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Amyloid �-protein (A�) oligomers may be the proximate neuro-
toxins in Alzheimer’s disease (AD). Recently, to elucidate the
oligomerization pathway, we studied A� monomer folding and
identified a decapeptide segment of A�, 21Ala–22Glu–23Asp–24Val–
25Gly–26Ser–27Asn–28Lys–29Gly–30Ala, within which turn formation
appears to nucleate monomer folding. The turn is stabilized by
hydrophobic interactions between Val-24 and Lys-28 and by long-
range electrostatic interactions between Lys-28 and either Glu-22
or Asp-23. We hypothesized that turn destabilization might explain
the effects of amino acid substitutions at Glu-22 and Asp-23 that
cause familial forms of AD and cerebral amyloid angiopathy. To
test this hypothesis, limited proteolysis, mass spectrometry, and
solution-state NMR spectroscopy were used here to determine and
compare the structure and stability of the A�(21–30) turn within
wild-type A� and seven clinically relevant homologues. In addition,
we determined the relative differences in folding free energies
(��Gf) among the mutant peptides. We observed that all of the
disease-associated amino acid substitutions at Glu-22 or Asp-23
destabilized the turn and that the magnitude of the destabilization
correlated with oligomerization propensity. The Ala21Gly (Flem-
ish) substitution, outside the turn proper (Glu-22–Lys-28), dis-
played a stability similar to that of the wild-type peptide. The
implications of these findings for understanding A� monomer
folding and disease causation are discussed.

Abundant evidence links the amyloid �-protein (A�) with the
neuropathogenesis of Alzheimer’s disease (AD) (for recent

reviews, see refs. 1 and 2). A� is a normal metabolite of the A�
precursor (A�PP), from which A� is produced by endoproteolysis
(3). Two predominant forms of A� exist in vivo, A�40 and A�42,
which are 40- and 42-aa in length, respectively (2, 4, 5). Recent
experimental and clinical evidence suggests that the primary neu-
rotoxins in AD are A� oligomers or protofibrils (1, 6–10). Under-
standing the folding and oligomerization of nascent A� monomers
thus has become an especially important aspect of current strategies
for understanding AD etiology and developing therapeutic agents.

We have applied a multidisciplinary approach to the A� assembly
problem. Initial studies used limited proteolysis coupled with mass
spectrometry to determine whether monomeric A� possessed any
stable or quasistable structure that could protect the peptide from
proteolysis. Surprisingly, a 10-residue segment within both A�40
and A�42, Ala-21–Ala-30, was identified (11). The homologous
decapeptide, A�(21–30), displayed protease resistance identical to
that of full-length A�, suggesting that this region could organize
monomer folding and thus be a folding nucleus. This suggestion
was consistent with the observation that many folding nuclei
studied in isolation are structurally stable (12–16). In fact, NMR
studies of the A�(21–30) peptide revealed a turn in the Val-24–
Lys-28 region that was stabilized by hydrophobic interactions
between the isopropyl and n-butyl side chains of Val-24 and
Lys-28, respectively, and by long-range electrostatic interactions

between the N� cation of Lys-28 and the side-chain carboxylate
anions of Glu-22 or Asp-23 (11).

To study the structural dynamics of turn formation within the
A�(21–30) region at high resolution, Borreguero et al. (17) used
discrete MD and a ‘‘united-atom’’ protein model in in silico studies.
Representative structures were remarkably similar to those deter-
mined by NMR. All-atom MD (18) or replica-exchange MD (19)
simulations in explicit water have produced similar results. The
conformational dynamics of A�(21–30) also have been simulated
by using activation–relaxation techniques coupled with a coarse-
grained force field (OPEP) (20). These studies revealed three
families of structures, two similar to those observed by NMR (11)
and a third family displaying a more open structure.

The aforementioned biochemical, NMR, and computational
studies emphasize the potential importance of Glu-22 and Asp-23
in controlling the nucleation of A� monomer folding. Nature itself
has provided evidence for the biological importance of residues in
the A� monomer folding nucleus, because mutations within the A�
coding region of A�PP that produce single amino acid substitutions
in the turn region cause familial forms of AD (FAD) and cerebral
amyloid angiopathy (CAA) (21). These diseases are referred to by
the ethnicities of the kindreds in which they were discovered and
include the Flemish (A21G) (22), Arctic (E22G) (23, 24), Dutch
(E22Q) (25, 26), Italian (E22K) (27), and Iowa (D23N) (28) disease
forms [supporting information (SI) Table 2]. We have hypothesized
that the biophysical basis for the diseases occurring in patients
expressing FAD- and CAA-linked amino acid substitutions at
Glu-22 and Asp-23 is alteration of the stability of the monomer
folding nucleus (11). We report here results of experimental studies
testing this hypothesis.

Results
Probing Peptide Folding by Limited Proteolysis. To examine the
structural stability of the folding nuclei of wild-type A� and seven
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mutant** A� peptides (SI Table 2), we applied the technique of
limited proteolysis coupled with mass spectrometry. Prior enzymo-
logical (11), spectroscopic (11), and computational (17–19) studies
consistently showed the involvement of Lys-28 in stabilization of the
monomer folding nucleus. Therefore, we used the Lys-specific
protease trypsin to probe peptide structure.

Representative mass spectra from wild-type and Arctic A�(21–
30) are shown in Fig. 1. In the absence of trypsin, only protonated
(m/z � 947.5 and 474.3) or sodiated (m/z � 969.5, 991.4, 1,013.3, and
1,035.3) molecular ion peaks were observed in the wild-type sample
(Fig. 1). After 2 h of digestion, the intensities of the molecular ion
peaks decreased and the A�(21–28) fragment ion appeared at
m/z � 819.4 atomic mass units (data not shown). Smaller peaks at
841.4, 863.4, and 885.3 atomic mass units, corresponding to singly
charged sodium adducts of A�(21–28), also were observed. The
intensities of the A�(21–28) ions did not increase significantly in
samples analyzed during prolonged digestion periods (up to 3 d;
data not shown). Based on analysis of ion intensities, �27% of
wild-type A�(21–30) was digested, on average. Arctic A�(21–30),
in contrast, was digested quite efficiently (Fig. 1). Greater than half
the peptide was digested by 6 h of incubation and the digestion was
essentially complete by 1 d.

Analogous experiments were performed by using Flemish,
Dutch, Italian, and Iowa A�(21–30) peptides. In addition, we
substituted Gly or ornithine (Orn; 2,5-diaminopropanoic acid) for
Asp-23 to produce Arctic- or Italian-type homologues, respectively,
at this position (see SI Fig. 5). Fig. 2 presents progress curves for the
digestion of each of the eight peptides. The representative mass
spectra used to produce these curves are shown in Figs. 1 and SI Fig.
6. As with wild-type and Arctic A�(21–30), prominent molecular
ions (singly or doubly protonated or singly or multiply sodiated) of
each peptide were observed in the absence of trypsin. Rapid
increases in the intensities of ions corresponding to each of the
respective A�(21–28) tryptic fragments were observed within the
first 2 h of digestion. Significant increases continued during the sub-
sequent 24 h. Levels of the Flemish, Dutch, Italian, and Iowa tryptic
fragments did not increase significantly upon extended incubation
(up to 3 d). The intensities of the Arctic and Italian Asp-23
analogues (Asp23Gly and Asp23Orn, respectively) increased very
modestly between 1 and 3 d.

In total, �35% of the Dutch decapeptides and �23% of the
Flemish decapeptides were cleaved, relative to �25% for wild-type
A�(21–30). The Iowa and Italian peptides were more protease
sensitive. Approximately 50–55% digestion was observed for each.
The Italian mutation creates an additional cleavage site, after
Lys-22. Consistent with this fact, after 2 h, in addition to a
prominent A�(21–28) fragment ion, smaller amounts of A�(23–28)
and A�(23–30) were observed. The ion intensities of both the
A�(21–28) and A�(23–28) fragments increased significantly during
the first 24 h of digestion. The Arctic- and Italian-type substitutions

at Asp-23 produced two of the three most proteolytically sensitive
peptides (the third being the natural Arctic mutation) (Fig. 2). In
total, �87% of the Asp23Gly and �99% Asp23Orn peptides were
digested. In summary, the rank order of protease sensitivity, as
measured by percent digestion at day 3, was Asp23Orn � Arctic �
Asp23Gly �� Iowa � Italian � Dutch � wild type � Flemish
(Table 1). The magnitudes of the inequalities specified above
reflect the clustering of the sensitivities into three broad groups
from most to least sensitive: (group 1) Asp23Orn, Glu22Gly, and
Asp23Gly; (group 2) Asp23Asn and Glu22Lys; and (group 3)
Glu22Gln, wild type, and Ala21Gly.

Probing Peptide Folding by 2D Homonuclear NMR. To examine the
structure of the folding nucleus at higher resolution, we used
solution-phase NMR. The backbone amide (NH) resonances of
A�(21–30) were resolved in 1D 1H NMR spectra (data not shown)
collected on a 1 mM peptide sample at 10°C, a temperature at which
the NH proton chemical shift dispersion was optimal. The narrow
line widths of the backbone NH proton resonances of Asp-22–
Ala-30 remained unchanged across various temperatures, suggest-
ing that A�(21–30) adopts a single global fold in solution (data not
shown). All of the proton resonance assignments for the mutant
A�(21–30) peptides were completed by using 2D 1H total corre-
lation spectroscopy (TOCSY) and rotating-frame Overhauser en-
hancement (ROE) spectroscopy (ROESY) spectra and previously
determined resonance assignments for wild-type A�(21–30) (11).

A representative TOCSY spectrum of wild-type A�(21–30)
collected by using a 45-msec mixing time shows a single set of
resolved resonances for each residue (Fig. 3a). In addition, the
H�-��N, H�-H�N and H�-H�N side-chain resonances of Lys-28

**The term ‘‘mutant,’’ as used here in the context of peptides, distinguishes those peptides
containing disease-linked amino acid substitutions from wild-type A� peptides.

Fig. 1. LC/MS of tryptic digests of A�(21–30)
and Arctic A�(21–30). Samples were analyzed
at the indicated times (t � 0 is peptide alone, no
trypsin). Identities of ions are noted above ar-
rows. Asterisks denote peaks of singly charged,
multiply substituted sodium adducts separated
by 22 atomic mass units.

Fig. 2. Tryptic digestion progress curves. Percent digestion was calculated
according to the formula (I0 � It/I0), where It is ion intensity at time t and I0 is
intensity at t � 0. Each intensity was obtained by summing the intensities of
all A�(21–28) ions (protonated and sodiated). The resulting percentage is
plotted against incubation time.
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were observed in the 7.2- to 7.4-ppm (F1) region of the spectrum,
suggesting that this extended side-chain butyl group is immobilized
on the NMR time scale at 10°C. Structure calculations of A�(21–
30) revealed that attractive side-chain contacts between Glu-22 and
Lys-28 and between Asp-23 and Lys-28, along with hydrophobic
contacts between the isopropyl and n-butyl side chains of Val-24
and Lys-28, respectively, stabilize the turn structure within the
Val-24–Lys-28 region of A�(21–30).

TOCSY spectra then were collected for the Dutch, Iowa, Arctic,
Flemish, Italian, Asp23Gly, and Asp23Orn peptides. Analysis of the
spectral region from 7.2 to 7.4 ppm and comparisons of the intensity
of Lys-28 H�N side-chain resonances to those in the wild-type
peptide revealed the relative loss of immobilization (increased
movement) of the Lys-28 side chain in each of the mutant peptides
(Fig. 3b). Modest protection of the Lys-28 side-chain H�N corre-
lation cross-peak intensity from exchange broadening was observed
only in the Dutch peptide TOCSY data. Weak protection of the
Lys-28 side-chain butyl group cross-peak intensity was observed in
the Flemish and Iowa peptide TOCSY data. For the Arctic,
Asp23Gly, Italian, and Asp23Orn peptides, the Lys-28 butyl group
correlation cross-peaks were almost or completely absent, suggest-
ing that protection of the Lys butyl group from exchange broad-
ening is highly reduced in each of these homologues relative to the

wild-type decapeptide (Fig. 3b). To various degrees, all of the amino
acid substitutions studied thus increased Lys-28 side-chain mobility
(Table 1).

Spatial Proton Connectivities in 2D ROESY Data. To examine further
the effects of amino acid substitutions on folding nucleus stability,
we examined sequential, mid- and long-range ROE cross-peaks in
2D ROESY spectra. Sequential Lys-28�H–Ala-30NH(i, i � 2) and
long-range Glu-22�H–Ala-30NH connectivity ROE cross-peaks in
expanded NH-�H proton regions of the ROESY spectra are shown
in Fig. 4a. The single long-range, weak ROE between the �H
proton of residue 22 and the amide proton of Ala-30 previously
provided evidence of a folded backbone turn in wild-type A�(21–
30) (11). These sequential Lys-28�H–Ala-30NH(i, i � 2) and long-
range Glu-22�H–Ala-30NH connectivities are partially preserved
in the Dutch, significantly reduced in the Flemish, and not observed
in the Arctic, Iowa, Asp23Gly, Italian, or Asp23Orn peptides. These
data are consistent with the respective magnitudes of loss of Lys-28
side-chain butyl group cross-peaks in the TOCSY data (Fig. 3 and
Table 1).

Fig. 4b shows an expanded NH–�H/�H proton region of the
ROESY spectrum for each peptide. Weak ROEs between Lys-28
side-chain protons and the backbone amide proton of Gly-29 or
Ala-30 suggest stabilization of the Lys-28 side-chain in wild-type
A�(21–30). These ROEs are preserved in the Dutch peptide,
significantly reduced in the Flemish homologue, and absent in the
Arctic, Iowa, Asp23Gly, Italian, and Asp23Orn homologues. Our
data suggest that interresidue interactions in A�(21–30) between
Lys-28 and Gly-29 and between Lys-28 and Ala-30 depend on
Glu-22/Asp-23–Lys-28 electrostatic interactions.

The correlation between the turn conformation of A�(21–30)
and stability of the Glu-22/Asp-23–Lys-28 electrostatic interactions
is further supported by additional observations in the ROESY data
for the mutant peptides compared with wild-type peptide. For
example, as shown in SI Fig. 7, the adjacent ROE cross-peaks
correlating Ser-26�H–Asn-27NH and Asn-27�H–Lys-28NH are
weakened in all mutant peptides in which protection of the side-
chain n-butyl group of Lys-28 from exchange broadening (i.e.,
side-chain immobilization) in TOCSY studies was completely or
almost completely lost (namely, the Iowa, Asp23Gly, Italian, and
Asp23Orn peptides) (Fig. 3b).

Discussion
The impetus for the experiments reported here was the identifica-
tion and characterization of a monomer folding nucleus, common

Table 1. A� turn dynamics and oligomerization propensity

Peptide
Digestion,

% IT IR ��Gf

Oligomerization
propensity

A�40 A�42

Flemish (A21G) 23 � � �0.3 6 6
Wild type 27 ��� � 0 5 5
Dutch (E22Q) 35 �� � �0.1 4 1
Italian (E22K) 48 � � 1.2 2–3 2–3
Iowa (D23N) 55 � � 0.9 2–3 2–3
‘‘Arctic 23’’ (D23G) 80 � � 1.9 ND ND
Arctic (E22G) 87 � � 2.0 1 4
‘‘Italian 23’’ (D23Orn) 99 � � 2.6 ND ND

Shown are the final (plateau) trypsin digestion levels, as specified in Fig. 1;
the Lys-28H�N TOCSY peak intensity (IT) (�, very weak; �, weak; ��, medium;
���, strong); the Glu-22�H–Gly-29NH, Glu-22�H–Ala-30NH ROESY cross-
peak intensities (IR) (�, present; �, absent); the free energies of folding
relative to wild type A�(21–30) in units of kBT (uncertainty in ��Gf values is
�0.2 kBT); and the oligomerization propensity values for A�40 and A�42,
determined by photoinduced cross-linking of unmodified proteins (36), with
the highest propensity being 1.
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Fig. 3. Two-dimensional 1H
TOCSY NMR spectra. (a) The NH-�H
region (6.6–9.1 ppm) of the spec-
trum of wild-type A�(21–30) in 25
mM d4-acetate, pH 6.0/H2O:2H2O at
9:1, collected at 10°C with a 45-msec
mixing time. The amino acid Lys is
rendered at the bottom right with
side-chain protons labeled. Note
that the individual H�N protons
have degenerate chemical shifts. (b)
Two-dimensional TOCSY spectra
(7.2–7.4 ppm; NH� cross-peak re-
gion) of wild-type and mutant
A�(21–30) peptides collected under
identical sample and experimental
conditions.
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to A�40 and A�42, between Ala-21 and Ala-30 (11). This finding
was significant because five of seven FAD/CAA-linked A�PP
mutations cluster within the gene region encoding this decapeptide
(22–25, 27, 28). We postulated that the mechanistic effect of the
amino acid substitutions resulting from these clustered A�PP
mutations was alteration in the stability of the folding nucleus (11).
To test this hypothesis, here we systematically altered the primary
structure of the A� folding nucleus, A�(21–30), and then probed its
conformation and stability. Consistent with our postulation, we
found that amino acid substitutions at Glu-22 and Asp-23 destabi-
lized the folding nucleus. In addition, engineered changes in Asp-23
side-chain structure, analogous to those produced at Glu-22 by the
Italian and Arctic mutations, resulted in profound destabilization of
the folding nucleus. In contrast, the Flemish substitution, which
affects an amino acid not found to be involved in turn stabilization
(11), had little effect.

Structural Factors Controlling Folding Nucleus Stability. The rank
order of turn stability among the peptides studied (Table 1)
emphasizes the importance of residues within the turn proper
(Glu-22 and Asp-23) that stabilize its structure through side-chain–
side-chain interactions. Substitutions for these residues probed
predominately two classes of effects, electrostatic and entropic. All
six substitutions eliminated the electrostatic interaction between
Lys-28 and the side chains of amino acids at positions 22 or 23.
Three of the four most destabilizing substitutions were at Asp-23.
The ‘‘Italian-type’’ substitution at Asp-23, Asp23Orn, had the
greatest effect, as evidenced by the complete digestion of the
Asp23Orn decapeptide. The actual Italian Glu22Lys substitution
produced half that level of digestion. Similarly, the Iowa
(Asp23Asn) carboxylate3carboxyamide substitution caused ap-
proximately twice the level of destabilization as did the structurally
analogous Dutch (Glu22Gln) mutation. The lesser destabilization
by the carboxyamide side-chain substitutions relative to the Gly and
Orn substitutions may result from the ability of the carboxyamides
to hydrogen bond with the N� atom of Lys-28.

Our NMR data emphasize the importance of electrostatic sta-
bilization of the Lys-28 side chain and suggest that this stabilization
primarily, but not exclusively, depends on the electrostatic character
of Asp-23. We observed very strong destabilization of the H�N

Lys-28 side-chain n-butyl group when the anionic carboxylate side
chain of Asp-23 was eliminated, e.g., as in the Iowa (Asp23Asn),
Asp23Gly, and Asp23Orn peptides. These data are consistent with
results of simulations of A� folding and assembly that reveal that
Asp-23 plays a central role in organizing the A�(21–30) turn motif
(19, 29). Destabilization of the Lys-28 n-butyl group also was
observed in mutants that preserve the anionic carboxylate side
chain of Asp-23 (Dutch, Flemish, and Arctic). The Asp-23–Lys-28
electrostatic interaction is partially destabilized by neutral charge
substitutions at Glu-22 (Dutch and Arctic) or Gly substitution at
Ala-21 (Flemish) and completely eliminated by the Italian
Glu22Lys substitution. For the Dutch substitution, results of all-
atom MD simulations of A�(10–35)-amide conformational dynam-
ics, a model for full-length A� monomer folding (30), also empha-
size fold destabilization as a key mechanistic explanation for the
pathogenetic effects of the substitution (31). The Italian data are
interesting because some (�50%) protease resistance is observed
in the absence of stabilizing electrostatic interactions. A formal,
experimentally determined explanation for this phenomenon does
not exist, but reasonable speculation can be offered. Specifically,
our sequential ROE data show that some structure is retained in the
Ser-26–Gly-29 segment of the Italian peptide. For example, a weak
Lys-28�H–Gly29NH ROESY cross-peak was observed (Fig. 4b,
circled intensity). It also is possible that new or increased stabilizing
hydrophobic interactions may occur among the Lys-22 n-butyl side
chain and residues such as Ala-30 and Val-24 or between Lys-28 and
Val-24. Such protease resistance requires some peptide structure,
but this structure may differ from that of the wild-type A�(21–30)
peptide.

Gly substitutions, as in the Arctic E22G and ‘‘Arctic-type’’ D23G
peptides, were highly destabilizing (�80–90% trypsin digestion).
Elimination of the carboxylate groups not only prevents electro-
static interactions but also significantly expands the conformational
space accessible to the peptide. This creates an entropic ‘‘penalty’’
for turn formation. Gly is a well known disruptor of regular
secondary structure in proteins, e.g., of �-helices (32). In our
experiments, only the Asp23Orn substitution was more destabiliz-
ing than the Gly substitutions but by only �10–20%. The confor-
mational contributions of residues 21 and 22 to the electrostatic
stabilization of the Asp-23–Lys-28 side-chain interaction in A�(21–
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Fig. 4. Two-dimensional 1H ROESY NMR spectra. (a)
Expanded regions from each of the 2D ROESY spectra of
wild-type and mutant A�(21–30) peptides, as indicated, in
25 mM acetate, pH 6.0/H2O:2H2O at 9:1, collected at 10°C
with a mixing time of 300 msec. Connectivities are illus-
trated for sequential Lys-28�H–Ala-30NH(i, i � 2) and
long-range Glu-22�H–Ala-30NH resonances with labeled
arrows. (b) Connectivities for sequential Lys-28�H–Gly-
29NH(i, i � 1) and Lys-28�H–Gly-29NH(i, i � 1), and Lys-
28�H–Ala-30NH(i, i � 1) and Lys-28�H–Ala-30NH(i, i � 1)
resonances. The circle in the Italian spectral segment high-
lights the Lys-28�H–Gly-29NH(i, i � 1) cross-peak that is
missing in all other mutants.
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30) are revealed by the NMR data for the Flemish and Arctic
peptides. Insertion of Gly at either of these positions increases the
local conformational flexibility, resulting in the destabilization of
the electrostatic Asp-23–Lys-28 interaction. In addition, the finding
that the Asp-23–Lys-28 interaction in the Arctic peptide is desta-
bilized more than in the Dutch peptide suggests that the charge
neutralization of Glu-22 per se and the increased conformational
flexibility provided by Gly substitution act additively to decrease
stability. We also note that side-chain elimination precludes hydro-
phobic interactions involving the ethylene or methyl portions of the
Ala-21 and Glu-22 residues, respectively.

In conclusion, we infer from our data that electrostatic interac-
tions between Asp-23 and Lys-28 are particularly important, rela-
tive to Glu-22, in organizing the decapeptide fold and that entropic
and hydrophobic factors can significantly alter folding.

Thermodynamic Analysis of Nucleus Stability. The trypsin proteolysis
progress curves (Fig. 2) reveal effects of mutations on the endo-
proteinase sensitivity of the A� folding nucleus. The cause of these
effects is the relative difference in the free energies of folding
(��Gf) (Table 1) among wild-type and mutant peptides. Here, we
formulate a kinetic scheme consistent with experimental observa-
tions and summarize key mathematical aspects of the analysis that
yields ��Gf values. (A full discussion is provided in SI Text.)

In the presence of active trypsin, the Lys-28–Gly-29 peptide bond
eventually should be cleaved completely in all peptides. Further-
more, one would expect similar progress curves for all eight
peptides because bond scission involves the same sequence of
residues and thus the binding and proteolysis processes should be
equivalent. Our data (Fig. 2) do not show these expected behaviors.
The most obvious explanation for incomplete proteolysis is trypsin
autodigestion (33, 34). The large differences among the progress
curves must be ascribed to peptide-specific differences in folding
and the effect of this folding on enzyme:substrate (E:S) complex
formation. We thus incorporate terms for enzyme inactivation and
peptide unfolding and complexation with enzyme in our formula-
tion (see SI Figs. 8 and 9). Eqs. 1 and 2 below define the kinetic
evolution of our system, where A is concentration of A�, Z is
concentration of trypsin, 	 is the rate constant for peptide prote-
olysis within the E:S complex, K is the equilibrium constant for E:S
complex formation, and � and � are rates for first- and second-order
enzyme inactivation processes.

dA
dt


 �
	AZ

1 � KA
[1]

dZ
dt


 � 	� � �Z

Z

1 � KA
[2]

It is important to note that K is equal to the product of two
equilibrium constants, Kf, that for the two-state transition between
the unfolded peptide monomer and the turn structure comprising
the folding nucleus, and Kb, that for the binding of unfolded
substrate to enzyme. Eq. 1 (Eq. 9 in SI Text) stipulates that the rate
of substrate consumption is proportional to the concentration of
E:S complex, AZ/(1 � KA). Eq. 2 (Eq. 11 in SI Text) describes the
temporal change in active enzyme concentration. The inactivation
rate is proportional to the concentration of free enzyme, Z/(1 �
KA), and may be first- or second-order. The final digestion level
A�/A0 is given by Eq. 3, in which Z0 is initial enzyme concentration
and 
 � (�Z0/�):

ln	A�/A0
 
 �	Z0

ln(1�
)
�


[3]

We determined � and �Z0 experimentally (see SI Text) and thus
were able to determine 
. That reduces the description of A�
proteolysis to the two variables K and 	. Using the known initial E:S

ratio (Z0/A0) of 1/100, we fit the peptide digestion progress curves
by numerically solving Eqs. 1 and 2 and optimizing the two
parameters KA0 and 	A0/� that define the solutions to these
equations. The resulting fits to the peptide digestion progress curves
were excellent for all peptides (see SI Fig. 10).

As discussed above, K � Kf � Kb, and Kb should be approx-
imately the same for all unfolded peptides. If the latter assump-
tion and our consideration of the structural similarity of the
peptides around the scissile peptide bond Lys-28–Gly-29 are
true, we would expect similar rates of proteolysis of bound
substrate. In fact, when we interpret our formulation in the
context of Michaelis–Menten kinetics by determining the sub-
strate turnover rate � � 	K, we find that the magnitude of � is
similar among all peptides (SI Table 3). Therefore, because
�G � �RT ln(Kf/Kb), we can extract ��Gf values for each
mutant peptide by calculating the quotient e(Ki/KWT) (see Table 1
and SI Table 3). The ��Gf values clustered in three groups
analogous to the clustering observed in proteolysis, namely,
D23Orn, Arctic, and D23G (1.6–2.6 kBT), Iowa and Italian
(0.7–1.2 kBT), and Dutch and Flemish (�0.2–0.2 kBT). It is useful
conceptually to consider these energy differences in terms of
probabilities that the peptides will be in an unfolded state
(digestible). The differences thus provide a quantitative measure
of the stability of the folding nucleus. Relative to the wild-type
peptide, the most readily digested peptides are �7- to 12-fold
(e1.9–e2.6) less stable, the second cluster peptides are �3-fold less
stable (e0.9–e1.2), and the remaining peptides are of approxi-
mately equivalent stability (e�0.3–e�0.1).

Nucleus Stability and A� Assembly. To monitor the initial oligomer-
ization of A�40 and A�42, Bitan et al. (35–37) used photochemical
cross-linking [photoinduced cross-linking of unmodified proteins
(35)] to ‘‘freeze’’ the highly dynamic monomer–oligomer equilibria
(36). A�40 oligomer order was restricted primarily to n 
 5, with
similar amounts of each oligomer formed, whereas the A�42
distribution was characterized by nodes at n � 6, 12, and 18 (37).
Examination of the same FAD/CAA mutations studied here re-
vealed that the propensity of A�40 to form large oligomers (n � 4)
followed the rank order Arctic � Italian � Iowa � Dutch � wild
type � Flemish (36), with the Arctic having the highest propensity.
This order correlated perfectly with nucleus instability (Table 1 and
SI Table 3). A similar correlation was observed between nucleus
instability and the propensity of A�42 to form dodecamers, octa-
decamers, and higher-order assemblies. The exception was an
exchange in rank order between the Dutch and Arctic peptides,
which reflects isoform-specific differences in assembly. In addition
to studies of lower-order oligomerization, the effects of substitu-
tions at position 22 on protofibril formation have been examined.
Päiviö et al. (38) showed that the rank order of protofibril propen-
sity was Arctic � Dutch � wild type, identical to the A�40 rank
order of oligomerization.

We now consider how the existence of a common nuclear
fold may be integrated into isoform-specific folding and
assembly and how this integration may explain the biophysical
effects of mutations. Our original discovery of a turn-type
monomer folding nucleus common to A�40 and A�42 was
consistent with the identity of primary structure in the N-
terminal 40 aa of these peptides (11). Experimental data show
that formation of the turn is a kinetically favorable folding
event that facilitates the interaction between the central
hydrophobic cluster (CHC; 17Leu–18Val–19Phe–20Phe–21Ala)
and C terminus. This interaction likely explains the isoform-
specific oligomerization differences discussed above, because
the C terminus defines the two isoforms. In fact, computa-
tional studies have yielded contact maps showing extensive
interactions between the A�42 C terminus and the CHC that
are not observed in A�40 (39). Subsequent simulations also
have shown that A�42 forms a unique hairpin structure
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stabilized by C-terminal–CHC interactions (M. F. Yang and
D.B.T., unpublished data). Importantly, recent scanning ty-
rosine intrinsic f luorescence studies of A�40 and A�42 fibril
assembly revealed significant differences in the environment at
position 20, directly adjacent to the folding nucleus (40). In
particular, substantial structural rearrangement of the A�40
monomer occurs. The necessity for such rearrangement during
A�40 fibril formation is consistent with the especially strong
correlation noted above between nucleus instability and oli-
gomerization order.

Our data suggest that rearrangement of the monomer folding
nucleus is necessary for higher-order peptide assembly. Recent
NMR studies of A� fibrils provide evidence supporting this pos-
tulation (41, 42). Petkova et al. (41) used solid-state NMR to probe
the structure of the A�40 fibril. Strong electrostatic interactions
were observed between D23 and K28 that were modeled best by
intermolecular interactions between the cognate chains of peptide
monomers i and i � 2 [‘‘STAG(�2)’’]. Luhrs et al. (42) used
hydrogen/deuterium exchange NMR to study the structure of A�42
fibrils. They also observed an intermolecular Lys-28–Asp-23 salt
bridge. The necessity for pre facto turn destabilization in monomer
conformational transitions also has been suggested in in silico
studies of the formation of compact collapsed coil and �-helix
monomer structures from turn-containing precursors (43). Recent
simulations of wild-type and A21G isoforms of A�40 and A�42
have revealed both length-dependent (A�40 versus A�42) and
sequence-dependent (Ala-21 versus Gly-21) differences in the
frequency distribution of intra- and intermolecular salt bridges
involving Glu-22, Asp-23, and Lys-28 (44). Taken together, these
results provide an explanation for the ostensibly counterintuitive
observation that mutations destabilizing the initial A� fold lead to
disease: They drive the intermolecular peptide interactions neces-
sary for higher-order peptide assembly.

Finally, and importantly, our data also may be of relevance to
understanding A�PP processing. In studies of �-secretase, the
enzyme complex that releases A� from A�PP through cleavage at
the A� C terminus (45), Zhang et al. (46) have shown that the region
of A�PP immediately preceding the transmembrane domain

[equivalent to A�(10–28)] affects the intramembranous proteolytic
processing that produces A�40, A�42, and related A� isoforms. In
particular, Ser-26 and Lys-28 have been found to be key residues
controlling this process (47). It has been hypothesized that �-secre-
tase is a ‘‘two-site’’ enzyme that contains a binding site for the A�PP
substrate, from which the substrate is translated into a second site,
the active site, in which peptide bond cleavage occurs (45). One or
both of these interactions may be affected by the folding of the
A�(21–30) region of A�PP, which would alter the interactions of
amino acids in this juxtamembranous portion of A�PP with contact
residues in �-secretase.

Materials and Methods
Peptides. The primary structure of A�(21–30) is 21Ala–22Glu–
23Asp–24Val–25Gly–26Ser–27Asn–28Lys–29Gly–30Ala (SI Table 2
provides a list of all peptides). Each peptide was synthesized
chemically as previously described (11).

Limited Proteolysis. Peptides were dissolved in 25 mM ammonium
acetate, pH 7.1, at a concentration of �0.5 mg/ml. Enzymatic
digestions were done at 25°C using trypsin (Roche Applied Science,
Indianapolis, IN) at an E:S ratio of 1:100 (wt/wt) as described
previously (11). Four independent experiments were performed
using each peptide, with the exception of the Dutch peptide, with
which five experiments were performed.

Liquid Chromatography/Mass Spectrometry. Liquid chromotogra-
phy/mass spectrometry was performed essentially as described
previously (11). Before analysis, aliquots of peptide digests
were acidified with 1% (vol/vol) trif luoroacetic acid in water.

NMR Spectroscopy. One-dimensional 1H and 2D 1H–1H (homo-
nuclear) NMR data were recorded as described previously (11).
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