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Abstract
The aggregation of polypeptides into amyloid fibrils is associated with a number of human
diseases. Because these fibrils – or intermediates on the aggregation pathway – play important
roles in the etiology of disease, considerable effort has been expended to understand which
features of the amino acid sequence promote aggregation. One feature suspected to direct
aggregation is the π-stacking of aromatic residues. Such π-stacking interactions have also been
proposed as the targets for various aromatic compounds that are known to inhibit aggregation. In
the case of Alzheimer’s disease, the aromatic side chains Phe19 and Phe20 in the wild-type
amyloid beta (Aβ) peptide have been implicated. To explicitly test whether the aromaticity of
these side chains plays a role in aggregation, we replaced these two phenylalanine side chains with
leucines or isoleucines. These residues have similar sizes and hydrophobicities as Phe, but are not
capable of π-stacking. Thioflavin-T fluorescence and electron microscopy demonstrate that
replacement of residues 19 and 20 by Leu or Ile did not prevent aggregation, but rather enhanced
amyloid formation. Further experiments showed that aromatic inhibitors of aggregation are as
effective against Ile- and Leu-substituted versions of Aβ42 as they are against wild type Aβ. These
results suggest that aromatic π-stacking interactions are not critical for Aβ aggregation or for the
inhibition of Aβ aggregation.

Alzheimer’s disease, Huntington’s disease, and type II diabetes are among the human
diseases where the self-assembly of polypeptides into amyloid structures has been associated
with significant physiological impairments (1–3). Recognizing the need for effective
therapeutics to combat these debilitating conditions, much attention has been focused on
understanding what drives particular peptide sequences to aggregate. Though the sequences
of the peptides associated with these diseases differ considerably from one another, the
similarity of their cross-β sheet fibrillar structures suggests a common underlying molecular
organization (4). Probing the primary sequences of these amyloidogenic polypeptides for
features that are critical to fibril formation may reveal specific interactions that must be
disrupted to prevent aggregation. This knowledge can then be used to direct the design of
therapeutics that move beyond symptom management and towards treatments targeted at the
misfolding and aggregation pathways that underlie amyloid disorders.

In Alzheimer’s disease (AD), the accumulation and aggregation of the amyloid-beta peptide
(Aβ) is posited as triggering a cascade of events that ultimately results in memory loss,
dementia, and other neurocognitive deficits. This “amyloid cascade hypothesis” proposes
that the path toward disease begins with the release of Aβ from the amyloid precursor
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protein (APP) (5–9). Variable cleavage by secretase enzymes produces Aβ isoforms of
various lengths with the 40-residue Aβ40 and the more toxic and highly aggregating 42-
residue Aβ42 variants being most prevalent (10, 11). Once released, the Aβ peptide self-
associates into oligomers, which ultimately assemble into the fibrils that comprise the
extracellular plaque first observed by Alois Alzheimer over a century ago (12). It is now
believed that early oligomeric intermediates – rather than the later fibrils and plaques – are
the toxic species in AD (13, 14). Therefore, disrupting the aggregation pathway at its earliest
stages may represent an effective route toward the development of therapeutics. In order to
design targeted inhibitors of aggregation, it is important to understand which features of the
primary sequence lead peptides to aggregate in AD and other amyloid disorders.

The π-stacking of aromatic residues has been suggested as a key feature promoting the
assembly of polypeptides into amyloid structures. While relatively infrequent in proteins in
general, aromatic residues occur frequently in amyloid sequences – a fact suggestive of their
potential involvement in the aggregation process (15). Furthermore, examination of shorter
variants of amyloid-forming polypeptides showed that the minimal fragments necessary for
aggregation almost always contain aromatic residues. Well-ordered fibrils have been
generated from short penta- and tetra-peptides containing phenylalanine (16, 17), and even a
Phe-Phe dipeptide assembles into tubular structures with some similarities to amyloid fibrils
(18).

The putative role of aromatic-aromatic interactions in aggregation was also suggested by an
examination of compounds that inhibit fibril formation. Aromatic groups are a frequent
feature in these inhibitors. For example, various polyphenols inhibit aggregation in vitro,
and in some cases, provide protective effects in vivo in animal models of AD and other
amyloid diseases (19–22). Gazit and coworkers suggested that aromatic groups in these
inhibitors prevent amyloid formation by interfering with π-stacking interactions between
aromatic side chains (21, 22). They posited that such stacking interactions provide both
energetic and directional contributions toward peptide self-assembly and that disrupting
these interactions provides a mechanism for inhibition (15).

Initial evidence from scanning mutagenesis experiments supported the premise that aromatic
side chains promote amyloidogenesis. Replacement of phenylalanine with alanine
diminished fibril formation in fragments of islet amyloid polypeptide (IAPP) and calcitonin,
which are both associated with amyloid-based human diseases, (17, 23). However, the
Phe→Ala mutations in those studies not only change the phenylalanine to an aliphatic side
chain but also considerably alter the hydrophobicity, size, and β-sheet propensity of the side
chains (Table 1).

Recent mutagenesis studies using more conservative substitutions suggest that aromatic π-
stacking interactions may not be critical for fibril formation. For example, Tracz et al.
showed that in IAPP fragments, the replacement of Phe residues with Leu, a residue of
similar size and hydrophobicity, did not prevent aggregation into amyloid fibrils (28).
Furthermore, Marek et al. reported that fibrillization remained possible even when all three
aryl residues in IAPP were mutated to Leu in a F15L/F23L/Y37L triple mutant (29).

These findings suggest that π-stacking may not be critical for amyloid formation, and point
to other driving forces for aggregation. Indeed, the smaller size and lower hydrophobicity of
alanine may account for the reduced aggregation of the Phe→Ala mutants of IAPP relative
to the wild-type and Phe→Leu peptides. Thus hydrophobic burial, rather than aromaticity,
may be the driving force in amyloidogenesis. Consistent with this suggestion, we have
previously shown that random mutations of nonpolar side chains in Aβ42 to other nonpolar
residues do not prevent aggregation, thereby demonstrating that “generic” hydrophobic
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interactions may suffice for amyloidogeneis (30). Our observation that the aggregation rates
and morphologies of nonpolar→nonpolar Aβ42 mutants differed from the wild-type peptide,
however, suggested that specific steric interactions may guide the precise aggregation
pathway (30).

More detailed evidence that specific van der Waals packing of nonpolar residues promotes
the formation of amyloid structures was provided by the crystallographic studies of
Eisenberg and coworkers, who solved the structures of dozens of short peptides derived
from various amyloid-forming polypeptides, including Aβ (31, 32). These peptides all
formed “steric zipper” structures of tightly interdigitated β-sheets with closely packed side
chains. The precise fit required for steric zipper formation may explain the lag-dependent
kinetics of fibril formation: the side chains must adopt the proper rotamers for interdigitation
and pack together tightly to exclude solvent. The accompanying decrease in entropy is
balanced by enthalpically favorable packing interactions (32).

In the current study, we investigate the relative contributions of π-stacking interactions
versus generic hydrophobic packing in the aggregation of Aβ by examining variants in
which the Phe side chains at positions 19 and 20 are replaced by Ile and Leu residues. Our
results show that both the F19L/F20L and F19I/F20I mutants form amyloid fibrils, and do so
at higher levels than the wild-type peptide. These findings provide clear evidence that
aromatic interactions are not required for the aggregation of Aβ. Distinctions between the
Leu and Ile mutants in both their aggregation pathways and fibril morphologies further
implicate steric packing as a driving force for amyloidogenesis. Finally, we show that
aromatic compounds inhibit not only wild-type Aβ aggregation but also, with similar
effectiveness, the aggregation of non-aromatic mutant peptides. Together, these results
suggest that steric packing of hydrophobic residues – rather than aromatic π-stacking
interactions – promote Aβ aggregation.

EXPERIMENTAL PROCEDURES
Peptides

Crude peptides synthesized via FMOC solid-phase synthesis were purchased from the Keck
Institute at Yale University, and purified using a C4 reverse-phase column. Solvent
gradients were run at 60°C using a two-buffer system, where solvent A consisted of 95%
water, 5% acetonitrile, and 0.1% trifluoroacetic acid (TFA), and solvent B consisted of 50%
acetonitrile, 50% water, and 0.1% TFA (v/v). Purified peptides were disaggregated via
sequential treatment with TFA and 1,1,1,3,3,3-hexafluoro-2-isopropanol (33) and stored as a
lyophilized film at −20°C.

Thioflavin-T Assays
20 μM peptide solutions were prepared by dissolving 0.5 mg of purified peptide in 300 μL
DMSO and diluting the solution with 5 mL of 8 mM NaOH and 300 μL 20x PBS buffer
(final concentration of 50 mM NaH2PO4, 100 mM NaCl and 5% (v/v) DMSO, pH 7.2–7.3).
Samples were incubated at 37°C under quiescent conditions for the indicated time periods.
At various time points, triplicate 100 μL aliquots of peptide were mixed with 100 μL of a
solution of thioflavin-T (7 μM ThT, 50 mM glycine-NaOH, pH 7.1). Fluorescence was
measured on a Varioskan plate reader (Thermo-Scientific) at an excitation wavelength of
450 nm and emission wavelength of 483 nm.

SDS-PAGE Electrophoresis
At the indicated time points, 60 μL aliquots were removed from the peptide samples
described above, and centrifuged at 13000 rpm for 30 minutes at 4°C. The top 20 μL of the
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supernatant was removed, combined with 2x SDS sample buffer, and boiled ~7 minutes at
100°C. These samples were loaded onto a 10–20% Tris-HCl gel (Bio-rad, Hercules, CA),
run at 100 V, and silver-stained.

Electron Microscopy
Formvar carbon-coated Cu grids were floated on a drop of 20 μM peptide. The grids were
washed twice with distilled water, stained for two minutes with 1% uranyl acetate (J.T.
Baker), and imaged with a Zeiss 912ab Electron Microscope.

Aβ-GFP Fusion Assay
Sequences encoding the Aβ peptides were inserted into the GFP folding reporter vector as
described previously (34). The F19I/F20I and F19L/F20L mutations were then introduced
via site-directed mutagenesis using the QuikChange II Site-Directed Mutagenesis Kit
(Agilent Technologies, Santa Clara, CA) using primers obtained from Integrated DNA
Technologies (Coralville, IA). Sequences were verified and transformed into BL21/DE3 E.
coli cells for screening. Cells were grown at 37°C in LB medium containing 35 μg/mL
kanamycin until they reached an O.D. of ~0.6. Expression was induced with 1 mM IPTG
and cells were grown for an additional 3 hours. A Thermo Varioskan plate reader was used
to measure the fluorescence of GFP. The optical density of cells at 600 nm was used to
normalize fluorescence measurements. Expression and solubility of the Aβ-GFP fusion
proteins were also assessed by gel electrophoresis as described previously (34).

Thioflavin-T Assays in the Presence of Aggregation Inhibitors
20 μM solutions of peptide were prepared as described above and 1 μL of 10 mM of the
indicated compounds in DMSO was added to 100 μL aliquots of the peptide solutions (final
inhibitor concentration of 100 μM). Samples were then incubated at 37°C under quiescent
conditions for seven days. 40 μL of the ThT solution described above were added, and
fluorescence was measured as described above.

RESULTS
The Aβ sequence contains four aromatic residues: phenylalanines at positions 4, 19, and 20,
and tyrosine at position 10 (Figure 1). Because previous studies showed that hydrophobic
stretches in the central and C-terminal parts of Aβ42 are critical for aggregation (35, 36), we
focused our studies on the aromatic residues at positions 19 and 20 in the central
hydrophobic cluster (Leu17-Val18-Phe19-Phe20-Ala21). Proline scanning mutagenesis
showed that these residues are particularly sensitive to replacement (36), and this region has
been targeted in the design of peptide inhibitors of aggregation (37–39). Furthermore, solid-
state NMR studies by Tycko and coworkers have generated models of Aβ fibrils that place
the central hydrophobic cluster within the core β-sheet of the fibrillar structure (40, 41). In
particular, their model suggests that Phe19 makes contacts with C-terminal hydrophobic
residues (Ile32, Leu34, Val36) on the interior of the β-hairpin (40). In contrast to residues in
the central hydrophobic cluster, the N-terminal residues of Aβ, including Phe4 and Tyr10,
are flexible and not involved in the ordered fibrillar structure (36, 42). If π-stacking
interactions play a critical role in the aggregation of Aβ, then removing aromatic
functionality at positions 19 and 20 should diminish aggregation. Thus, replacing Phe19 and
Phe20 with Leu or Ile, which are similar to Phe in size and hydrophobicity (Table 1), but are
not aromatic, provides a stringent test of the importance of π-stacking in Aβ aggregation.
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Aggregation of Ile/Ile and Leu/Leu mutants of Aβ42
To probe the impact of introducing Leu or Ile at positions 19 and 20 of Aβ42, we first
monitored thioflavin-T (ThT) fluorescence of the F19L/F20L and F19I/F20I mutants. ThT is
a benzothiazole compound that fluoresces when bound to amyloid fibrils, and is used to
detect amyloid (43). Interpretation of ThT fluorescence for mutant versus wild-type
sequences can be complicated by possible differences in the number of dye binding sites or
the quantum yield of modified sequences. Nonetheless, we used ThT binding, in conjunction
with SDS-PAGE, to provide a semi-quantitative assessment of amyloid formation. Figure 2a
displays the time course of ThT aggregation for wild-type (WT) Aβ42 and mutants lacking
aromatic residues in the hydrophobic core: F19L/F20L and F19I/F20I, hereafter denoted as
42LL and 42II, respectively. A soluble double mutant (F19S/L34P) of Aβ42, known as
GM6 (34) was used as a non-aggregating control. Figure 2a clearly shows that 42II and
42LL display increased ThT fluorescence relative to WT Aβ42, thereby demonstrating that
aromatic residues in the central hydrophobic cluster are not required for aggregation.

Peptide 42II exhibits rapid amyloid formation, with fluorescence increasing without the
initial lag phase seen for WT Aβ42 or 42LL. The 42LL peptide has a slower initial rate, but
ultimately produces considerably more ThT-staining amyloid than either 42II or WT Aβ42.
At the final time-point at 21 days, ThT fluorescence for both 42II and 42LL exceeds WT
Aβ42 with 42LL fluorescence markedly higher than the wild-type peptide. These results
demonstrate that loss of aromaticity not only fails to prevent aggregation; it actually
produces more ThT-reactive aggregates.

Gel electrophoresis confirmed the higher aggregation propensity of the Ile and Leu mutants
(Figure 2b). After 6 and 14 days of quiescent incubation, samples were centrifuged to
remove insoluble aggregates, and the remaining soluble material was quantified by
removing the top third of the supernatant, boiling it in SDS sample buffer, and running it on
a 10–20% Tris-HCl gel. These gels reveal that, after six days, 42II shows a reduced
concentration of soluble peptide relative to WT Aβ42. After 14 days, the 4 kDa monomeric
band in both 42II and 42LL was diminished relative to the wild-type peptide. Also notable is
the higher concentration of soluble, SDS-resistant aggregates in the non-aromatic mutants.
As indicated by the band at the interface of the stacking and gradient gels, the Leu double
mutant, in particular, shows an increased amount of soluble aggregate at both 6 and 14 days.

Next, we used transmission electron microscopy (TEM) to monitor aggregation of the 42II
and 42LL mutants, and to compare the morphologies of the aggregates. As shown in Figure
3, after 1 day of quiescent incubation, WT Aβ42 and 42LL both display small protofibrillar
aggregates with the occasional appearance of short fibrils. Consistent with the lack of a lag
phase seen in ThT fluorescence measurements, after only one day the 42II mutant had
already formed larger aggregates comprising protofibrils and fibrils. By fourteen days, all
three peptides exhibit considerable aggregation. Thus the TEM results, in agreement with
ThT fluorescence, show that loss of aromaticity at residues 19 and 20 does not prevent
amyloid formation.

The morphologies of the fibrils differ for Aβ42, 42II, and 42LL. Though a range of
morphologies could be found for all peptides, several features clearly distinguish the
sequences from one another. As seen in Figure 3a, the mature 14-day fibrils of the 42II
mutant are long and relatively straight, while WT Aβ42 and 42LL show a greater abundance
of shorter kinked aggregates intermixed with longer fibrils. Supplemental Figure S1 shows
these morphological distinctions at multiple magnifications. Though none of the mature 14-
day fibrils displayed a discernible twist (3b, i), lateral association of fibrils was visible with
a striated ribbon morphology most apparent in 42II (3b, ii). Finally, histograms plotting the
distribution of fibril widths show that on average, fibrils formed by 42LL are narrower than
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those formed by wild-type or 42II (Fig. 3c). These morphological distinctions show that
substitution with Ile or Leu—which differ only by branching at the beta versus gamma
carbon of the side chain—have different impacts on fibrillization rate and structure.

Aggregation of Ile/Ile and Leu/Leu mutants of Aβ40
After showing that the Phe→Leu and Phe→Ile substitutions at residues 19 and 20 increase
the aggregation of Aβ42, we were curious to see whether these substitutions exert a similar
effect in the context of the shorter version of the Alzheimer’s peptide, Aβ40. Although
produced in vivo in greater abundance than Aβ42, Aβ40 is less amyloidogenic, less toxic,
and has a longer lag phase than the full length Aβ42 (44). As shown in Figure 4,
introduction of the same F19I/F20I or F19L/F20L mutations into Aβ40 increased
aggregation propensity, as they had for Aβ42. Ile at positions 19 and 20 shortens the lag
phase – with a dramatic increase in ThT fluorescence occurring between 4 and 6 days – and
leads to ThT fluorescence that is markedly greater than for wild-type Aβ40. In contrast,
placing leucines at positions 19 and 20 produces a longer lag phase with a significant rise in
ThT fluorescence occurring only after 10 days of quiescent incubation. This is similar to the
time course for WT Aβ40. However, while the aggregation of WT Aβ40 levels off, the
fluorescence of 40LL continues to increase. Consistent with the results presented above for
Aβ42, these results indicate that introduction of the non-aromatic Ile or Leu mutations
enhance the formation of ThT-reactive amyloid.

Aggregation was also assessed using gel electrophoresis to quantify the fractions of peptide
that remained soluble (Figure 4b). For 40II, the electrophoresis results were consistent with
the ThT results, showing an enhanced propensity to aggregate relative to WT Aβ40.
Samples run after either six or fourteen days of incubation showed considerably less
monomer remaining for 40II than for WT Aβ40. The behavior of 40LL is more subtle: the
ThT assay showed its propensity to aggregate was slightly enhanced relative to WT Aβ40
(Figure 4a), however the gel assay was incapable of detecting this difference. This may be
due either to the small magnitude of the difference or the possibility that some of the ThT
active aggregates formed by 40LL are only marginally stable and become disaggregated by
boiling in SDS.

We also assessed the aggregation of WT Aβ40, 40II, and 40LL by electron microscopy.
Images were taken after seven and 21 days of quiescent incubation (Figure 5a). Consistent
with the ThT fluorescence, after seven days, 40II displays considerable aggregation with a
mixture of fibrils and large clumps of protofibrillar aggregates. In contrast, the TEM grid for
WT Aβ40 was mostly blank with the occasional long fibril. 40LL contained some dispersed
short fibrils. After 21 days, all three peptides show considerable fibril formation. Additional
TEM images at varying magnifications are shown in Supplemental Figure S2.

Morphological features of the fibrils are highlighted in Figure 5b. Both WT Aβ40 and 40II
produced a twisted morphology, while no such fibrils were seen for 40LL (5b, i). Lateral
association of fibrils was seen for all three peptides (5b, ii). Striated ribbons were most
apparent for 40II and 40LL, while WT Aβ40 fibrils did not align in a regular pattern.
Finally, as was observed for the full-length 42-residue peptides, fibrils formed by the LL
mutant tended to be narrower than those formed by either the WT Aβ40 or 40II peptides
(Figure 5c).

Overall, the results with Aβ40 confirm what we observed with of Aβ42: Ile and Leu double
mutants form fibrils despite loss of aromatic Phe residues. Moreover, the morphological
differences indicate that specific steric packing arrangements may drive aggregation.
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Aggregation of Aβ-GFP Fusions in E.coli
The biochemical and biophysical characterizations described above were performed in vitro
using synthetic peptides. To assess the effects of mutations on Aβ aggregation in a
biological milieu, we also studied the properties of Aβ42-GFP fusions expressed in E. coli.
Previous work in our lab showed that wild type Aβ42 prevents the linked GFP from folding
and fluorescing, while mutations in Aβ42 that prevent aggregation cause the entire fusion to
remain soluble, thereby allowing the linked GFP to fold and fluoresce. Thus, the
fluorescence of Aβ42-GFP fusions expressed in E. coli provides a rapid and accurate
readout of the effect of amino acid replacements on the aggregation propensity of Aβ (30,
34, 45–47).

We compared the fluorescence of cells expressing GFP fusions to wild type Aβ42 with those
expressing fusions to 42II and 42LL. A GFP fusion to the mutant GM6 was used as a
soluble control (34). As shown in Figure 6, GFP fusions to WT Aβ42, 42II and 42LL all
show low levels of fluorescence – less than 15% of the GM6 control. The GFP fusion to
42LL has a slightly higher fluorescence than the fusion to WT Aβ42, while the fusion to
42II produces lower fluorescence than the wild type fusion. Irrespective of these relatively
small differences, it is clear that fusion to both 42II and 42LL diminishes GFP fluorescence
far below the soluble GM6 mutant. These results indicate that the loss of aromatic residues
in these peptides does not prevent aggregation.

The aggregation in vivo of the Aβ42-GFP fusions was also analyzed by gel electrophoresis
(Figure 7). Although the various Aβ42-GFP fusions were expressed at similar levels (Fig.
7a), only the fusion to mutant GM6 was soluble (Fig. 7b). In contrast, mutants 42LL and
42II were similar to WT Aβ42 in causing the fusion protein to partition into the insoluble
fraction. Both the fluorescence measurements shown in figure 6 and the gel analyses shown
in Figure 7 are consistent with our results with synthetic peptides in demonstrating that
aromatic residues are not required for the aggregation of Aβ.

Response to aromatic and non-aromatic inhibitor compounds
The presence of aromatic groups in many documented aggregation inhibitors has been
suggested as evidence that disrupting π-stacking interactions blocks amyloidogenesis (15). If
the aromatic groups in inhibitors indeed function by disrupting π-stacking interactions, then
one would expect these inhibitors to be less effective in reducing the aggregation of Aβ
mutants in which Phe19 and Phe20 are replaced by non-aromatic side chains.

We tested the efficacy of three aromatic compounds previously shown to inhibit Aβ
aggregation: curcumin, tannic acid, and triazine E2 (Figure 8). Curcumin and tannic acid are
found in curry and tea, respectively, and both have been shown to prevent Aβ aggregation
and fibrillization (48). E2, was discovered in our laboratory, using the Aβ42-GFP system as
a high-throughput screen for inhibitors of aggregation (46). As a control, we also tested the
non-aromatic inhibitor, myristyltrimethylammonium bromide (MTMA), a detergent-like
compound, shown previously to reduce Aβ aggregation (49).

We assayed the abilities of these compounds to reduce fibril formation for wild-type Aβ42
and the 42II and 42LL mutants. As shown in Figure 9a, ThT fluorescence for all three
peptides was reduced by incubation with any of the four compounds. These findings were
confirmed by TEM, with representative images shown in Figure 9b. Although a few fibrils
were observed in some of the treated samples, fibril formation was significantly reduced
relative to the dense fibril collections observed for untreated peptides. Most significantly,
the aromatic compounds are not more effective at disrupting the aggregation of WT Aβ42
than of mutants lacking aromatic residues at positions 19 and 20. These results suggest that
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inhibition of aggregation by aromatic compounds is not mediated by the disruption of π-
stacking interactions.

The non-aromatic compound, MTMA, was also effective at inhibiting aggregation of Aβ42
and the 42II and 42LL mutants. As shown in Figure 9, MTMA reduces fluorescence in ThT
assays and diminishes fibrillization in TEM images. This non-aromatic compound is equally
effective against peptides with and without aromatic residues. These results indicate that
aromatic groups in inhibitor compounds do not prevent aggregation by disrupting π-stacking
interactions, and provides further evidence that aromatic moieties are not critical for Aβ
aggregation.

DISCUSSION
If π-stacking interactions were a critical driving force for amyloidogenesis, one would
expect that removal of aromatic functionality from the hydrophobic core of Aβ would
significantly impair, if not entirely prevent, aggregation. Instead, our results show that Aβ
peptides in which Phe19 and Phe20 are replaced by non-aromatic side-chains not only retain
a propensity to form fibrils, but actually yield higher levels of thioflavin-T reactive material.
Thus, aromaticity does not appear to play a critical role in driving aggregation.

Our results are consistent with those of de Groot et al. who systematically replaced Phe19
with other residues and found that aggregation decreased as the substitutions became less
conservative of the side chain’s physicochemical properties (50). Particularly, they found
that the aggregation propensity of Aβ could be correlated with the hydrophobicity and β-
sheet propensity of residues at this position (50). Likewise, Dobson and co-workers have
developed an algorithm which robustly predicts aggregation propensity based on
consideration of only three physicochemical properties – charge, hydrophobicity, and β-
sheet propensity (51). That aromaticity is not a critical factor for predicting aggregation is
consistent with mutagenesis studies of IAPP (28, 29) and acylphosphatase (52), which
demonstrated that aggregation of these other amyloidogenic sequences also does not require
aromatic residues.

Beyond demonstrating that π-stacking interactions are not required for Aβ aggregation, the
differential impact of introducing Ile or Leu substitutions into the Aβ peptide suggests the
importance of specific packing in driving amyloid formation. While the F19I/F20I peptides
rapidly formed amyloid aggregates with a significantly diminished lag phase, the F19L/
F20L mutants were slower to nucleate. With identical volumes and hydrophobicities (Table
1), Ile and Leu differ only in the position of a methyl group. Thus, despite their similarities,
Ile and Leu represent slightly dissimilar puzzle pieces and pack differently against other side
chains. As noted by Eisenberg and coworkers, side chain interdigitation may account for the
slow and entropically disfavored nucleation step of the aggregation process (32). Therefore,
even small differences in the shape of a residue could influence steric zipper formation and
aggregation rate. Such steric factors might be especially important for a side chain making
contacts on the interior of the β-hairpin, as seen for residue 19 in the solid-state NMR
structure of Aβ reported by Tycko and coworkers (40).

Variations in the precise molecular arrangements of specific side chains have been shown to
produce different fibril morphologies for a range of amyloid sequences. Eisenberg and
coworkers showed that different sequences form different steric zipper structures, and in
some cases a single sequence can assemble into several different structures (31). In the case
of Aβ, subtle changes in growth conditions are sufficient to produce different fibril
morphologies. Solid state NMR shows that the different morphologies are due to variations
in side chain packing that propagate into polymorphic fibrillar structures (41, 53, 54). Given
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these precedents showing the importance of steric packing in dictating amyloid structure, it
is not surprising that introducing Ile or Leu at the core of Aβ produces different fibrillar
morphologies (Figures 3 & 5).

Gazit and coworkers postulated that the frequency of aromatic residues in amyloidogenic
sequences suggests a role for π-stacking in aggregation (15). Our results do not dispute the
propensity of Phe to promote aggregation, but suggest that this propensity is due to
hydrophobic packing, rather than π-stacking interactions. In agreement with this finding, an
analysis of protein-protein interactions by Ma and Nussinov revealed that Phe is one of the
most conserved residues (along with Trp, another aromatic side chain) at interaction
interfaces. In contrast, Ile is among the least conserved (55). They suggest that nature may
have avoided Ile in protein-protein interfaces precisely because it has a high propensity to
form amyloid aggregates (55). Indeed, evolution may have selected aromatic side chain
interfaces because of their ability to form π-stacking interactions in specific protein-protein
interactions. Ile, on the other hand, is a more generic hydrophobic residue that does not
participate in π-stacking interactions, but serves to simply drive sequences towards amyloid
aggregation. Because nature selects for well-structured interfaces and against amyloid-like
aggregation, Phe is used frequently, while Ile is used only sparingly on protein surfaces.

While our results indicate definitively that aromatic interactions are not critical for
aggregation of the Aβ peptide, the implications of these findings for the development of
aggregation inhibitors is somewhat less clear. In spite of our demonstration that π-stacking
interactions are not essential for aggregation, the frequent presence of aromatic
functionalities in previously identified inhibitors suggests a role for these groups in targeted
drug design. As our results showed that phenolic compounds still act as potent inhibitors of
aggregation for Aβ mutants in which the Phe-Phe aromatic motif was removed, it seems
likely that these compounds are effective for reasons unrelated to the disruption of π-
stacking. Thus, our results do not disqualify the incorporation of aromatic groups into
aggregation inhibitors, but merely suggest an alternate explanation for the mechanism of
inhibition. Perhaps, phenolic compounds are effective because their planar structure allows
them to intercalate between monomer layers or cap growing fibrillar ends, thereby inhibiting
aggregation and serving as platforms for the further development of more potent treatments
for Alzheimer’s disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

Aβ amyloid-β peptide

Aβ40 40-residue wild-type Aβ

Aβ42 42-residue wild-type Aβ

40II 40-residue Aβ with F19I/F20I mutations
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40LL 40-residue Aβ with F19L/F20L mutations

42II 42-residue Aβ with F19I/F20I mutations

42LL 42-residue Aβ with F19L/F20L mutations

AD Alzheimer’s disease

APP amyloid precursor protein

FMOC 9-fluorenylmethoxycarbonyl

GM6 42-residue Aβ with F19S/L34P mutations

IAPP islet amyloid polypeptide

MTMA myristyltrimethylammonium bromide

NMR nuclear magnetic resonance

PBS phosphate-buffered saline

TA tannic acid

TEM transmission electron microscopy

ThT thioflavin-T

TFA trifluoroacetic acid

v/v volume-to-volume

WT wild-type
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Figure 1.
Amino acid sequences of wild-type Aβ42 and the F19I/F20I (42II) and F19L/F20L (42LL)
mutants. Phe 19 and 20 are highlighted and the mutations are boxed. Ile41 and Ala42 are
underlined. These C-terminal residues are not present in the 40-residue peptides.
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Figure 2.
(a) Thioflavin-T fluorescence shows that the 42II and 42LL mutants display a higher
aggregation propensity than wild-type Aβ42. 20 μM solutions of peptide were incubated at
37°C under quiescent conditions. At the indicated time points, aliquots were mixed with
ThT and measured at an emission wavelength of 483 nm. Time points show an average of
three measurements, and standard errors are indicated. (b) At 6 and 14 days, aliquots were
centrifuged to remove insoluble aggregates. Soluble material was boiled in SDS sample
buffer and loaded onto 10–20 % Tris-HCl gels. These gels confirm the ThT plots and show
that 42II aggregates more quickly (leaving less soluble monomer) than WT Aβ42 or 42LL.
After 14 days both non-aromatic peptides produce more insoluble material (leaving less
soluble monomer) than the wild type peptide.
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Figure 3.
(a) TEM images after 1 day of quiescent incubation (top) show that 42II formed clumps of
fibrils and protofibrils, while WT Aβ42 and 42LL form mostly dispersed small protofibrils
with an occasional short fibril. After 14 days, all three peptides show significant aggregation
with distinct fibril morphologies. Scale bars indicate 100 nm. (b) Individual fibrils show a
lack of twist in any of the 42-residue peptides (i). However, lateral association of individual
fibrils was observed, with 42II showing striated ribbons (ii). Scale bars indicate 40 nm in (i)
and 80 nm in (ii). (c) The distribution of widths for 60 randomly chosen fibrils indicates that
fibrils formed by 42LL are typically narrower than those formed by WT Aβ42 or 42LL.
Average fibril widths were 9.00 ± 0.89 nm for WT Aβ42, 8.95 ± 1.06 nm for 42II, and 7.76
± 1.10 nm for 42LL.
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Figure 4.
(a) Time course of Thioflavin-T fluorescence showing increased amyloid formation by 40II
and 40LL relative to WT-Aβ40. 20 μM solutions of peptide were incubated at 37°C under
quiescent conditions. At the indicated time points, aliquots were mixed with ThT and
measured at an emission wavelength of 483 nm. Time points are an average of three
measurements and standard errors are indicated. (b) At 6 and 14 days, aliquots were
centrifuged to remove insoluble aggregates, and boiled with SDS sample buffer before
loading onto 10–20 % Tris-HCl gels. These gels confirm that 40II forms more insoluble
aggregate (less monomer) than wild-type Aβ40. For 40LL, the quantity of monomer is
comparable to WT Aβ40.
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Figure 5.
(a) TEM images taken after 7 days of quiescent incubation (top) indicate significant
aggregation in 40II with a mixture of long fibrils and large clumps of protofibrillar species.
Minimal aggregation was noted in WT40 with only an occasional, solitary long fibril, and in
40LL, which showed dispersed short fibrils. After 21 days (bottom), all peptides show
considerable fibril formation. Scale bars indicate 100 nm. (b) Twisting was visualized in
some WT-Aβ40 and 40II fibrils (i) while striated ribbons were apparent for 40II and 40LL
(ii). Scale bars indicate 40 nm in (i) and 80 nm in (ii). (c) Histograms of the widths
measured for 60 randomly chosen fibrils show a wide distribution in all mutants with the
40LL skewing towards narrower widths than and wild-type Aβ40 and 40II. Average fibril
widths of 40LL, 40II, and WT were 7.31 nm (± 1.50), 8.44 nm (± 1.17), and 8.35 nm (±
1.32), respectively.
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Figure 6.
Fluorescence of Aβ42-GFP fusions. Fusions to WT Aβ42 (WT42) or to 42II or 42LL
decreases the fluorescence of the fusion protein. In contrast, fusion to GM6, a soluble
mutant of Aβ42 allows GFP to fold, remain soluble, and fluoresce.
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Figure 7.
SDS-PAGE showing expression and solubility of the Aβ-GFP fusion proteins. (a) Whole
cell lysates show that expression levels were similar for all fusions, with a slightly decreased
band in the GM6 mutant. (b) After four cycles of freeze-thaw lysis, followed by
centrifugation (34), the soluble fraction of the lysates was analyzed. Only the GM6-GFP
control shows significant partitioning to the soluble fraction.
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Figure 8.
Compounds identified previously as inhibitors of Aβ aggregation were tested for their ability
to prevent aggregation of 42II and 40II. Three aromatic compounds—(a) curcumin, (b)
tannic acid, and (c) triazine E2 and one non-aromatic compound (d, MTMA) were tested.
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Figure 9.
Aromatic and non-aromatic inhibitors reduce fibril formation for 42II and 42LL to an extent
similar to that observed for wild-type Aβ42. 20 μM peptide solutions were incubated at
37°C under quiescent conditions with inhibitor compounds present at 100 μM. (a) ThT
fluorescence of the samples was measured after seven days at an emission wavelength of
483 nm. Scale bars represent an average of three measurements, and the standard error is
shown. (b) Representative TEM images after seven days incubation confirm that the
inhibitors reduced fibril formation in all three peptides.
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Table 1

Side-chain properties of Ala, Phe, Ile, and Leu residuesa

Amino Acid Residue Van der Waals Volume (Å) Hydrophobicity (Fauchere-Pliska Index) β-Sheet, ΔΔG (kcal/mol)

Ala 67 0.31 0

Phe 135 1.79 −1.08

Ile 124 1.80 −1.25

Leu 124 1.70 − 0.45

a
Van der Waals volumes are from Ref. (24). β-sheet ΔΔG values are from Smith, Withka, and Regan (25), with more negative values indicating a

higher propensity for β-sheet structure [(26) provided similar values]. Hydrophobicity values are from (27).
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