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Most cases of Alzheimer’s disease (AD) are sporadic, but a
small percentage of AD cases, called familial AD (FAD), are
associated with mutations in presenilin 1, presenilin 2, or the
amyloid precursor protein. Amyloid precursor protein muta-
tions falling within the amyloid-� (A�) sequence lead to a wide
range of disease phenotypes. There is increasing evidence that
distinct amyloid structures distinguished by amyloid conforma-
tion-dependent monoclonal antibodies have similarly distinct
roles in pathology. It is possible that this phenotypic diversity of
FADassociatedwithmutationswithin theA� sequence is due to
differences in the conformations adopted by mutant A� pep-
tides, but the effects of FAD mutations on aggregation kinetics
and conformational and morphological changes of the A� pep-
tide are poorly defined. To gain more insight into this possibil-
ity, we therefore investigated the effects of 11 FADmutations on
the aggregation kinetics of A�, as well as its ability to form dis-
tinct conformations recognizedby apanel of amyloid conforma-
tion-specific monoclonal antibodies. We found that most FAD
mutations increased the rate of aggregation of A�. The FAD
mutations also led to the adoption of alternative amyloid
conformations distinguished by monoclonal antibodies and
resulted in the formation of distinct aggregate morphologies
as determined by transmission electron microscopy. In addi-
tion, several of the mutant peptides displayed a large reduc-
tion in thioflavin T fluorescence, despite forming abundant
fibrils indicating that thioflavin T is a probe of conforma-
tional polymorphisms rather than a reliable indicator of
fibrillization. Taken together, these results indicate that FAD
mutations falling within the A� sequence lead to dramatic
changes in aggregation kinetics and influence the ability of
A� to form immunologically and morphologically distinct
amyloid structures.

The overwhelming majority of Alzheimer’s disease (AD)2
cases are late-onset, occurring in individuals older than 65.
Familial AD (FAD) is associatedwithmutations in presenilins 1
and 2 and the amyloid precursor protein (APP), which is
sequentially cleaved by the enzymes �- and �-secretase to yield
the A� peptide (1). APP mutations leading to FAD either fall
within theA�(1–43) region of the protein or are adjacent to the
N or C terminus of the A� sequence. Typically, the mutations
adjacent to the N terminus of the A� sequence lead to an
increased production of all A� species, whereas the ones near
the C terminus lead to an increase in the A�42/A�40 ratio (2,
3). There are also several FADmutations that occur within the
A� region of APP that have been reported in the literature.
These amino acid substitutions have been reported to increase
the amount of A� produced, increase the ratio of A�42 to
A�40, increase the aggregation potential of the mutant A� var-
iant, or promote the formation of particularly toxic conforma-
tions of aggregates, such as oligomers (1). For example, the
recessive A2V mutation is reported to increase A� production
(4), whereas the T43I mutation dramatically increases the
A�42/A�40 ratio (5). The Osaka (E22�) mutation accelerates
A� aggregation without affecting total A� levels (6). Other A�
FAD mutations, such as the Italian (E22K) and Arctic (E22G)
mutations, are believed to exert their pathogenic effects by
inducing the formation of stable oligomers and protofibrils (7,
8). In addition, the Tottori (D7N), Flemish (A21G), and E22G
mutations have been reported to lead to the adoption of distinct
aggregate structures, as determined by ionmobility-basedmass
spectrometry (9).
One of the most interesting features of the FAD mutations

within the A� sequence is that they lead to remarkable pheno-
typic diversity reminiscent of prion strain polymorphisms (1,
10). Some of the FADmutationswithin theA�42 sequence lead
to severe early-onset dementia and AD, whereas other FAD
mutations that cluster at residues 21–23 lead to familial cere-
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bral amyloid angiopathy (CAA), a disease distinct from AD
characterized by microhemorrhages and often premature
death (1, 11). Not only do several FAD A� mutations lead to
CAA, which distinguishes thesemutations from others causing
only Alzheimer’s dementia, but there is significant heterogene-
ity among these mutations in terms of pathological findings in
patients (12–14). For instance, although most of these FAD
mutations lead to hemorrhagic strokes, strokes are relatively
rare in patients suffering from FAD due to the Arctic (E22G)
and Iowa (D23N) mutations (13, 15). The A21G mutation is
unique among the CAA-causing FAD mutations in that it
increases total A� production in addition to causing biochem-
ical and structural alterations in A� (16). Several CAA-associ-
atedmutations are associated with unique clinical findings. For
instance, about half of the patients with CAA due to the Dutch
(E22Q) mutation suffer from recurring seizures (17). Similarly,
patients with CAA of the Piedmont (L34V) type suffer from
paresthesia and impairedmovements not seen in cerebral amy-
loid angiopathy due to other FADmutations (18). Interestingly,
theDutch and Piedmontmutations differentially activatemito-
chondrial apoptotic pathways in endothelial and smooth mus-
cle cells (19). Another example of a unique clinical feature asso-
ciated with a particular FAD A� mutation is the distinctive
presence of myoclonus and vocabulary and speech problems in
patients suffering fromCAA caused by the Iowamutation (15).
Although there is a large body of research on someof these FAD
mutations, others have not been extensively studied, and there
are conflicting reports regarding the effects of several FAD
mutations (1).
There is an increasing understanding of the conformational

diversity of amyloid A� oligomer and fibril structures both in
vitro and in vivo that may underlie their pathological pheno-
typic diversity (20, 21). This is of particular interest here
because of the possibility that conformational variation may
explain the phenotypic variation associated with FAD muta-
tions within A�. Conformation-dependent aggregation-spe-
cific monoclonal antibodies can distinguish multiple confor-
mations of amyloid that accumulate at specific times and in
unique locations in human AD and transgenic mouse brains
and in vitro (22–25). For instance, mOC78 recognizes intran-
euronal amyloid at early times and the core of neuritic plaques
at later stages, indicating that neuritic plaques may arise from
the death of neurons that contain aggregated intraneuronal
amyloid (23, 25), whereas mOC31 uniquely recognizes a subset
of vascular amyloid (25, 27).
We have compared the effects of a comprehensive number of

FAD amino acid substitutions in A�40 on the aggregation state
and conformation of A� using a panel of amyloid conforma-
tion-dependent monoclonal antibodies we have described
previously (22, 25). Here, we report thatmost of the FADmuta-
tions lead to a dramatic increase in the rate of aggregation,
differences inmaximum thioflavin T (ThT) fluorescence inten-
sity, and sizes of aggregates. Thesemutations also alter the con-
formational trajectory of A� to aggregate into specific confor-
mations recognized by mOC antibodies. The different FAD
mutations also result in differences in the ability of A� to form
fibrils and in the morphology of the fibrils that are formed, as
seen by transmission electron microscopy (TEM). To our

knowledge, this is the first study to examine such a large num-
ber of A� peptides containing FAD mutations as an ensemble
and under carefully controlled aggregation conditions. As such,
it allows for comparisons among the different peptides without
the confounding differences in methodology or experimental
technique that may arise from comparing results from smaller
independent studies. Taken together, our results demonstrate
that single amino acid A� mutations associated with FAD lead
to alterations in the structure of A�, which are associated with
differential aggregation kinetics, morphologies, and immuno-
logical reactivity patterns. These conformational changes may
underlie the pathological polymorphism of FAD. However,
some mutations have no discernable effect on aggregation or
conformation of the peptide andmay exert their effects by caus-
ing the misfolding of APP and necessitating its degradation to
prevent aggregation.

Results

Most FAD Mutations Lead to an Increase in the Aggregation
Kinetics of A� and Its Interaction with Thioflavin T—The 11
mutations studied and their reported pathologic effects and
disease phenotypes are summarized in Table 1. To study the
aggregation kinetics of the different A� variants and to com-
pare them with WT A�40, we began an aggregation reaction
using conditionA (resuspension inNaOH, followed by dilution
in phosphate buffer, pH 7.4), immediately transferred the reac-
tionmixtures to a 96-well plate, and recordedThT fluorescence
measurements from the plate over a 40-h time course. Readings
were obtained every 10min, and the results are presented as the
meanof triplicate absorbance values for each timepoint (Fig. 1).
Most of the FADmutations cause a decrease in the lag time and
an increase in the rate of aggregation, including E22G, L34V,
D7N, E22K,A2V, andH6R.This effect is not restricted tomuta-
tions falling within a specific region of the A� sequence, as the
mutations leading to increases in the rate of aggregationmay be
N- or C-terminal, or fall within the mid-region of A�. The
A21G and E22Q mutations exhibit longer lag times, whereas
E22� rapidly aggregates into species with very lowThTbinding
(Fig. 1b). We can also divide the A� variants into two broad
groups based on their maximum ThT fluorescence levels.
Whereas the D7N, E22G, E22K, D23N, and L34V variants had
higher maximum fluorescence values than those obtained with
the WT peptide, the remaining FAD mutant A�s (A2V, H6R,
A21G, E22�, and E22Q) had maximum fluorescence values
approximately the same as or lower than that obtained with
WTA� (Fig. 1). Among the higher fluorescing group, the E22G
variant has the shortest lag phase, followed by the L34V, E22K,
D23N, and D7N variants (Fig. 1a). There was also some varia-
tion in the maximum ThT fluorescence within this highly spe-
cific fluorescence group, with the E22G and L34V mutants
exhibiting higher ThT fluorescence values than the E22K,
D23N, and D7N peptides. We observed biphasic aggregation
courses for the WT, H6R, and D7N peptides, which may be
associated with the initial formation of structures with weak
ThT binding followed by a conformational conversion to struc-
tures with higher ThT binding. Alternatively, the biphasic
aggregation courses may indicate the presence of kinetically
stable oligomeric intermediates, followed by a secondary nucle-
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ation event. Although such biphasic ThT fluorescence curves
are not uncommon, the fact that only three of the 11 A� pep-
tides display this aggregation pattern indicates that FADmuta-
tions lead to changes in the aggregation dynamics of A�. Our
data are consistent with reports of ThT binding to distinct
�-sheet-rich structures (28) and suggest the formation of
aggregates with differential conformations by the FAD mutant
A� variants. The ThT fluorescence curve for the E22K variant
was particularly interesting due to the fact that the fluorescence
values for this peptide gradually decreased over the 40-h time
course after reaching a maximum at 3 h. This particular trend
may indicate the slow conformational conversion of the aggre-
gates of this peptide into an alternative structure that displays
lower ThT binding and fluorescence. The results obtained with
the E22� mutant A� are particularly striking, as this peptide
demonstrates very low ThT fluorescence in this assay and yet
forms abundant fibrils, as observed by electron microscopy
(Fig. 2). Our results are consistent with previous reports
describing the rapid aggregation of this peptide into a unique
fibril structure with very low specific ThT fluorescence (29, 30).
The atypical nature of E22� A� aggregates is further demon-
strated by the fact that brains of patients suffering from FAD
associated with this mutation reveal little Pittsburgh com-
pound B binding in positron emission tomography scans
despite the tendency of the peptide to aggregate aggressively
(31, 32).

FAD Mutant A� Fibrils Have Different Morphologies—We
used TEM to study the morphologies of the aggregates formed
by WT A�40 and the 11 FAD variants under condition A after
10 days (Fig. 2). Whereas most of the samples contained amy-
loid fibrils as observed by TEM, we were unable to observe
fibrillar aggregates with the K16N, E22K, and A21G peptides.
Instead, we observed amorphous aggregates of different mor-
phologies for these peptides. The D23N, E22�, D7N, A2V,
E22Q, and WT peptides formed both fibrillar aggregates and
amorphous structures with different morphologies, whereas
the E22G, L34V, and H6R peptide samples contained mainly
amyloid fibrils (Fig. 2). The fibrillar species formed by the dif-

ferent variants had differentmorphological characteristics. The
D23N,D7N, E22�, andH6R variants formed dense networks of
bundled fibrillar structures. The H6R peptide also formed long
bundles of amyloid fibrils, similar to those formed by the E22Q
mutant and the WT peptide (Fig. 2). In addition to forming
dense fibrillar networks, the E22� variant formed individual
amyloid fibrils, similar to those formed by the E22G, L34V, and
A2V peptides (Fig. 2). It is important to note that whereas Fig. 2
displays representative images of the aggregates formed by the
different peptides, the abundances of these aggregates were
variable between the different peptides. For instance, the A21G
peptide formed fewer fibrils of typical morphology, and the
E22K peptide led to the formation of fewer bundled fibrils than
observed with the other peptides. The relative abundances of
the fibrils formed by the different peptides are indicated in
Table 2.

ThT Fluorescence Is Not an Accurate Reflection of Amyloid
Fibril Content—Because the E22� fibrils display dramatically
reduced ThT fluorescence, we performed ThT fluorescence
measurements on all of the samples used for the TEM studies.
As expected from the kinetic ThT fluorescence experiments,
our results indicate that the different variants form aggregates
with differential ThT fluorescence values at the 48-h time point
(Table 2). However, and more importantly, we observe that
high ThT fluorescence values are not always indicative of the
presence of amyloid fibrils. Whereas the A21G and K16N sam-
ples had lowThT fluorescence values andwere largely devoid of
fibrils (Fig. 2), the E22� and E22Q variants formed abundant
fibrillar aggregates despite having lowThT fluorescence values.
Conversely, theE22KpeptidedisplayedrelativelyhighThTfluo-
rescence values but formed mostly amorphous aggregates and
very few amyloid fibrils (Fig. 2). The results of the TEM exper-
iment and the ThT fluorescence values for each peptide are
summarized in Table 2.

A�40Variants Associatedwith FADVary inTheir Abilities to
Fold into Immunologically Distinct Structures When Aggre-
gated under Different Conditions—We investigated whether
FAD point mutations located within the A� sequence lead to

FIGURE 1. Aggregation kinetics of WT and FAD mutant A� peptides. a, ThT fluorescence profiles for WT A� and 10 A� variants containing FAD mutations.
b, expanded view of the ThT fluorescence data for selected variants with maximum fluorescence values similar to that of WT A�. The peptides were aggregated
under condition A (NaOH/phosphate buffer method). ThT fluorescence intensities for each time point were obtained in triplicate and are presented as the
mean of the three values. This experiment was performed in duplicate with similar results.
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the adoption of unique A� conformations not observed with
WTA�. To answer this question, we aggregatedWTA�40 and
the 11 FAD-associated A�40 variants under three different
conditions over a 10-day time course. The three aggregation
conditions were selected based on previous data indicating that
they lead to the adoption of conformations with different
immunological reactivity patterns. We studied the time course
of these immunoreactivity patterns using conformation-depen-
dent polyclonal antiserum OC (33) and mOC antibodies (25).
These antibodies have been shown to have differential reactiv-
ity patterns against different amyloid conformations in vitro
and against AD human and mouse model brain tissue. The in
vivo reactivity patterns of the representative mOC antibodies
presented in this study are summarized inTable 3.Weobserved
that the three aggregation conditions dramatically alter the
immunoreactivity profiles of the different A� peptides over the
10-day time course (Figs. 3 and 4).
When probed with the majority of the antibodies, WT A�

aggregated under condition A formed immunopositive aggre-
gates early in the time course, with weakening antibody reac-
tivity at later time points, although it did not react with some
antibodies under these conditions (Figs. 3a and 4a). Under the

same aggregation conditions, the K16N variant failed to form
aggregates that significantly reacted with any of the mOC anti-
bodies even though the site of the mutation is well outside the
epitopes (residues 2–12) of the vast majority of the antibodies
(25). Only weak reactivity withmOC87 at the 6-h and 1-ay time
points was observed. In contrast, the D23N, E22K, and E22�
peptides adopted stable conformations that reacted with a
majority of the mOC antibodies. An interesting exception to
this pattern was observed with mOC116, which recognizes the
E22� peptide only at early and late time points, with very weak
or no reactivity at intermediate time points. Similar to the three
variants discussed above, the E22Q, E22G, A21G, and D7N
peptides form aggregates that in most cases maintain their
immunoreactivity throughout the 10-day time course, with few
instances of time-dependent changes in reactivity strength. In
contrast to aggregates of the D23N, E22K, and E22� mutants,
aggregates formed by E22Q, E22G, A21G, and D7N peptides
are only recognized restricted groups of mOC antibodies. The
A2V, H6R, and L34V peptides generally display similar aggre-
gation kinetics to the WT peptide, with antibody reactivity
present early on and diminishing through the remainder of the
reaction time course. However, compared withWTA�, aggre-

FIGURE 2. Morphologies of WT and FAD mutant A�peptides. TEM images of the aggregates formed by WT A�40 and 11 A�40 FAD variants under condition
A (resuspension in NaOH followed by dilution in phosphate buffer) after 10 days are shown. This experiment was performed twice, with similar results, and
representative images from three technical replicates per peptide are displayed. Scale bar, 10 nm and is the same for all panels.

TABLE 2
Summary of the characteristics of aggregates formed byWT and FADmutant A�40 peptides

A� variant ThT at 48 h Morphology by TEM at 10 days

WT 344.055 Long bundled fibrils, amorphous aggregates
A2V 1156.573 Abundant fibrils of at least two different morphologies, globular aggregates
H6R 521.1033 Long and short bundled fibrils
D7N 628.1713 Short straight fibrils, amorphous aggregates
K16N �22.117 No fibrils, amorphous aggregates
A21G 76.77067 Few typical fibrils, amorphous aggregates
E22� 138.4323 Abundant fibrils of two different morphologies, fibril bundles, amorphous aggregates
E22Q 56.40767 Abundant long bundled fibrils, abundant amorphous aggregates
E22K 518.2293 Few fibrils in bundles, non-fibrillar aggregates
E22G 781.5587 Abundant fibrils
D23N 222.0607 Fibril bundles, amorphous aggregates
L34V 590.133 Short straight fibrils
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gates of these three variants are recognized by a more limited
group of antibodies. In addition, they have weaker immunolog-
ical reactivity thanWTA� in general. Interestingly, we observe
weakmOC78 reactivity with aggregates ofH6RA� at later time
points, which are unreactive with the other mOC antibodies.
WT A�40 aggregated under condition B (resuspension in

hexafluoroisopropanol (HFIP) and dilution in water) was
immunoreactive at very early time points, showed no or very
weak reactivity from the 2-h to 3-day intermediate time
points, and adopted structures recognized by mOC antibod-

ies again from the 5-day time point onward (Figs. 3b and 4b).
When probed with most of the mOC antibodies, the D23N,
E22K, E22�, and E22G A� variants displayed similar immu-
nological profiles to that of WT A�, with an absence of
immunoreactivity at intermediate time points. Although the
K16N peptide also had similar aggregation kinetics to WT
A�40, aggregates formed by this variant were only recog-
nized by about half of the mOC antibodies. The A2V, H6R,
D7N, A21G, E22Q, and L34V mutant peptides show similar
aggregation kinetics to the WT peptide with the distinction

TABLE 3
Characteristics of representative mOC antibodies presented in this study

Antibody name Human AD brain reactivity 14-month-old 3�Tg mouse brain reactivity

mOC1 Frontal cortex plaques Layer V cortical neurons, subiculum plaques
mOC29 None None
mOC31 Vascular amyloid None
mOC78 Intracellular/nuclear, frontal cortex plaques Layer V cortical neurons
mOC86 Frontal cortex plaques Cortical plaques
mOC87 Frontal cortex plaques Layer V cortical neurons
mOC98 Frontal cortex plaques Layer V cortical neurons
mOC108 None None
mOC116 Frontal cortex plaques Layer V cortical neurons, hippocampal plaques

FIGURE 3. Immunological analysis of aggregation by dot blotting at representative time points. Dot blotting results from WT A� and 11 A� variants
containing FAD mutations aggregated using condition A (NaOH/phosphate buffer method) (a), condition B (HFIP/water method) (b), and condition c (NaOH/
HEPES/NaCl method) (c). The peptides were aggregated over a 10-day time course, and the selected time points were probed for their immunological reactivity
with the indicated antibodies. This figure displays only the time 0 and the 3- and 10-day time points of the aggregation reactions. The full data are presented
in Fig. 4. These experiments were performed in duplicate with similar results.
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that their early time points are only reactive with a subset of
the mOC antibodies, whereas the later time point aggregates
from the same samples react with a much wider range of
antibodies. This observation implies structural differences
between the early versus late time point aggregates of the
FAD mutant A� peptides.
Aggregating A�40 under condition C (resuspension in

NaOH and dilution in HEPES/NaCl buffer, pH 6) largely abol-
ishes the time-dependent reactivity patterns observed in con-
ditions A and B, with only a few observable instances of kinetic
changes. As a result, this condition is useful as a control in
studying the intrinsic abilities of the different mOC antibodies
to recognize the A�40 variants without the additional variable
of aggregation kinetics. For instance, the K16N peptide folds
into an aggregate structure that is only recognized by four of the
nine representativemOCantibodies in Figs. 3c and 4c (mOC78,
-86, -87, and -98). Similarly, the A2V, H6R, L34V, D7N, and
A21G peptides only react with a subset of the mOC antibodies.
Conversely, the D23N, E22�, E22Q, and E22G peptides reliably
react with the vast majority of the mOC antibodies throughout
the 10-day time course when aggregated under this condition
(Figs. 3c and 4c). Interestingly, whereas the widely used A�
antibody 4G8 is able to react with WT A� and 10 of the FAD
mutant A�s in this aggregation condition, it is unable to recog-
nize aggregates formed by the E22K peptide even though it
recognizes all of the othermutations at this position, suggesting
the presence of a unique conformation in the structures
adopted by this A� variant. Likewise, mOC86 recognizes all of
the A� peptides studied here except for the L34V variant, again
implying the adoption of a unique amyloid fold by this peptide.

FAD Mutations Alter the Ability of A�40 to Aggregate into
Distinct SDS-resistant Structures Characterized by Unique
MolecularWeights and Exposed Epitopes—To further study the
differences in the size distributions of SDS-resistant amyloid
structures formed by the FAD mutant A�s, we carried out
Western blotting experiments on samples from the time 0 and
the 3- and 10-day time points of the aggregation reactions
described above. Although we have previously reported that
SDS treatment can reveal, hide, or have no effect on the
epitopes recognized by the different mOC antibodies (25),
Western blotting allowed us to study the size distributions of
the structures formed by the different FAD peptides under a
different set of conditions than those used in the dot blotting
experiments. Representative results from one of two replicates
are shown (Fig. 5). Although the conditions used for Western
blotting may not reflect physiological circumstances, Western
blotting is widely used to characterize oligomeric species, and it
is a reliable method for comparing relative size distributions.
Here, we present data obtained using antibody mOC87. This
antibody reacts with a broad size range of structures in vitro,
has robust reactivity with humanAD and transgenic ADmouse
model brain tissue (25), and is unaffected by the FAD amino

acid substitutions used (Fig. 5). Aggregating WT A�40 under
conditionA leads to the appearance of oligomers of 10–15-kDa
molecular mass at the time 0 and 3-day time points. As ex-
pected from the dot blotting results, the 10-day time point of
this preparation shows no reactivitywithmOC87 (Fig. 5a). Also
consistent with the dot blotting results, the A2V and H6R pep-
tides are unable to form aggregates with the specific conforma-
tion recognized by mOC87 under condition A. Aggregates
formed by A21G and D7N A�s are also not recognized by
mOC87 in ourWestern blotting experiments, even though they
show reactivity with this antibody in the dot blotting assay,
indicating that the epitope is not stable in these variants under
the conditions used forWestern blotting. This observation sup-
ports the idea that subjecting aggregatedA� to SDS-PAGEmay
alter its conformation and is consistent with previously pub-
lished data indicating that mOC antibody reactivity patterns
are altered by SDS-PAGE treatment (25). Although the K16N
variant is unreactive with mOC87 in the dot blotting assay, it
displays increasing aggregation over time when probed by
Western blotting. Specifically, this peptide forms immunoposi-
tive aggregates of�10 kDa at time 0 and the 3-day time point,
which then disappear and are replaced with a distinct band at
�15 kDa at the 10-day timepoint. There are also awide range of
high molecular mass aggregates at the 10-day time point. The
E22K, E22G, and D23N mutant A�s behave very similarly to
WT A� in terms of aggregation kinetics and the size range of
the mOC87-positive aggregates formed. The E22Q peptide
shows similar kinetics to these variants but forms immunopo-
sitive aggregates with a wider range of molecular weights. The
E22� peptide forms highly reactive aggregates appearing as dis-
tinct bands of 10–15-kDa, as well as higher molecular mass
aggregates, which are present at all three time points tested.
Under condition A, the L34V peptide shows an aggregation
kinetic pattern that is unique among the 12 peptides tested,
withmOC87 reactivity of�10 kDa appearing only at the 10-day
time point (Fig. 5a).
Under aggregation condition B, WT A�40 shows weak

monomer reactivity with mOC87 at time 0 and the 3-day time
point, with high molecular mass reactivity appearing at the
10-day time point (Fig. 5b). Interestingly, the WT peptide is
unique in producing this pattern under this condition. The
A2V, H6R, E22G, and L34V peptides display high molecular
mass reactivity that increases in intensity by the 10-day time
point, although A2V reactivity is very weak, and E22G and
L34V react in a more robust manner than the other two pep-
tides. The E22G peptide also shows low molecular mass reac-
tivity at the 10-day time point. D7NA� displays highmolecular
mass reactivity with mOC87 at all three time points, with the
3-day time point having weaker reactivity than the time 0 and
10-day time points. The A21G peptide displays weak high
molecular mass reactivity only at time 0 and is unreactive at
later time points. The E22K and E22� peptides show very sim-

FIGURE 4. Immunological analysis of aggregation by dot blotting. Full set of dot blotting data from WT A� and 11 A� variants containing FAD mutations
aggregated using condition A (NaOH/phosphate buffer method) (a), condition B (HFIP/water method) (b), and condition c (NaOH/HEPES/NaCl method) (c). The
peptides were aggregated over a 10-day time course, and the selected time points were probed for their immunological reactivity with the indicated
antibodies. Fig. 3 is an abbreviated version of this figure included to enable easier interpretation of the data. These experiments were performed in duplicate
with similar results.
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ilar immunoreactivity and kinetic patterns characterized by mono-
mer reactivity at all three time points, withweakening reactivity
at the intermediate 3-day time point. These peptides also show
abundant high molecular mass reactivity that increases over
time. The E22Q andD23Nmutants’ reactivity patterns are sim-
ilar and are characterized by increasing reactivity in both low
molecularmass and highmolecularmass size ranges with incu-
bation time. Perhaps the most interesting result under this
aggregation condition was obtained using the K16N variant.
This peptide reacts with mOC87 only as a distinct oligomeric
band of �100 kDa, which is only present at the intermediate
3-day time point. Curiously, this band is also apparent in the
H6R, D7N, E22K, E22Q, and L34V samples and is only present
at the 3-day time point. The �100-kDa band seems to be
accompanied by a weakly reactive band at�60 kDa, whichmay
be indicative of the presence of A� *56 (Fig. 5b), which is a
dodecameric species of A� associated with memory loss in
Tg2576 mice (34) and with cognitive impairment and aging in
humans (35).
Aggregation of WT A�40 using condition C results only in

weak mOC87 immunoreactivity of an �10-kDa molecular

mass band at the 3- and 10-day time points (Fig. 5c). The A2V,
H6R, D7N, K16N, A21G, and L34V peptides fail to react with
mOC87 at any of the time points studied under this aggregation
condition. The E22G and E22K peptides show reactivity pat-
terns similar to that of WT A�40. As in the other aggregation
reactions, the E22�mutant shows the strongest reactivity here,
characterized by consistent and robust reactivity in the high
molecular mass range throughout the entire reaction time
course. This peptide also displaysmonomer and�10-kDa reac-
tivity slightly increasing in intensity over time. The E22Q vari-
ant was also unique in its reactivity pattern, which was in the
monomer to �10-kDa range persisting at similar levels
throughout the reaction time course, but with the highest reac-
tivity at time 0. The D23N peptide showed yet another unique
patternwithweakmonomer reactivity at the earlier time points
and high molecular mass reactivity appearing at the 10-day
time point (Fig. 5c). The results from the Western blotting
experiments are summarized in Table 4.

Point Mutations within an Antibody’s Apparent Linear Epi-
tope Have Little Effect on Antibody Reactivity—We observed
that the existence of a point mutation within an antibody’s

FIGURE 5. Western blotting analysis of aggregation. Western blotting results from WT A� and 11 A� variants containing FAD mutations aggregated under
conditions A, B, and C (a–c, respectively). Samples from time 0 and the 3- and 10-day time points were subjected to SDS-PAGE and probed with the widely
reacting representative antibody mOC87. These experiments were performed in duplicate with similar results.
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apparent linear epitope (25) does not necessarily abolish that
antibody’s reactivity with theA� variant. For instance,mOC98,
which displays a discontinuous epitope localized to residues
2–7 and 22–28 of A� (25), recognizes the H6R, D7N, E22K,
E22�, E22Q, E22G, and D23N variants under all aggregation
conditions by dot blot, even though all of these peptides contain
mutations that fall within the apparent linear epitope for
mOC98 (Fig. 6a).We also demonstrate that the absence of anti-
body reactivity with structures adopted by a FAD mutant A�
peptide does not necessarily imply the presence of a point
mutation in that antibody’s apparent linear epitope. For exam-
ple, mOC116, with an apparent linear epitope composed of
residues 3–9 of A� (25), is unable to recognize K16NA� by dot
blot, even though this variant has a mutation well outside of
residues 3–9 (Fig. 6b).

Discussion

The properties associated with FAD mutations in A� are a
key component of the evidence supporting a causative role for
A� and APP processing in Alzheimer’s pathology. Presenilin
mutations and APPmutations localized to the flanking regions
of the A� peptide increase the production of total A� by favor-
ing �-secretase cleavage or increasing the production of the
more amyloidogenic A�42 peptide relative to the less toxic
A�40 peptide (36). In contrast, APP FAD mutations that fall

within the A� sequence seem to have more heterogeneous bio-
chemical properties and pathological effects and lead to the
development of diverse clinical presentations (Table 1).Most of
the mutations have been reported to increase the rate of aggre-
gation to either fibrillar or oligomeric species that are hypoth-
esized to represent more toxic or pathological species. Our
results confirm that most of the mutations do indeed increase
fibrillization, as determined by ThT fluorescence. However,
A21G exhibited an extended lag time, whereas E22G displayed
slower aggregation kinetics. The behavior of E22� is unique
because it initially displays rapid aggregationwith reducedThT
fluorescences slowly dropping to near zero over time. The low
ThT fluorescence of E22�may be due to an intrinsic difference
in its particular fibrillar structure because electronmicrographs
show that it makes abundant fibrils, and the dot blotting and
Western blotting results with aggregation-specific antibodies
show that it aggregates rapidly compared with wild type A�.
These data are in agreement with solid-state nuclear magnetic
resonance data indicating that the E22� peptide forms struc-
tures with distinct dynamics and hydration compared with
those formed byWTA� or the E22Gpeptide (37). Althoughwe
did not directly assess the levels of soluble A� in the ThT reac-
tion by sedimentation of the mixtures after 48 h, our Western
blotting data suggest that at least some of the peptides (K16N,
E22�, and L34V) are still present as soluble lower molecular
mass species at the 48-h time point. This is because we observe
lower molecular mass species of these peptides that react with
antibody mOC87 even at the 10-day time point of condition A,
which is the same condition as that used in the ThT experiment
(Fig. 5a). Thus, consistent with previous reports (38–40), our
results suggest that ThT may represent another probe of fibril
structural polymorphism rather than a reliable operational
definition of fibril formation. Although the structural basis
for ThT binding is not yet known, other dyes like Orange G
are known to intercalate and partition into the spaces
formed by the interdigitating amino acid side chains that
form steric zippers between adjacent �-sheets, suggesting
that ThT may prefer particular types of steric zippers over
others (41).
We hypothesized that FAD point mutations may lead to the

adoption of alternative amyloid conformations by A�, which
may be more toxic to cells or more resistant to protein degra-
dation systems. We have previously reported that a panel of
anti-A� monoclonal antibodies can distinguish alternative
polymorphic conformations of amyloid in vitro and in vivo (24,
25). The data presented here, which were obtained using syn-
thetic A�40 variants, support the above hypotheses. Our data
indicate thatmultiple alternative conformations are adopted by
the aggregates as a consequence of a FAD point mutation at a
specific residue and that the specific conformations that are
adopted also depend on the aggregation conditions, as reported
previously for the E22� peptide (37). For example, the three
FADA�s containingmutations at residue 22 (E22K, E22Q, and
E22G) display dramatic differences in their immunological pro-
files and aggregation kinetics. These results are consistent with
the fact that mOC and other anti-amyloid antibodies are gen-
erally conformation-specific in nature (25) and the idea that
single amino acid substitutions may lead to the formation of

TABLE 4
Summary of mOC87 Western blotting reactivity patterns of WT and
FADmutant A�40 peptides aggregated under conditions A–C
Images of theWestern blottings are presented in Fig. 4. Filled box indicates reactiv-
ity. *56� A�*56; HMW� high molecular weight aggregates; LMW� low molec-
ular weight oligomers; Mono�monomer.
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alternative amyloid structures (9). These results are also consis-
tent with those obtained using the artificial A� mutations
E22V, which does not undergo significant aggregation in vitro
(42), and E22P, which aggregates aggressively and forms highly
stable amyloid structures (43). Again, even though the E22V
and E22P mutations both localize to residue 22, they induce
vastly different kinetic and structural changes in the A�
peptide.
A number of the mutations are associated with the deposi-

tion of vascular amyloid andCAA (Table 1), sowe hypothesized
that these mutations might favor the formation of amyloid
aggregates that react with the monoclonal antibody mOC31
because it specifically stains a subset of amyloid associated with
vascular smooth muscle cells and not parenchymal amyloid
deposits in transgenic mouse and human AD brain (25, 27).
However, we failed to observe any effect of the mutations on
mOC31 immunoreactivity in any of the immunoassays even
though mOC31 reacts with some wild type A� fibril poly-
morphs in vitro (24, 25). This suggests that the FADmutations
that increase vascular amyloid do not affect the subtype of vas-
cular amyloid thatmOC31 recognizes. In addition, we observed
that the existence of a FADmutationwithin the apparent linear
epitope of an mOC antibody does not abolish its reactivity
against structures formed by the A� variant. Similarly, we
observed that the fact that an mOC antibody is unreactive with
the structures formed by an A� variant does not indicate that
the point mutation for the specific FAD mutant peptide falls
within the antibody’s apparent linear epitope. These findings

suggest that reactivity for many of the antibodies is conforma-
tion-specific and sequence-independent and cautions against
the sole use of linear epitopemapping data to draw conclusions
regarding an antibody’s epitope. In summary, these observa-
tions demonstrate that FAD mutations produce alterations in
the aggregation kinetics of A� peptides, and they promote the
formation of immunologically and morphologically distinct
amyloid structures that may account for some of the heteroge-
neity of disease phenotypes associated with the mutations.

Experimental Procedures

Antibody Production—mOC antibodies were produced in
New Zealand White rabbits using a fibrillar A�42 antigen
under contract with Epitomics (Burlingame, CA), as described
previously (25, 27, 33, 44, 45). The antibodies have been char-
acterized with respect to the epitope of A� to which they bind,
sequence specificity, the sensitivity of their epitopes to thermal
denaturation, dot blotting and Western blotting activities, and
reactivity with amyloid deposits in transgenic and human brain
(25). Antibodies were produced from hybridoma cell culture at
a concentration of 3 �g/ml and used at a final concentration of
60 ng/ml. Antibodies mOC22, mOC31, mOC64, mOC78,
mOC87, OC98, and mOC116 are available from Abcam, Cam-
bridge, UK.

Peptide Production—Side chain protected fluorenylmethyl-
oxycarbonyl (Fmoc) amino acids, Fmoc-PAL-PEG-polystyrene
support, and O-(benzotriazol-1-yl)-N,N,N�,N�-tetramethyl-
uronium tetrafluoroborate (TBTU) were purchased from

FIGURE 6. Relationship between location of FAD mutation and antibody epitope and reactivity. Dot blotting results for A�40 and 11 A� variants
associated with FAD aggregated under conditions A–C probed with antibody mOC98 (a) and mOC116 (b), along with epitope mapping data for each of the
antibodies. Blue depicts the results of a SPOT epitope mapping experiment. Each of the blue panels depicts 40 spots containing peptides C-terminally bound
to a cellulose membrane. The peptides are consecutive 10-amino acid-long segments of the A� sequence beginning at position�3 (top left corner). The blue
color indicates antibody reactivity with a particular spot. The interpretation of the epitope mapping study is to the right of the results, with the apparent
epitope highlighted in red. In this assay, a large number of consecutive reactive spots indicates a shorter epitope, as there are a smaller number of amino acids
common to the reactive spots. Conversely, a small number of consecutive reactive spots indicates a longer epitope, as the longer epitope would only be
contained within a smaller number of spots.
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Applied Biosystems, Inc. (Carlsbad, CA), andN,N-diisopropyl-
ethylamine (DIEA), dithiothreitol (DTT), thioanisole, ethan-
edithiol, and anisole were from Aldrich. Trifluoroacetic acid
(TFA) was purchased from Advanced Chemical Technology,
Inc. (Louisville, KY). WT A�40 and A�40 containing the
FAD mutations were synthesized by the batch-wise method
on a CS336X (CS Bio, Inc., Menlo Park, CA) peptide synthe-
sizer using Fmoc/t-butyl chemistry. TBTU/DIEA was used
as the coupling reagent for 1 h, and 2% piperidine, 2% 1,8-
diazabicyclo[5.4.0]undec-7-ene in dimethylformamide were
used as the deprotection reagent for 7 min. Cleavage of the
peptide from the resin support and the concomitant deprotec-
tion of the amino acid side chains were carried out in reagent R
(TFA/thioanisole/ethanediol/anisole at 90:5:3:2) at room tem-
perature for 6 h. This step was followed by removal of the
exhausted resin by filtration and precipitation of the peptide
product in ice-cold anhydrous ether. The precipitate was
allowed to settle overnight at �20 °C and then washed three
times with ice-cold water and dried under high vacuum. Pre-
parative reversed phase high performance liquid chromatogra-
phy was performed using aWaters (Irvine, CA) system (Model
510) with a Vydac C4 (214TP1022) column and a flow rate of 8
ml/min. The crude peptide was loaded after treatment with
DTTand eluted using 0.1%TFA/H2O (bufferA) and 0.1%TFA/
acetonitrile (buffer B) by gradient (5–95% buffer B). The center
cut from the preparative run was frozen in liquid nitrogen
immediately after collection and lyophilized under high vac-
uum. Peptide structure and purity (�90%) were verified by
mass spectroscopy.

Aggregation of A�40 and A�40 FAD Variants—A�40, along
with 11 A�40 variants containing FAD mutations (A2V, H6R,
D7N, K16N, A21G, E22�, E22Q, E22K, E22G, D23N, and
L34V) were aggregated under three different conditions (con-
ditionsA–C) over a 10-day time course, as described previously
(25). For aggregation under condition A, 0.3 mg of the lyophi-
lized peptide was resuspended in 33 �l of 100 mM NaOH and
incubated for 10min. This solution was then diluted to a 40 �M

final concentration by adding 1.5 ml of 10 mM sodium phos-
phate buffer, pH 7.4. To aggregate the peptides under condition
B, 0.5 mg of the lyophilized peptide was resuspended in 333.33
�l of HFIP and incubated for 15 min. This solution was then
dilutedwith 1.33ml of deionizedwater, and the tube containing
the solution was covered with a punctured cap and placed
under a hood; this solution was continuously stirred during the
aggregation time course using a stir plate. For aggregation
under condition C, 0.3mg of the peptide was resuspended in 33
�l of 100 mM NaOH and incubated for 10 min. This solution
was then diluted to 40 �M by the addition of 1.5 ml of HEPES/
NaCl buffer (10 mM HEPES, 100 mM NaCl, pH 6.0). All of the
aggregation reactions were carried out in the presence of 0.02%
NaN3. All peptide aggregation experiments were performed in
duplicate and had similar results. Representative results of one
replicate are shown.

ThT Assay—WT A�40, along with A2V, H6R, D7N, A21G,
E22�, E22Q, E22K, E22G,D23N, andL34VA�40 peptideswere
aggregated under condition A as described above. Condition B
was not chosen as it is incompatible with the assay because of
the presence of HFIP that is evaporating, and condition C was

excluded because the rapid kinetics make the differences in
aggregation less apparent. 150 �l from each of the reaction
mixtures was immediately transferred to a well in a 96-well
plate. At the same time, 1 �l of 3 mM ThT was added to each of
the wells for a working ThT concentration of 20 �M. The plate
was then covered with a Mylar sheet and placed in a 96-well
plate reader (Molecular Devices, Sunnyvale, CA). Fluorescence
readings from each well were obtained once every 10 min for a
total time of 40–48 h. The excitation wavelength was set to 442
nm with the emission wavelength at 482 nm. The plate was
maintained at a temperature of 37 °C and was briefly shaken
prior to obtaining each reading.All reported values are averages
of ThT absorbances taken in triplicate.

Dot Blotting andWestern Blotting Assays—These assays were
performed as described previously (25). The assays were per-
formed in duplicate, and representative results are displayed.

ElectronMicroscopy—5�l of each samplewas deposited onto
freshly glow-discharged carbon-Formvar-coated copper TEM
grids. After 5 min, the grids were washed twice using deionized
water. The peptides were then negative-stained using 1% fil-
tered uranyl acetate for 10 min, and excess uranyl acetate was
removed. Several images from each grid were obtained at a
magnification of 72,000 using a JEOL 100CX transmission elec-
tron microscope operating at 60 kV. The TEM experiment was
performed in duplicate, and representative images from three
technical replicates per experiment are displayed.

Author Contributions—A. H. and C. G. G. designed the research;
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