do show that interactions involving aro-

nm, and the median is 4.71 nm. The measured fibril height Matic residues of IAPP are important during the lag phase,
is within the range expected and is in agreement with and our AFM measurements show that they influence the

previous AFM data as well as electron microscopy results Morphology of the deposits.
for human IAPP 80—33). Nonetheless, as seen in Figure 5, It is interesting to speculate about the molecular basis for
the wild-type fibrils tend to occur mainly as pairs of fibrils  the elongation of the lag phase caused by the aromatic to
and sometimes as triplets and multiplets of adjoining fibrillar leucine substitutions. In principle, the substitutions could
structures. This result is consistent with a picture of wild- modulate conformational tendencies and fluctuations within
type fibrils being composed of laterally intertwined compo- the monomeric ensemble, or they might destabilize specific
nent fibrillar building blocks forming higher-order structures  intramolecular contacts or modulate important peptide
and, moreover, argues for the reasonable hypothesis that th¢geptide interactions. Of course, the substitutions could exert
aromatic residues help to mediate interfibril interactions. Our their net effect by some combination of these processes,
observation is also in agreement with previous reports on although it is very difficult to quantify or differentiate these
IAPP assemblies, where fibril structures were obser@djl ( potential multiple effects. There are literature data, however,
In other words, it is plausible that the aromatic residues, which suggest that at least part of the effects could be due
through favorabler-stacking interactions or aromatic hy- to modulation of intramolecular aromati@romatic interac-
drophobic interactions, may encourage formation of a tions. In particular, FRET-based measurements showed that
hierarchical fibrillar architecture. By contrast, the mean aromatic residues in wild-type IAPP form interactions during
height for fibrils formed by the 3XL mutant, 3.38 1.3 nm, the lag phase of amyloid formation and demonstrated that
is clearly shorter than that of the wild type, as is the median the C-terminal tyrosine makes contacts with one or more of
height, 3.1 nm. This may result from an unfavorable tendency the phenylalaninesl@). Our study complements this inves-
for component fibrils to aggregate in this system as comparedtigation by showing that these interactions are likely to be
with that of the wild type. kinetically important. These observations are important for
The results of these experiments are all internally consis- mechanistic interpretation of amyloid fibril assembly of IAPP
tent and demonstrate that interactions involving aromatic @nd may be relevant for the design of inhibitors of aggrega-
residues are not required for amyloid formation by IAPP. tion (15, 16, 25).
However, these studies do not address whether aromatic ~ Might aromatic-aromatic interactions be important in in
aromatic or aromatiehydrophobic interactions influence the  vivo amyloid formation by IAPP? It can be very difficult to
rate of assembly of IAPP fibrils. Consequently, we conducted extrapolate effects observed in in vitro biophysical studies
kinetic assays to compare the rate of amyloid formation by to in vivo amyloid formation in the complicated extracellular
wild-type IAPP and the 3XL mutant. Figure 6 compares the environment. In vivo amyloid formation is a dynamic process
time course of fibril formation as monitored by thioflavin-T  involving amyloid deposition, potential disruption of amyloid
binding. Both the wild-type and 3XL peptides exhibit a lag deposits, and interactions with cellular quality control
phase with little or no change in fluorescence followed by a machinery. If the 5-fold increase in the lag phase were

40 1

Intensity (A.U.)

20

0
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translated into the in vivo environment, then the effects might
indeed be significant and replacement of the aromatic residue
in IAPP might decrease the level of amyloid formation.
Conversely, the aromatic residues in IAPP might actually
inhibit amyloid formation by modulating interactions between
IAPP and other molecules, and their removal could then be
deleterious. In particular, aromatic residues in IAPP have
been implicated in IAPRinsulin interactions 35). This is
potentially greatly important because insulin is a potent
inhibitor of amyloid formation by IAPP in vitro, and there
has been speculation that this could be relevant in \Béo-(

38). The concentration of IAPP in the secretory granule is
well above concentrations that lead to rapid aggregation in
vitro, leading to the question of why amyloid formation is
inhibited in the granule. InsulinlAPP interactions have been
proposed to be the key. Thus, disruption of the insdlin
IAPP interaction by replacement of the aromatic residues
might promote amyloid formation.

In summary, our studies demonstrate that intramolecular
or intermolecular aromatiearomatic or aromatichydro-
phobic interactions are not required for amyloid formation
by IAPP. However, the data presented here clearly support
a role for aromatic residues in the kinetics of amyloid
assembly and show that they influence the morphology of
the deposits.

SUPPORTING INFORMATION AVAILABLE

Two plots showing histograms of the height distributions
of wild-type amyloid fibrils and of amyloid fibrils formed
by the 3XL mutant, as determined by AFM. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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