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ABSTRACT: In a recent model ofâ-amyloid (Aâ) fibrils, based mainly on solid-state NMR data, a molecular
layer consists of twoâ-sheets (residues 12-23 and 31-40 of Aâ1-40), folded onto one another by a
connecting “bend” structure (residues 25-29) in the side-chain dimension. In this paper, we use two
N-methyl amino acids to disrupt each of the twoâ-sheets individually (2NMe(NTerm), residues 17 and
19; and 2NMe(CTerm), residues 37 and 39), or both of them at the same time (4NMe, with the above
four N-methylated residues). Our data indicate that incorporation of twoN-methyl amino acids into one
â-sheet is sufficient to disrupt that sheet while leaving the other, unmodifiedâ-sheet intact and able to
form fibrils. We show, however, that disruption of each of the twoâ-sheets has strikingly different effects
on fibrillogenesis kinetics and fibril morphology. Both 2NMe(NTerm) and 2NMe(CTerm) form fibrils at
similar rates, but more slowly than that of unmodified Aâ1-40. Electron microscopy shows that 2NMe-
(NTerm) forms straight fibrils with fuzzy amorphous material coating the edges, while 2NMe(CTerm)
forms very regular, highly twisted fibrilssin both cases, distinct from the morphology of Aâ1-40 fibrils.
Both 2NMe peptides show a “CMC” approximately four times greater than that of Aâ1-40. CD spectra
of these peptides also evolve differently in time: whereas the CD spectra of 2NMe(NTerm) evolve little
over 10 days, those of 2NMe(CTerm) show a transition to highâ-sheet content at about day 4-5. We
also show that disruption of bothâ-sheet domains, as in 4NMe, prevents fibril formation altogether, and
renders Aâ1-40 highly water soluble and monomeric, and with solvent-exposed side chains. In summary,
our data show (1) that the twoâ-sheet domains fold in a semiautonomous manner, since disrupting each
one still allows the other to fold; (2) that disruption of the N-terminalâ-sheet has a more profound effect
on fibrillogenesis than disruption of the C-terminalâ-sheet, suggesting that the former is the more critical
for the overall structure of the fibril; and (3) that disruption of bothâ-sheet domains renders the peptide
monomeric and unable to form fibrils.

Aâ1 peptides, the major protein components of the amyloid
core of neuritic plaques in Alzheimer’s disease, spontane-
ously assemble intoâ-sheet rich amyloid fibrils in vitro.
Solid-state NMR and other data (1-4) indicate that Aâ10-
35 and Aâ1-40 form parallelâ-sheets with all residues in
register. Aâ10-35, Aâ1-40, and Aâ1-42 can be conceived
as having four domains. An inspection of the amino acid

sequence of Aâ1-42 shows two hydrophobic domains:
residues 17-21, the hydrophobic “core” domain, and
residues 31-42, the C-terminal hydrophobic domain. Solid-
state NMR data indicate that both of these hydrophobic
domains, and some of the amino acids directly adjacent to
them, constitute theâ-sheets of Aâ10-35 and Aâ1-40
amyloid fibrils, while the N-terminal nine amino acids remain
unstructured in the fibril. Additional solid-state NMR data
indicate that theâ-sheets are interrupted by a highly
structured but non-â-sheet region at amino acids 25-29 (5).
A recent model (5-7) of the Aâ1-40 fibril based on solid-
state NMR (1-4, 8), electron microscopy (9), and X-ray
diffraction (10) data proposed that the fibril consists of units
of two spatially separatedâ-strands folded over one another
to form a molecular double layer ofâ-sheets. The region
connecting theseâ-sheets, G25SNKG29, allows the peptide
chain to reverse direction, and for this reason it is sometimes
referred to as the “bend region” (5, 11). This is not a
canonical â-turn, however, since, unlike typical turns,
interactions between residues in the region are mainly
between side chains, and not between backbone atoms (e.g.,
the hydrogen bonds typical of someâ-turns). The bend brings
the two â-sheets into close apposition, thereby creating a
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hydrophobic pocket between the twoâ-sheets formed by their
side chains.

This emerging model of Aâ1-40 fibrilssof a double layer
of N- and C-terminalâ-sheets interacting with one another
in a hydrophobic pocketsraises the question of whether these
two â-sheet regions can assemble into fibrils independently
of one another. Short peptides with the sequence of the
isolated hydrophobic domains of Aâ form fibrils (12, 13),
but in the case of Aâ16-22, encompassing the hydrophobic
core domain of Aâ, the fibrils differ drastically from those
of the full length peptide, i.e., antiparallel and in-register
parallelâ-sheets for Aâ16-22 and Aâ1-40, respectively.
In this paper, we ask whether each of the futureâ-sheets of
Aâ1-40 can form in the context of a full length Aâ peptide
when the other is focally disrupted. Our strategy was to
disrupt each of the two individualâ-sheets of Aâ1-40 by
incorporating site-specificN-methyl amino acids. We (14-
16) and others (17-26) have designed peptidic inhibitors of
fibrillogenesis, targeted to highly amyloidogenic regions of
Aâ1-40, either K16LVFFAE22 of the N-terminalâ-sheet
(14-25) or V36GGVV40 of the C-terminalâ-sheet (26). Our
inhibitors haveN-methyl amino acids or esters at alternate
positions in the amyloidogenic region K16LVFFAE22. N-
Methyl amino acids, in particular, force the sequence into
an extended conformation (15), with one normal hydrogen
bonding “face” and a second “face” in which theN-methyl
groups interfere with hydrogen bonding. In line with this
strategy, we will describe two peptides, called 2NMe(NTerm)
and 2NMe(CTerm), that were designed to prevent aggrega-
tion at only one of the two hydrophobic domains of Aâ1-
40, while leaving the other unperturbed, and still potentially
able to formâ-sheet fibrils. We will present evidence that
disruption of each of the twoâ-sheets, one at a time, still
allows the disrupted Aâ1-40 molecule to form fibrils,
though with different morphology and fibrillogenesis kinetics
from those of Aâ1-40. As a further test of the structural
doubleâ-sheet model, we also will describe the synthesis
and characterization of a congener of Aâ1-40 containing
four N-methyl groups, 4NMe, in which both of these
hydrophobic domains are targeted by the incorporation of
N-methyl amino acids. We will show that disrupting both
of these domains completely eliminates formation of fibrils
by this Aâ1-40 congener.

MATERIALS AND METHODS

Peptide Synthesis and Purification.Aâ1-40 (NH2-DAE-
FRHDSGY10 EVHHQKLVFF20 AEDVGSNKGA30 IIGLM-
VGGVV40-COOH) was synthesized using modified 9-fluo-
renylmethoxycarbonyl (FMOC) and HBTU/HOBT (Fastmoc)
chemistry on an Applied Biosystems (Foster City, CA) model
433A instrument. Peptides were cleaved from the resin using
9 mL of TFA plus 0.5 mL of thioanisole, 0.3 mL of
ethanedithiol, and 0.2 mL of anisole for 1.5 h at 22°C.
Peptides were purified by reverse-phase HPLC using a
preparative C18 (Zorbax) column at 60°C. Peptide purity
was greater than 98% by analytical HPLC. The molecular
mass of the peptide was verified by ESI- and MALDI-TOF
mass spectrometry.

TheN-methylated peptides were synthesized as described
above, except that the residues immediately following the
N-methyl amino acids (Fmoc-NMe-Phe(OH), Fmoc-Sar

(OH) (equivalent to Fmoc-NMe-Gly(OH)), and Fmoc-NMe-
Val(OH) from Peptides International, and Fmoc-NMe-Leu
from Anaspec) were coupled manually overnight using
HATU as the coupling agent.

Kinetics of Fibrillogenesis.The purified Aâ peptides were
stored as follows. Peptide was dissolved at≈50 °C into 30:
70 acetonitrile:water (v/v) containing 0.1% TFA (v/v),
lyophilized as aliquots of 0.5 mg in siliconized 1.5 mL tubes,
and stored at-20 °C.

One goal in these studies was to compare peptides
containing N-methyl amino acids in both of the two
hydrophobic regions believed to be critical for fibril forma-
tion (4NMe), with those peptides containingN-methyl amino
acids in only one of these regions (2NMe(NTerm) and
2NMe(CTerm)). In addition, we will show below that the
congener of Aâ1-40 containing fourN-methyl groups
(4NMe) maintains its monomeric state even at concentrations
exceeding 1 mM, making it suitable for future detailed
structural studies using NMR techniques. For both of these
reasons, fibril morphology and fibrillogenesis kinetics were
assessed twice: once using a disaggregation procedure that
has become standard in our laboratory, and once not using
this procedure. By using conditions that do not disaggregate
seed nuclei completely, we hoped to give a rigorous test to
the ability of N-methyl amino acids to prevent aggregation
of peptides into fibrils.

For those experiments in which peptides were disaggre-
gated before measurement of fibrillogenesis kinetics, we
implemented the procedure derived from previous studies
(11), in which we compared numerous methods for disag-
gregating Aâ1-40. In those studies, we observed that initial
solubilization of the peptide in DMSO gave reproducible
fibril kinetics and most closely approximated “seed-free”
conditions. Accordingly, the peptides were initially solubi-
lized in neat DMSO at≈5.8 mM and then rapidly diluted
into 10 mM sodium phosphate, pH 7.40 (with 0.02% NaN3,
w/v), to yield a final peptide concentration of≈100µM. In
all cases, final DMSO concentration was 2% (v/v). Under
these conditions of solubilization, oxidation of Met35 was
not observed by mass spectrometry.

In other experiments, we dissolved lyophilized peptide
directly into buffer, without the usual first step of incubating
it in a solvent that would disaggregate seed nuclei (e.g.,
DMSO). For fibrillogenesis assays, 1 mL of 10 mM sodium
phosphate, pH 7.40+ 0.02% NaN3, was added to each
siliconized tube to solubilize the peptide.

Using either solubilization procedure, fibrillogenesis was
monitored discontinuously by measuring thioflavin T fluo-
rescence at 37°C as described (27). Briefly, at various times,
10 µL aliquots were taken and diluted into 1 mL of 10µM
thioflavin T solution in 10 mM sodium phosphate, pH 7.40.
The sample was pipetted vigorously, and fluorescence was
monitored. Measurements (λEX ) 446 nm,λEM ) 490 nm)
were made using a Hitachi F-2000 fluorescence spectropho-
tometer and, after a 3 sdelay, were averaged for 10 s using
a bandwidth of 10 nm and a photomultiplier voltage of 700
V. In addition, fibrillogenesis was monitored by turbidity,
following absorbance of the sample at 450 nm using a
Hitachi U-2000 spectrophotometer, in a 1 cmpath length
cuvette. Peptide concentrations were assessed from absor-
bance at 274.6 nm (ε for Tyr ) 1420 M-1 cm-1). Because
the latter of these two methods of solubilizing peptides does
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not give “seed-free” conditions, estimates of peptide con-
centration by this method are somewhat approximate, since
aggregates can contribute to absorbance through light scat-
tering.

Electron Microscopy.Five microliter aliquots of fibril
reaction mixtures of Aâ1-40 or NMe peptides were applied
to a glow-discharged, 1-400-mesh, carbon-coated support
film, washed with water, and stained with 1% uranyl acetate
for 30 s. Micrographs were recorded using a FEI Tecnai F30
electron microscope at magnifications of 15000× and
98000×. In addition, the CCD camera added a 1.4×
magnification of all images.

Size Exclusion Chromatography.Prior to fibrillogenesis
assays, 100µL of peptide sample (at various concentrations
and times, as described in Results) was subjected to size
exclusion chromatography using a Superdex 75 column
(Amersham) equilibrated with 10 mM sodium phosphate,
pH 7.40; the flow rate was 0.5 mL/min. The elution position
of the single peak was consistent with that of a monomer
the large peak eluting at approximately 41 min is NaN3.

Analytical Ultracentrifugation.Equilibrium sedimentation
experiments were performed using a Beckman Optima XLA
ultracentrifuge equipped with an An-60Ti rotor with alumi-
num two-sector cells. 4NMe was dissolved in 10 mM
phosphate buffer, pH 7.40 and dialyzed against this buffer
overnight. The final peptide concentration (510µM) after
dialysis was assessed from absorbance at 274.6 nm, using
the extinction coefficient for tyrosine of 1420 M-1 cm-1.
The dialysis buffer was used as the reference buffer.
Sedimentation was followed at 275 nm, at 20°C for 50 h;
rotor speed was 50 000 rpm. Equilibrium was demonstrated
by the absence of change in profile absorbance for the last
≈275 scans (Figure 7C) taken over the course of ap-
proximately 14 h. A plot of ln(absorbance) vs radius2 yielded
a straight line with the equationY ) 0.574X - 27.65. From
the slope, the molecular weight was calculated using the
equation

whereM ) weight average molecular weight,ω ) rotor
speed (radians s-1), R ) gas constant) 8.3× 107 erg mol-1

K-1, T ) K, Vj ) partial specific volume (cm3 g-1), andF )
solvent density (g cm-3). The partial specific volume for this
peptide was taken to be 0.734 cm3 g-1, i.e., that of Aâ1-40
without N-methyl amino acids, and solvent density was
assumed to be 1 g cm-3.

DPH Fluorescence.“Critical micelle concentration” was
estimated using DPH fluorescence (28). Fluorescence mea-
surements were performed using a Hitachi F-2000 fluores-
cence spectrophotometer. Peptide samples were dissolved
directly in buffer, and concentrations assessed from absor-
bance at 274.6 nm as described above. A stock of 200µM
1,6-diphenyl-1,3,5-hexatriene (DPH, Molecular Probes) in
tetrahydrofuran (THF) was prepared, and 7.5µL of this stock
solution was added to 300µL of the peptide samples. The
samples were kept unsealed to allow evaporation of the THF,
but were protected from light by aluminum foil to prevent
photobleaching of the DPH. After 5 min of incubation
(previous experimentation showed that this time was suf-

ficient to obtain maximum fluorescence), fluorescence of the
sample was measured (λEX ) 358 nm,λEM ) 430 nm).

Circular Dichroic Spectroscopy.Circular dichroic (CD)
spectra were recorded using an AVIV spectropolarimeter.
Peptides were dissolved directly in 10 mM phosphate buffer,
pH 7.40 at≈100µM. Peptide concentration was confirmed
by absorbance at 274.6 nm, as described above. A 1 mm
path length was used for measurements. Two to three scans
were acquired for each peptide from 260 to 190 nm at 1 nm
increments. Signals were averaged for 0.5 s. Bandwidth was
1 nm. The cell was maintained at 25°C. For time course
experiments, two scans were acquired for each peptide at
intervals of≈1 day for days 1-6, and two final scans on
day 10.

Dityrosine Fluorescence.The possible presence of dity-
rosine in Aâ1-40 or 4NMe after prolonged (g15 days)
incubation at 37°C was assayed by fluorescence, essentially
as described elsewhere (50-52). Briefly, peptides were
dissolved in 10 mM sodium phosphate, 0.02% NaN3, pH
7.40, either directly or after first being disaggregated by being
dissolved in DMSO (final DMSO concentratione2%, v/v).
Measurements (λEX ) 300 nm,λEM ) 350-500 nm) were
taken on a Hitachi F-2000 fluorescence spectrophotometer
with a bandpass of 10 nm, and photomultiplier voltage of
700 V at 240 nm/min.

PICUP (Photoinducible Cross-Linking of Unmodified
Proteins).This procedure was essentially as described by
Fancy and Kodadek (43, 46), as modified by Bitan and
Teplow (44) and Vollers, Teplow, and Bitan (45). For the
PICUP reaction, 36µL of Aâ1-40 or 4NMe at 2 mg/mL
(462 µM) was mixed with 2µL of 1 mM (ruthenium(II)
tris-bipyridyl dication (Ru(II)bpy32+)) and 2µL of 20 mm
ammonium persulfate (APS) in a 750µL Eppendorf tube.
The sample was excited at “0nm” on a Hitachi F2000
fluorescence spectrophotometer for 30 s. The sample was
then quenched by the addition of 10µL of 3× sample buffer
(12% SDS, 36% glycerol, 150 mM Tris, 6% mercaptoetha-
nol, 0.03% Serva Blue, pH 6.80). 30µL of the resulting
solution was then loaded onto a precast 16.5% T/6% C gel
(BioRad). Gel electrophoresis was performed according to
the procedure of Scha¨gger and von Jagow (53).

RESULTS

Design and Synthesis of the Peptides. N-Methyl amino
acids were employed as “probes” to disrupt hydrogen
bonding in only one of the two putativeâ-sheets of Aâ1-
40, while leaving the other domain covalently unmodified.
As described above, solid-state NMR studies indicate that
each molecule of Aâ1-40 in fibrils is part of two spatially
separateâ-sheets, residues 12-24 and 30-40. Studies in
our laboratory have shown that theN-methyl amino acids
disrupt â-sheet aggregation, even while preserving the
extended conformation of the polypeptide chain (ref15; see
also refs29-34). The replacement of the amide hydrogen
by a methyl group interferes with hydrogen bonding that is
necessary for propagation of theâ-sheet in fibrils. In addition,
our fibrillogenesis inhibitors containingN-methyl amino
acids at alternate residues had solubility properties that are
useful for our present purposes; in particular, they are
surprisingly water soluble, much more so than nonmethylated
peptides of the same sequence. For example, while Ac-

M )
(slope× 2RT)

ω2(1 - VjF)
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KLVFF-CONH2, a peptide based on the amyloidogenic
hydrophobic core domain of Aâ (residues 16-20), readily
forms fibrils, the N-methylated analogue of this peptide, Ac-
KmeLVmeFF-CONH2 (meL ) N-methyl-Leu, meF) N-
methyl-Phe), does not form fibrils, inhibits fibril formation
by Aâ1-40, and is water soluble at concentrations above
30 mM (14, 15). For these reasons, we chose incorporation
of N-methyl amino acids as our method for disrupting
aggregation in each of theâ-sheet regions of Aâ1-40 while
maintaining most of the secondary structural features of the
peptide. We synthesized three peptides: 2NMe(NTerm) with
N-methyl amino acids at positions Leu17 and Phe19, 2NMe-
(CTerm) with N-methyl amino acids at Gly37 and Val39,
and 4NMe withN-methyl amino acids at all four positions,
Leu17, Phe19, Gly37, Val39.

2NMe Aâ1-40 Congeners Aggregate More Slowly Than
Aâ1-40.As described in Materials and Methods, we tested
in two different ways whether the Aâ1-40 peptides contain-
ing either two (2NMe(NTerm) and 2NMe(CTerm)) or four
(4NMe) N-methyl amino acids formed fibrils: once with a
disaggregation procedure to approximate “seed-free” condi-
tions, and once without such a procedure. Our usual
procedure for removing preformed seed nuclei is to dissolve
the peptide as a stock in neat DMSO, followed by dilution
of the peptide into buffer, as described elsewhere (11). In
other experiments, we did not use any of the common
methods for disrupting initial aggregates; for this set of
experiments, the lyophilized peptides were dissolved directly
into 10 mM sodium phosphate, pH 7.40 and incubated at 37
°C under quiescent conditions. In both types of experiments,
the extent of aggregation was followed by both thioflavin T
fluorescence and turbidity (monitoring absorbance at 450 nm)
measurements. Because of the concern that some of the
modified Aâ peptides might not bind thioflavin to the same
extent as unmodified Aâ1-40, we also measured turbidity.
In addition, we generally confirmed aggregation by perform-
ing electron microscopy when thioflavin T and/or turbidity
measurements indicated that the fibrillization reaction was
at an end.

2N Methyl Aâ1-40 Peptides Aggregate into Fibrils More
Slowly Than Unmodified Aâ1-40, EVen in the Absence of
an Initial Disaggregation Procedure.We observed that both
of the 2NMe peptides were capable of aggregating into
fibrils, but more slowly than Aâ1-40. In addition, as shown
in Figure 1, electron micrographs reveal morphological
differences among fibrils made by these peptides. In Figure
1, the electron micrographs in column 1 show fibrils formed
without an initial disaggregation procedure. Figure 1A shows
fibrils of unmodified Aâ1-40. 2NMe(NTerm) formed fibrils
(Figure 1D), but electron microscopy revealed that the
precipitates also contained amorphous material that appeared
to coat the edges of the fibrils, i.e., a fibrillar core with
unfibrillized material along the edges of the fibril. In addition,
there were a large number of spherical particles with a mean
diameter of 9.48 nm( 1.43 nm. In contrast, as shown in
Figure 1G, 2NMe(CTerm) appeared more uniformly fibrillized,
and the fibrils were highly twisted compared with either
Aâ1-40 or 2NMe(NTerm). The two 2NMe peptides also
differed slightly in diameter. 2NMe(NTerm) formed fibrils
with D ) 9.35 ( 0.92 nm, while 2NMe(CTerm) formed
fibrils with D )11.23( 1.18 nm. These values flanked the

value obtained for Aâ1-40 fibrils, with D ) 10.88( 1.5
nm.

Fibrils of both of the 2NMe peptides gave rise to thioflavin
fluorescence (Figure 2A and Table 1). Data were analyzed
using a stretched exponential equation (11),

where ThT, ThT0, and ThT∞ represent thioflavin fluorescence
readings at various times, at time) 0, and at infinite time,
respectively. Because there had been no disaggregation
procedure in these experiments, there was generally little or

FIGURE 1: Electron micrographs of fibrils/precipitates. Figures in
column 1 are electron micrographs of fibrils or precipitates formed
after peptides are dissolved directly into buffer. Figures in columns
2 and 3 are electron micrographs of precipitates formed by
dissolving peptides in buffer after a disaggregation procedure.
Precipitates are negatively stained, bar) 100 or 500 nm, as
indicated. (A, B, C) Aâ1-40 fibrils showed typical fibril morphol-
ogy and had a mean diameter of 10.88( 1.50 nm. Magnifications
are 98000×, 15000×, and 98000×, respectively. (D, E, F) 2NMe-
(NTerm) showed fibrils that appear to be coated with fuzzy edges
of amorphous aggregate; in addition, there are numerous spherical
particles. Mean diameter of the fibril was 9.35( 0.92 nm.
Magnifications are 98000×, 15000×, and 98000×, respectively.
(G, H, I) 2NMe(CTerm) exhibited abundant very long, and highly
and uniformly twisted fibrils with a mean diameter of 11.23( 1.18
nm. Magnifications are 98000×, 15000×, and 98000×, respec-
tively. (J, K, L) 4NMe exhibited amorphous deposits only after
prolonged incubation (>2 weeks). Magnifications are 98000×,
15000×, and 98000×, respectively. In all cases, the appearance of
the fibrils or precipitates is qualitatively similar to those formed
without the disaggregation procedure. In addition, fibril diameters
are the same within experimental limits.

ThT ) ThT0 + {(ThT∞ - ThT0)[1 - exp(-(kt)n)]} (1)
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no lag period, and these kinetics were indistinguishable from
monoexponential kinetics:

The calculated rates constants were as follows: NMe-
(NTerm), k ) 1.61× 10-4 min-1 (( 1.68× 10-5 min-1);
2NMe(CTerm),k ) 2.20 × 10-4 min-1 (( 3.31 × 10-5

min-1) compared to that of Aâ1-40,k ) 5.08× 10-4 min-1

(( 5.76 × 10-5 min-1). Because these assays had been
performed in the absence of a disaggregation procedure, the

rates were somewhat variable from sample to sample.
Nevertheless, the results shown in Figure 2 were typical of
those obtained in replicate samples, and suggested that
disruption of either one of theâ-sheet regions by incorpora-
tion of N-methyl amino acids slowed fibril formation
compared with Aâ1-40, but still allowed fibrils to form.
Despite the morphological differences between 2NMe-
(NTerm) and 2NMe(CTerm) fibrils, both peptides formed
fibrils at similar rates, which were about half that Aâ1-40
itself.

Fibrillogenesis Kinetics of 2NMe Peptides DissolVed after
an Initial Disaggregation Procedure To RemoVe Preformed
Seed Nuclei.To compare fibrillogenesis kinetics of these
peptides in the absence of preformed seed nuclei, we also
measured kinetics after first disaggregating the peptides using
the conditions previously found to render Aâ1-40 mono-
meric (11), i.e., initially dissolving the peptides in DMSO
followed by diluting them with 10 mM sodium phosphate,
pH 7.40 to a final DMSO concentration of≈2%. Electron
micrographs of fibrils (or amorphous precipitate, in the case
of 4NMe) formed after the disaggregation procedure were
qualitatively similar to those formed with a disaggregation
procedure (columns 2 and 3 of Figure 1). Kinetics were
analyzed using eq 1, i.e., the stretched exponential equation
(Figure 2B and Table 1). From this analysis, we obtained
the following values for rate constants: for Aâ1-40, k )
4.85 × 10-4 min-1 (( 3.24 × 10-5 min-1); for 2NMe-
(CTerm),k ) 3.45× 10-4 min-1 (( 2.88× 10-5 min-1),
but for 2NMe(NTerm),k ) 8.88× 10-5 min-1 (( 2.20×
10-5 min-1). Although 2NMe(CTerm) fibrils showed maxi-
mal thioflavin T fluorescence about half of that for Aâ1-
40 fibrils formed at the same peptide concentration, the rate
constants for both Aâ1-40 and 2NMe(CTerm) were similar
whether or not the peptides initially underwent disaggregation
procedures. In contrast, after a disaggregation procedure,
2NMe(NTerm) formed fibrils at a rate nearly 1 order of
magnitude lower than either of the other peptides.

Concentration Dependence of 2NMe(NTerm) Fibrillogen-
esis Kinetics.Figures 2A and 2B show that both 2NMe
peptides attained lower values for final thioflavin T fluo-
rescence than did Aâ1-40. This is especially true for 2NMe-
(NTerm), for which the thioflavin T fluorescence barely rises
above background levels. We hypothesized, however, that
the difference between 2NMe(NTerm) and Aâ1-40 was not
a qualitative difference in the kinetics of fibril formation,
but simply a matter of the starting peptide concentration
needed to sustain a fibrillogenesis reaction. Figure 3A shows
fibrillogenesis kinetics for 2NMe(NTerm) at four different
concentrations from 50 to 400µM (fibrillization measured
without an initial disaggregation procedure). At concentra-
tions of 100-400 µM, the peptide formed fibrils, while at
50 µM, the peptide did not form fibrils by the criterion of
thioflavin T fluorescence. Figure 3B shows that the value
calculated for ThT∞ using eq 1 was proportionate to peptide
concentration, while the rate constant remained unchanged.

Formation of Micelle-like Aggregates by 2NMe(NTerm)
and 2NMe(CTerm).Diphenylhexatriene (DPH) fluorescence
was used to measure aggregation of 2NMe peptides into
micelle-like aggregations. In agreement with Soreghan et al.
(35) and our previous measurements (36), Aâ1-40 showed
a “critical micelle concentration” (“CMC”) of≈50 µM
(Figure 4). 2NMe(NTerm) and 2NMe(CTerm) showed

FIGURE 2: (A) Fibrillogenesis kinetics for peptides dissolved in
buffer without an initial disaggregation procedure, as monitored
by thioflavin T fluorescence: Fibril kinetic growth curves of Aâ1-
40 (b), 2NMe(NTerm) (9), 2NMe(CTerm) (2), and 4NMe (1) as
a function of thioflavin T fluorescence. Peptides (≈100µM) were
incubated at 37°C in 10 mM sodium phosphate, pH 7.40, also
containing 0.02% NaN3. Data were fitted to a stretched exponential
equation ThT) ThT0 + (ThT∞ - ThT0)[1 - exp(-(kt)n], where
ThT, ThT0, and ThT∞ represent thioflavin fluorescence readings at
various times, at time) 0, and at infinite time, respectively. (B)
Fibrillogenesis kinetics for peptides dissolved in buffer after an
initial disaggregation procedure, as monitored by thioflavin T
fluorescence: Fibrillogenesis kinetics curves for Aâ1-40 (b),
2NMe(NTerm) (9), 2NMe(CTerm) (2), and 4NMe (1) disaggre-
gated by DMSO as measured using thioflavin T fluorescence.
Conditions for fibrillogenesis are otherwise as above. Data ac-
cumulated from four experiments were fitted to the same equation
as above.

Table 1

k, min-1

peptide
fibril diameter,

nm
without

disaggregation
with

disaggregation

Aâ1-40 10.88( 1.50 5.08× 10-4 4.85× 10-4

2NMe(NTerm) 9.35( 0.92 1.61× 10-4 8.88× 10-5

2NMe(CTerm) 11.23( 1.18 2.20× 10-4 3.45× 10-4

ThT ) ThT0 + {(ThT∞ - ThT0)[1 - exp(-kt)]} (2)
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similar “CMCs” (Figure 4), in both cases≈200 µM,
somewhat higher than that of Aâ1-40. The fact that both
the 2NMe(NTerm) and 2NMe(CTerm) have similar “CMCs”
suggests that both the N and C terminal regions contribute
to micelle formation, since in each case, either the N-terminal
or the C-terminal is altered byN-methyl amino acids.

Circular Dichroic Spectra of 2NMe(NTerm) and 2NMe-
(CTerm).Previous studies of fibrillogenesis inhibitor peptides
containingN-methyl amino acids showed CD spectra con-
sistent with aâ-strand conformation, but there is a markedly
red-shifted, single minimum at 225-226 nm (15). NMR
studies also were consistent with aâ-strand conformation
(15). Figure 5 shows the CD spectra of freshly dissolved
2NMe(NTerm) and 2NMe(CTerm), and of unmodified
Aâ1-40. (The spectrum of 4NMe is also shown, and is
discussed below.) The spectrum of Aâ1-40 was consistent
with mainly “random coil” conformation, as previously
described (37-40). The spectra of the two 2NMe peptides
were similar to each other, and were similar to that of Aâ1-
40, except that an additional minimum was observed at 225
nm, as observed previously for otherN-methyl amino acid
containing peptides (14, 15). The spectrum for 4NMe was
similar to that of the two 2NMe peptides, except that the
trough at 225 nm was approximately twice as deep as that
of the two 2NMe peptides, as might be expected since 4NMe
has twice the number ofN-methyl amino acids per molecule.
These spectra are consistent with the notion that theN-methyl
amino acids induce only local structural perturbations. In
addition, from previous NMR studies of relatedN-methyl
amino acid containing peptides derived from Aâ, we infer
that the local conformation around theN-methyl amino acids
may be extended orâ-strand in these peptides, as it is in the
inhibitor peptides (16).

Figure 6 shows the evolution of the CD spectra of 2NMe-
(NTerm) and 2NMe(CTerm) over time. Despite similar initial
CD spectra and similar “CMCs”, the evolution of the spectra
of the two 2NMe peptides differ considerably. The CD
spectrum of 2NMe(NTerm) at≈100µM changes little over
this time period. This lack of change is consistent with the
data in Figure 2, showing that, at this concentration, the
thioflavin T fluorescence rises only slightly above the
background level. In contrast, the CD spectrum of 2NMe-
(CTerm) evolves, and diverges from that of 2NMe(NTerm)
starting around day 4. 2NMe(CTerm) shows an increasing
positive peak with a maximum at≈200 nm, and an
increasing trough with a minimum at≈219 nm. These
changes are consistent with the development of increasing

FIGURE 3: Fibrillogenesis kinetics of 2NMe(NTerm) as a function
of initial peptide concentration: (A) 2NMe(NTerm) was initially
disaggregated using DMSO, and then diluted into 10 mM sodium
phosphate, pH 7.40 to final concentrations of 50, 100, 200, or 400
µM. Experimental conditions and methods of analysis were as
described for Figure 2. Data were analyzed using the equation of
a stretch exponential, eq 1. (B) The figure shows the rate constant,
k, and thioflavin fluorescence at infinite time, ThT∞, as a function
of initial peptide concentration.

FIGURE 4: Micelle formation of Aâ1-40, 2NMe(NTerm), and
2NMe(CTerm): Diphenylhexatriene (DPH) fluorescence was used
to monitor micelle formation. The following were obtained for
CMCs: Aâ1-40, ≈50 µM (b); 2NMe(NTerm),≈200 µM (9);
2NMe(CTerm), ≈200 µM (2), and 4NMe (1) exhibited no
micelles. Fluorescence that reached the maximum of the fluorometer
appears as a plateau in the signal.

FIGURE 5: Circular dichroism of Aâ1-40, 2NMe(NTerm), and
2NMe(CTerm): CD spectra of freshly dissolved peptide samples
at ≈100 µM in 10 mM phosphate buffer, pH 7.40. Samples were
scanned in a 1 mmcuvette from 290 nm to 190 nm at 37°C for
Aâ1-40 (b), 2NMe(NTerm) (9), 2NMe(CTerm) (2), and 4NMe
(1). The scan was in 1 nm increments, and data were averaged for
1 s. Because of high CD dynode values below 195 nm, the spectra
could be measuredg195 nm.
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â-sheet content by 2NMe(CTerm) over this time period, and
are consistent with the fibril formation observed by ThT
fluorescence.

4NMe Maintains a Monomeric State Indefinitely, EVen at
Concentrations>1 mM.Figures 2A and 2B, in addition to
showing the time course of thioflavin T fluorescence for
Aâ1-40, 2NMe(NTerm), and 2NMe(CTerm), also show that
4NMe does not self-associate into thioflavin T positive
aggregates, whether or not an initial disaggregation procedure
is used. At concentrations up to>600µM, 4NMe does not
induce DPH fluorescence (Figure 4), and thus does not make
micelle-like aggregates at these concentrations.

Figure 7A shows size exclusion chromatography of 4NMe
using a Superdex 75 column. At concentrations up to 1.18
mM, the peptide eluted in a single peak, the elution time of
which,≈26 min, was consistent with a monomeric molecular
weight. In addition, repeated size exclusion chromatography
of a 4NMe sample incubated at 37°C for over five weeks
showed only the same peak of monomeric peptide. Figures
7B and 7C show sedimentation equilibrium analytical
ultracentrifugation of 4NMe (≈510µM, 50 000 rpm, 20°C).
The results indicated a single species with a molecular weight
of 3830 Da, close to the expected monomer molecular weight
of 4385 Da. The slightly low value of the apparent molecular
weight has been observed for other peptides containing

N-methyl amino acids (14, 15), and this nonideal behavior
may be attributable to rigidity of the peptide backbone in
the region of theN-methyl amino acids. Finally, Figure 8
shows CD spectra of 4NMe at≈100µM over a time course
of 11 days, i.e., similar to the time period shown for Aâ1-
40, 2NMe(NTerm), and 2NMe(CTerm) in Figure 6. Over
this time, the CD spectrum of 4NMe did not change,
indicating that the conformation of the peptide remained
stable, and supporting the notion that 4NMe did not self-
associate.

The above data all indicate that this peptide does not self-
associate at all, and maintains a monomeric state at all
concentrations up to at least 1.18 mM.

Dityrosine Formation and Tyrosine Exposure in 4NMe.
After prolonged incubation of 4NMe (>2 weeks) at 37°C,
a small amount of precipitate formed. As shown in Figures

FIGURE 6: Evolution of CD spectra of 2NMe(NTerm) and 2NMe-
(CTerm) over the course of an 11 day period: CD spectra of
peptides at≈100 µM in 10 mM phosphate buffer, pH 7.40,
comparing 2NMe(NTerm) (b) and 2NMe(CTerm) (2). Most of
the spectra show samples that were neither centrifuged nor vortexed.
For the sample of 2NMe(CTerm) on day 11, however, most of the
signal had disappeared because of the formation of precipitate;
therefore, spectra are shown for the sample both with (4) and
without (2) vortexing.

FIGURE 7: (A) Size exclusion chromatography of 4NMe: 100µL
of a solution of 4NMe at an initial peptide concentration of 1.18
mM (orange line) was chromatographed using a Superdex 75 size
exclusion column. A single peak eluting at≈26 min, corresponding
to a monomeric molecular weight, was observed. In addition, a
solution of 4NMe at≈100µM was incubated for five weeks, and
at various intervals (red line, 0 days; blue line, 20 days; and green
line, 36 days) was chromatographed using the same column. The
single peptide peak corresponds to a monomeric molecular weight;
the large peak at≈41 min is NaN3. (B, C) Sedimentation
equilibrium analytical ultracentrifugation of 4NMe: (B) 4NMe was
dissolved in 10 mM phosphate buffer, pH 7.40 and dialyzed against
this buffer overnight. The final peptide concentration (510µM)
after dialysis was assessed from absorbance at 274.6 nm, using the
extinction coefficient for tyrosine of 1420 M-1 cm-1. The dialysis
buffer was used as the reference buffer. Sedimentation was followed
at 275 nm, at 20°C for 50 h; rotor speed was 50 000 rpm. From
the slope of ln(absorbance 275 nm) as a function of radius2 (from
the center of rotation), an apparent weight-average molecular
weight, M, of 3830 Da was calculated. (C) Equilibrium was
demonstrated by the absence of change in profile absorbance for
the last≈275 scans taken over the course of approximately 14 h
(scans 800 and 950 are shown and are superimposable).
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1J, 1K, and 1L, this precipitate was not fibrillar, which is
consistent with the absence of thioflavin T positivity in this
material (Figures 2A and 2B). We hypothesized that this
small amount of precipitate could be attributed to formation
of intermolecular dityrosine cross-links between the sole Tyr
residues (Tyr10) of peptide molecules. Formation of dityrosine
has been reported for Aâ1-40 (41, 42), and could occur to
an even greater extent in the highly soluble 4NMe peptide
than in Aâ1-40. Figure 9A shows fluorescence spectra (λEX

) 300 nm,λEM ) 350-500 nm) for both the Aâ1-40 and
4NMe precipitates after 15 days, compared to freshly
solubilized 4NMe. The soluble Aâ1-40 showed only
background signal in this wavelength range. Aâ1-40
precipitates, which had formed over 15 days, showed an
increase in apparent fluorescence due to light scattering by
fibrils, and in addition showed a small peak at≈410 nm,
consistent with the presence of dityrosine cross-links. In
contrast, 4NMe, with little precipitate, showed a large peak
at≈410 nm, again consistent with dityrosine cross-links, and
showed only a small scattering effect from its sparse
aggregates. No difference was seen between samples initially
treated with DMSO and those dissolved directly into buffer
(data not shown).

The fact that 4NMe was more prone to dityrosine
formation than Aâ1-40 suggests that Tyr10 was more
accessible to free radical formation in 4NMe than in Aâ1-
40. To test this hypothesis, we performed PICUP (photo-
inducible cross-linking of unmodified protein) assays (43-
45) on solutions of 4NMe and Aâ1-40, both at a concentra-
tion of 2 mg/mL (462µM). PICUP cross-links peptides
through light-induced one-electron transfers that generate
radicals, mainly tyrosyl radicals (46). As expected for a
monomeric and highly soluble protein (44, 45, 48, 49)
(Figure 9B), random association of 4NMe led to the
formation of a ladder of bands, with more extensive cross-
linking than for Aâ1-40. Since 4NMe is monomeric at this
concentration (see Figures 4, 7, and 8), while Aâ1-40 is
above its “CMC”, the extensive cross-linking of 4NMe is
consistent with the idea that the sole Tyr in this peptide is
more solvent exposed than in Aâ1-40.

DISCUSSION

Our goal was to disrupt each of the two putativeâ-sheets
of Aâ1-40 individually, without disrupting the other. To
this end, we usedN-methyl amino acids to disrupt the
hydrogen bonding that stabilizes the sheets. In addition,
previous NMR studies suggest thatN-methyl groups confer
an extended, orâ-strand conformation locally in peptides,
and also greatly increase water solubility when they are
incorporated into fibril-forming peptides, such as internal
fragments of Aâ (e.g., Ac-KLVFF-NH2, residues 16-20 of
Aâ) or the prion protein (residues 106-129) (14, 15). We
were then in a position to ask whether the nonmodified
â-sheet could still form when the otherâ-sheet was disrupted
by local incorporation of twoN-methyl amino acids. Two
such modified residues are sufficient to prevent the propaga-
tion of hydrogen bonds into aâ-sheet, but do not grossly
distort the torsional geometry of theâ-strands into which
they are incorporated (15). This approach addresses an
emerging model of Aâ1-40 as forming a double molecular

FIGURE 8: Circular dichroism time course of 4NMe. Peptide was
dissolved at≈100 µM in 10 mM sodium phosphate buffer, pH
7.40 and incubated under quiescent conditions at 37°C. At various
times, the CD spectrum of peptide in a 1 mmcuvette was measured
from 270 to 190 nm, with 1 nm increments, and signal averaging
for 0.5 s.

FIGURE 9: (A) Dityrosine formation as monitored by fluorescence.
Aâ1-40 or 4NMe incubated at 37°C for >15 days develops
fluorescence, consistent with the formation of intermolecular
dityrosine cross-links. Peptides were dissolved in 10 mM sodium
phosphate, 0.02% NaN3, pH 7.40, either directly or after first being
disaggregated by being dissolved in DMSO (final DMSO concen-
tration e2%, v/v). Measurements (λEX ) 300 nm,λEM ) 350-
500 nm) were taken on a Hitachi F-2000 fluorescence spectropho-
tometer with a bandpass of 10 nm, and PM voltage of 700 V at
240 nm/min. Symbols: (9) fresh Aâ1-40 solution; (b) Aâ1-40
solution incubated at 37°C for >15 days; (2) 4NMe incubated at
37 °C for >15 days. (B) PICUP assays of Aâ1-40 and 4NMe:
Aâ1-40 (4.3 kDa) and 4NMe at 2 mg/mL (462µM) were mixed
with RuBpy and APS and exposed to light as described in Materials
and Methods. Aâ1-40and 4NMe both showed a ladder of
oligomeric species, but the cross-linking of the latter peptide was
clearly more extensive. Without reagents for the PICUP reaction,
both of these peptides had migrations consistent with that of
monomers.
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layer of â-sheets connected by a bend in the side-chain
dimension (12, 13). In addition, we asked whether disruption
of both â-sheet domains is necessary to prevent fibril
formation altogether.

Our data indicate that incorporation ofN-methyl amino
acids into a singleâ-sheet domain of Aâ1-40 does slow
fibrillogenesis and alters the morphology of the fibril.
Furthermore, disruption of the N- or C-terminalâ-sheet
domains byN-methyl amino acids has strikingly different
effects on fibrillogenesis kinetics and fibril morphology.
Finally, disruption of bothâ-sheet domains is necessary to
prevent fibril formation.

AlthoughN-methyl amino acids in either N- or C-terminal
â-sheets interfered with fibril formation, the effect on
fibrillogenesis kinetics was much more profound for 2NMe-
(NTerm) than 2NMe(CTerm). As summarized in Table 1,
whether an initial disaggregating procedure was used or not,
both peptides formed fibrils more slowly than Aâ1-40, but
the effect was significantly more marked for 2NMe(NTerm)
than 2NMe(CTerm). In addition, the final values attained in
thioflavin T fluorescence assays (ThT∞ in eq 1) were lower
than that for Aâ1-40 at the same peptide concentration,
indicating that both 2NMe peptides have higher “critical
concentrations”, which we define as the concentration below
which fibrils cannot be detected experimentally, than Aâ1-
40. This was confirmed for 2NMe(NTerm), by showing that
the difference in ThT∞ values between 2NMe(NTerm) and
Aâ1-40 could be mostly eliminated by using higher initial
concentrations of peptide to form fibrils (Figure 3).

Electron microscopy and CD spectroscopy revealed strik-
ing differences between 2NMe(NTerm) and 2NMe(CTerm).
Electron micrographs of 2NMe(NTerm) showed the fibrils
to have a slightly narrower diameter than Aâ1-40 fibrils,
and to have fuzzy edges along the length of the fibril axis,
characteristic of unfibrillized material. In addition, large
numbers of spherical aggregates were present. These results
are consistent with the proposition that fibrils of this peptide
were formed mainly from its C-terminalâ-sheet, leaving a
large segment of the peptide as unfibrillized material, visible
as the fuzzy edge along fibrils. Furthermore, the spherical
aggregates may represent either oligomeric seeds or micelle-
like aggregates that did not progress to form fibrils. Evolution
of CD spectra over 11 days showed little change from the
initial spectrum compared to either 2NMe(CTerm) or Aâ1-
40, consistent with the view that at the concentrations used
for these measurements (≈100µM), 2NMe(NTerm) formed
mainly spherical aggregates and not fibrils, and also con-
sistent with the low values obtained for ThT∞. In contrast to
2NMe(NTerm), 2NMe(CTerm) showed more modest retar-
dation of fibrillization, and abundant fibrillar material but
no spherical aggregates in electron micrographs, and only
modestly reduced values for ThT∞ compared with Aâ1-
40. Electron micrographs also showed very regular, but
highly twisted fibrils, suggesting that modification of the
C-terminal â-sheet may have interfered with the lateral
organization of molecules within the fibril that give rise to
the overall pitch of the fibril. Also consistent with this
proposal is that 2NMe(CTerm) fibrils have a slightly larger
diameter than Aâ1-40 fibrils (D )11.23( 1.18 and 10.88
( 1.5 nm, respectively). Despite these differences, both
2NMe peptides had similar “critical micelle concentrations”
of ≈200 µM, i.e., approximately 4-fold higher than that of

Aâ1-40. Taken together, these findings suggest that disrup-
tion of eitherâ-sheet domain of Aâ1-40 inhibits assembly
of the peptide into fibrils, and alters the structure of the
fibrils, but that the N-terminalâ-sheet domain is the more
critical domain for fibrillogenesis.

In contrast to the 2NMe peptides, 4NMe remained
monomeric at concentrations above 1 mM, and did not form
either micelles or fibrils, as shown by size exclusion
chromatography, analytical ultracentrifugation, and circular
dichroic spectroscopy. A small amount of precipitate formed
over the course of weeks, but this was nonfibrillar material.
Fluorescence spectra were consistent with formation of
dityrosine cross-links between 4NMe molecules, though other
cross-links initiated by tyrosine radicals might also have
formed. Despite the fact that Aâ1-40 was above its CMC
under the conditions used for the PICUP assay, while 4NMe
was monomeric, the latter peptide became more cross-linked
in the PICUP assay, suggesting that the tyrosine residue of
4NMe may be more solvent exposed than that of Aâ1-40.

The properties of this congener also suggest its utility for
examining a related question. We have presented evidence
recently suggesting that the “bend region” connecting the
two â-sheets is not a passive follower of theâ-sheets in the
process of fibrillogenesis. On the contrary, we showed that
a congener of Aâ1-40 containing a lactam bridge between
the side chains of D23 and K28, mimicking the salt bridge
that eventually forms in the fibrils, formed fibrils similar to
those of unmodified Aâ1-40, but at≈1000-fold faster rate
and without a lag period (11). These data suggest that
formation of the bend region may represent a rate-limiting
step in the overall process of fibril formation. By the same
token, Lazo et al. (47) have shown that residues 21-30
constitute an autonomously folding, protease resistant domain
that, even as a monomeric peptide, adopts a structure
reminiscent of the bend region of Aâ1-40. However, the
high propensity of Aâ1-40 to aggregate and temporal
instability of intermediates in the fibrillogenesis pathway
severely limit the use of solution NMR and crystallographic
techniques for determining intermediate structure. We have
shown that the 4NMe peptide mentioned above is a highly
soluble and monomeric congener of Aâ1-40 that will be
amenable to studies of the structure and dynamics of the
bend region in solution using techniques such as NMR.

Finally, N-methyl amino acids have been used in the
design of inhibitors of fibrillogenesis (14, 15, 23), but
previously, these inhibitors have targeted only one of the
two â-sheet domains, in most cases the N-terminalâ-sheet.
Our results indicate that the most effective inhibition of
Aâ1-40 fibrillogenesis may require that inhibitors of fibril
formation target bothâ-sheets rather than only one.
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