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a b s t r a c t

Self association of the amyloid-b (Ab42) peptide into oligomers, high molecular weight forms, fibrils and
ultimately neuritic plaques, has been correlated with progressive cognitive decline in Alzheimer’s
disease. Thus, insights into the drivers of the aggregation pathway have the capacity to significantly
contribute to our understanding of disease mechanism. Functional assays and a three-dimensional crystal
structure of the P3 amyloidogenic region 18–41 of Ab were used to identify residues important in
self-association and to design novel non-aggregating variants of the peptide. Biophysical studies (gel
filtration, SDS–PAGE, dynamic light scattering, thioflavin T assay, and electron microscopy) demonstrate
that in contrast to wild type Ab these targeted mutations lose the ability to self-associate. Loss of
aggregation also correlates with reduced neuronal toxicity. Our results highlight residues and regions
of the Ab peptide important for future targeting agents aimed at the amelioration of Alzheimer’s disease.

Crown Copyright � 2014 Published by Elsevier Inc. All rights reserved.
1. Introduction

One characteristic of Alzheimer’s disease (AD) is the formation
of extracellular fibrillar plaques composed primarily of the 42
amino acid form of amyloid-b peptide (Ab42), a cleavage product
of the membrane bound amyloid precursor protein (APP) [1]. The
pathological form of Ab was initially believed to be the fibrillar
form of the peptide but the current consensus is that soluble
oligomeric Ab forms are also toxic to neurons [2–6]. Thus, it
appears that a number of intermediates along the aggregation
pathway may be important to Ab mediated neuronal cell dysfunc-
tion leading to acute memory loss in Alzheimer’s disease.

Studies using synthesised Ab showed that both the hydrophilic
metal binding N-terminus and the hydrophobic fibrillogenic
C-terminus play important roles in overall Ab toxicity [7–9]. Struc-
tural information of the Ab oligomers has been limited due to the
aggregative nature of the peptide however, some partial structures
have been obtained by NMR and crystallography of fusions of the
Ab peptide with other proteins [10–16]. Further information on
important residues inhibiting the formation of oligomers and/or
fibrils has been obtained by mutation studies [17].

The crystal structure of the Ab fragment 18–41 fused to a shark
antibody (IgNAR) protein [10], showed that the b-hairpins (32–41)
from four chains of Ab form the hydrophobic core of the tetramer.
Further docking studies using this tetrameric model have explored
the binding of aggregation inhibitors to oligomeric Ab [18].
Molecular dynamics simulations [19] have shown that this Ab18–41

tetramer was more stable with increased length (Ab17–43) and with
the b-strands (G33-M35 and V39-A42) connected by the turn V36-
G38 forming the most stable parts of the structure. On the other
hand, the inhibition of aggregation with peptide M35VGGV39 [20]
indicated that the region comprising G33 to V39 is critical for
aggregation and binding of Ab to neuronal cells. Another cell viabil-
ity screen [21] identified Ab31–42 and Ab39–42 as the most potent
inhibitors. Biophysical characterisation [21] indicated that the
action of these peptides likely involved stabilisation of Ab42 into
nontoxic oligomers. Therefore, in this study we focused on the
region 32–42 to design mutations in Ab42 peptide that would
inhibit aggregation of the monomeric form and/or stabilise the
tetramer in nontoxic form. To help define the mechanisms of
Ab-mediated aggregation and toxicity, we compare wild type
peptide with two designed variants, and another peptide with
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mutations at position 19 and 34 (F19S: L34P) which was shown to
have superior non-aggregating properties [17].

2. Materials

Human Ab1–42 wild type (Ab42) and its mutants were synthes-
ised and purified by Dr. James I. Elliott (Yale University, New
Haven, CT) and verified by mass spectrometry (MS). Analytical
grade ammonium hydroxide (NH4OH) (28% v/v) was from Sigma
Chemical Co. (St. Louis, MO). Poly-L-lysine coated 96-well plates
were from BD (Franklin Lakes, NJ Cat. No. 356516). The F12K
media, horse serum, penicillin, streptomycin, amphotericin B, tryp-
sin/EDTA and human recombinant b-nerve growth factor (NGF)
were from Invitrogen (Grand Island, NY). Foetal bovine serum
(FBS) was from SAFC Biosciences (Lenexa, KS). Cytotoxicity detec-
tion kit (lactate dehydrogenase) was from Roche Diagnostics
(Mannheim, Germany). All reagents otherwise not indicated were
of analytical grade.

3. Methods

3.1. Structure-based peptide design mutations

Mutants Ab42TTAN and Ab42NRET were designed based on the
Ab18–41 tetramer structure (PDB 3MOQ) [10] visualised using
PyMol [22] (Fig. 1A), together with residues showing highest
increase of fluorescence in random mutations of GFP-Ab42 fusion
[17]. We identified key hydrophobic residues at positions 19, 32,
34, 35, 39 and 41 as important in oligomer and amyloid formation
(Fig. 1A). F19 is an important residue for stabilising the dimer since
its phenyl ring is inserted to the hydrophobic pocket formed by
residues across the dimer interface [10]. The mutation F19S com-
bined with the L34P mutation in the hydrophobic core of the tet-
ramer (Fig. 1A and [10]) has been reported to compromise
significantly (up to 100%) the Ab42 aggregation [17]. Sidechains of
I32, M35, V39 and I41 residues are solvent exposed on the tetramer
surface (Fig. 1A) and likely to interact with next subunit forming
Fig. 1. Structure, PAGE and alignment of Ab peptide and its mutants. (A) Crystal structu
mutation. (B) Sequence alignment of Ab42 and variants Ab42TTAN, Ab42NRET, and Ab42S
tetramer-tetramer interface. When those residues were mutated
to TTAN (I32T, M35T, V39A, I41N) or to NRET (I32N, M35R,
V39E, I41T) the GFP-Ab42 fluorescence [17] was increased over
75% and between 40% and 70% for each set of mutations, corre-
spondently [17]. Further, Ab42TTAN and Ab42NRET mutants were
compared with Ab42SP in biophysical experiments.

3.2. Peptide pre-treatment with NH4OH

Peptides were dissolved in 10% (w/v) NH4OH to 1 mg/ml, lyoph-
ilised and stored as previously described [23]. Prior to experiments,
NH4OH treated and untreated Ab42 were dissolved in 60 mM
NaOH or DMSO and concentrations determined by absorbance at
214 and 280 nm using extinction coefficients of 76848 M�1 cm�1

or 1490 M�1 cm�1, respectively. All resuspended peptides were
analysed by MS which indicated the peptide to be unmodified.
Circular dichroism (CD) validation showed identical spectra at
t = 0 (Supplementary Fig. S1). Samples were taken for gel electro-
phoresis analysis.

All experimental results are n = 2 or more unless otherwise sta-
ted. All peptides were pre-treated and dissolved in NaOH or DMSO
for consistency (the three mutants had a higher solubility in aque-
ous solutions that the wild type Ab42). Characterisation of the
mutants dissolved directly in water gave similar results to
NH4OH/NaOH treatment (data not shown).

3.3. Dynamic light scattering (DLS)

The method for DLS was as previously described [23]. All pep-
tides were dissolved in DMSO and diluted to a final concentration
of 100 lM in 50 mM Tris pH8/10 mM EDTA. A separate aliquot of
Ab42SP was dissolved in 60 mM NaOH before dilution.

3.4. Thioflavin T assays (ThT)

The method for ThT assays was as previously described [24]
with minor modifications. Briefly, peptides were dissolved in
re of Ab18–41 tetramer from Ab-IgNAR fusion [10] highlighting residues targeted for
P. (C) The gel was visualised with silver staining.
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60 mM NaOH or DMSO (stock concentration of 1–2 mM) and
diluted to 20 lM in 50 mM KH2PO4/150 mM NaCl pH7.4 in a 96
well plate (total volume = 200 ll). Vehicle controls of 60 mM NaOH
were shown not to alter the pH of the final solution. The plate was
incubated at 37 �C without agitation. At t = 0 and two or more later
time-points (up to 48 h), peptides were sampled (20 ll) and added
to a 96 well solid black plate containing ThT (2 lM in 50 mM gly-
cine pH8.5, freshly diluted from a 500 lM frozen stock). The plate
was incubated 15 min at room temperature in the dark. The ThT
fluorescence was recorded using 440 nm and 485 nm excitation
and emission filters, respectively in a FLUOstar Optima (BMG
LABTECH, Germany) plate reader.

3.5. Transmission electron microscopy (TEM)

Peptide samples were prepared as for ThT assay (20 lM in
50 mM KH2PO4/150 mM NaCl pH7.4) in screw top 1.5 ml micro-
tubes and incubated at 37 �C (without shaking) for 30 days. The
samples were gently agitated before taking an aliquot to image
by negative stain TEM as previously described [18].

3.6. Neuronal cell model and cytotoxicity assay

NGF-differentiated rat pheochromocytoma (PC)-12 cultures
were cultured and plated as previously described [23]. The NH4OH
pre-treated peptides (0.5 mg) were reconstituted as previously
described [25]. A vehicle control was prepared in an identical man-
ner and the supernatants were collected and measured for absor-
bance at 214 nm. The peptide concentration was determined
using the theoretical molar extinction coefficient (Ab42

76848 M�1 cm�1, Ab42TTAN 75985 M�1 cm�1, Ab42NRET
76133 M�1 cm�1 and Ab42SP 74312 M�1 cm�1) [26]. All peptides
were diluted to 200 lM with vehicle buffer and subsequently
diluted to 15 lM in culture medium (F12K, 0.5% foetal calf serum,
100 ng/ml NGF, 100 U/ml penicillin G sodium, 100 lg/ml strepto-
mycin sulfate and 0.25 lg/ml amphotericin B). Vehicle was diluted
in culture medium in an identical manner. Cultures were treated
with peptides and controls as previously described [25]. Cytotoxicity
was assessed as previously described [25].
4. Results

4.1. Structure-based design of non-aggregating Ab peptides mutations

Combining our structural information on the Ab17–41 tetramer
[10] and mutations previously demonstrated to reduce aggregation
[17], we identified and selected the following mutations in Ab42:
(1) F19S; (2) I32T and I32N; (3) L34P; (4) M35T and M35R; (5)
V39A and V39E; and (6) I41N and I41T (Fig. 1A). Mutations were
incorporated into three peptides (Fig. 1B) termed Ab42TTAN, which
incorporated the mutant sequence: I32T, M35T, V39A and I41N;
Ab42NRET, which incorporated a second set of mutations: I32N,
M35R, V39E and I41T; and the previously reported peptide Ab42SP
which incorporated both F19S and L34P [17]. We hypothesised
that these mutations would significantly reduce the self-aggrega-
tion properties of the Ab42 peptide.

4.2. Peptide preparation and characterisation

The wt Ab42 and three variant peptides were synthesised and
pre-treated according to our recently described NH4OH prepara-
tion protocol which results in dissociation to monomeric form
[23]. Following resuspension in 60 mM NaOH or DMSO (dependent
upon the subsequent experiment), peptides were validated by
mass spectrometry (data not shown) and CD spectroscopy
(Supplementary Fig. S1). Gel electrophoresis of peptides showed
that Ab42 exhibited the pattern of higher molecular weight oligo-
mers, while both Ab42TTAN and Ab42NRET migrated as predomi-
nantly monomeric species (Fig. 1C). Similarly, Ab42SP migrated as
a predominant monomeric band with at least one higher molecular
weight species (Fig. 1C). Even though equal amounts of the pep-
tides were loaded, the Ab42TTAN and Ab42NRET did not silver stain
to the same degree so digital enhancement software was used to
check for the presence of minor bands but none were found in
these two mutants. Fig. 1 contains the unenhanced image of the
gel. Similar data were obtained by gel filtration (GF, Supplemen-
tary Fig. S2). The wt and variant peptides were then compared in
a series of biophysical experiments.

4.3. Dynamic light scattering (DLS) and thioflavin T (ThT) assays

For DLS, within the 20–30 min incubation time between adding
the peptide to the plate and obtaining data, Ab42 developed a mul-
timodal polydisperse pattern. One peak had a hydrodynamic radius
(Rh) of 1.6 nm and a broad peak with a Rh of 4–11 nm (Fig. 2A). This is
consistent with our previous Ab42 profiles [23]. In contrast, both
Ab42TTAN and Ab42NRET were present as single peaks (Fig. 2A):
for Ab42TTAN this presents as a broad polydisperse peak with a Rh

range of 0.9–2.0 nm, while Ab42NRET is present as a single narrow
peak with a �1.5 nm Rh radius. For Ab42SP there was some discrep-
ancy between samples prepared in DMSO, which showed a mono-
modal monodisperse peak with a Rh of 3.0 nm, and samples
prepared in NaOH, which showed a multimodal polydisperse result
with one peak also with a Rh of 3.0 nm but a further peak at Rh =
4.2 nm (Fig. 2B). In contrast, no discrepancy was observed for
Ab42TTAN and Ab42NRET between NaOH and DMSO preparations
(results not shown). Thus, as our results are representative of data
from a minimum of 2 separate experiments we are confident that
the Ab42TTAN and Ab42NRET mutant peptides occur as predomi-
nantly stabilised small oligomeric or monomeric species in solution.

The ThT assay, a benchmark test for Ab aggregation [27], was
used to compare the rates and degree of aggregation of wt and
mutant peptides. Ab42 prepared in NaOH had the highest aggrega-
tion rate, though when dissolved in DMSO before addition to assay
buffer, aggregation was slower and failed to reach the NaOH sam-
ple fluorescent maximum (Fig. 2C and D). The same solvent effect
was observed for Ab42SP where little aggregation occurred for pep-
tide prepared in DMSO, while there was some aggregation
observed when dissolved in NaOH. Ab42TTAN and Ab42NRET
showed very little increased fluorescence compared to solvent
alone control for either NaOH (Fig. 2C and D) or DMSO (results
not shown). The data are representative of two independent
30 day experiments but the same non-aggregation effect of the
mutants was also seen in more commonly performed 24 h ThT
assays (not shown).

4.4. Transmission electron microscopy (TEM)

Electron microscopy provides a visual representation of the
aggregation end-point of the ThT assay. Wild type Ab42 had a typ-
ical abundant fibrillar pattern (Fig. 3A). Compared with wt, Ab42SP
dissolved in NaOH showed fewer fibrils (Fig. 3B). Consistent with
the ThT assay results, Ab42SP prepared in DMSO resulted in few
short protofibrils (Fig. 3E), whilst Ab42TTAN and Ab42NRET showed
no obvious fibril formation after NaOH preparation (Fig. 3C and D
respectively).

4.5. Neuronal toxicity assay

Cytotoxicity assays were used to correlate with aggregation
properties. Compared with vehicle treated cultures (1.4 ± 1.1%



Fig. 2. DLS and ThT analysis of Ab and mutants. DLS plots are representative of the
average of 50 individual 5s DLS collections for 3 separate dilutions of (A) Ab42,
Ab42TTAN and Ab42NRET pretreated with NH4OH and dissolved in DMSO. (B) Ab42SP
pretreated with both DMSO and NH4OH. The Ab42TTAN, Ab42NRET, and Ab42SP
prepared in DMSO appear as monomodal monodisperse whereas the Ab42 and
Ab42SP prepared in NaOH are multimodal polydisperse. The extended ThT assay (C)
show that Ab42TTAN, Ab42NRET made up in NaOH show little if no aggregation over
30 days as does Ab42SP made up in DMSO, whereas Ab42 in both DMSO and NaOH,
and Ab42SP in NaOH exhibit aggregation peaking at day 14 (D).

Fig. 3. TEM micrographs of Ab and mutants. (A) Ab42 control; (B) Ab42SP; (C)
Ab42TTAN; (D) Ab42NRET peptides were dissolved in 60 mM NaOH and allowed to
fibrillise in PBS for 1 month at 37 �C. (E) Ab42SP dissolved in DMSO before dilution
into phosphate buffer and fibrillisation as above.
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Fig. 4. Cell toxicity. PC-12 cultures treated with 15 lM of each peptide for 72 h,
demonstrating that Ab42 is more cytotoxic than Ab42TTAN, Ab42NRET or Ab42SP.
Triton X-100 is a cytotoxicity control.
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cytotoxicity), Ab42 (15 lM) treatment increased cytotoxicity to
7.8 ± 1.5% (Fig. 4). Compared with Ab42, the cultures treated with
Ab42TTAN, Ab42NRET and Ab42SP mutants had lower cytotoxicities
of 3.6 ± 0.9%, 3.1 ± 0.9% and 2.5 ± 1.4%, respectively.
5. Discussion

The disaggregation or sequestration of Ab oligomers and pla-
ques may be a strategy for the treatment and prevention of AD.
Thus, insight into the mechanisms of self-association has the
capacity to inform and guide our design of future therapeutics.
Based on our X-ray structural studies of the Ab P3 fragment (resi-
dues 18–41) [10], as well as previous literature [17], we identified
key hydrophobic residues at positions 19, 32, 34, 35, 39 and 41 as
important in oligomer and amyloid formation. Utilising this infor-
mation, we designed and produced three full length Ab42 peptides
with mutations at these residues (Ab42TTAN, Ab42NRET, and
Ab42SP) and compared their aggregation properties against wt
Ab42. The Ab peptide field has been criticised for lack of consistency
in the reporting of peptide production and validation [27]. In our
studies we have carefully stated the peptide preparation method
(distinguishing DMSO from NaOH), to validate the solubilised pep-
tides by GF and CD spectroscopy (see Supplementary Material) and
to internally compare all peptides in parallel against a comprehen-
sive series of assays. We discuss each of these aspects in turn.

5.1. Peptide preparation and comparison of DMSO or NaOH

Throughout this investigation, we utilised our established and
consistent method of Ab peptide preparation by NH4OH pre-treat-
ment followed by dissolving in NaOH. In contrast to the reported
non-aggregating nature of Ab42SP [17], when pre-treated with
NH4OH it increased ThT fluorescence over time and correlated with
observed short protofibrils and longer fibrils (though less fibrils
compared with wt Ab42). In contrast with the immediate GF assay,
aggregation in assays with longer incubation times (>24 h i.e. TEM
and ThT) clearly showed the effect of dissolving Ab42SP in NaOH (as
opposed to DMSO). Further supporting this data was the small
amount of a higher molecular weight species for Ab42SP separated
by GF. The original Ab42SP methodology [17] involved dissolving in
DMSO or DMSO/NaOH before dilution into buffers. In that study,
both DMSO and DMSO/NaOH were used. Similarly, Ab42 was also
less aggregating in the ThT assay when prepared in DMSO. In con-
trast, the biophysical properties of Ab42TTAN and Ab42NRET did not
differ when prepared in either NaOH or DMSO. Low levels of DMSO
can significantly change peptide and protein properties and sec-
ondary structure by encouraging protein unfolding and denatur-
ation [28]. Indeed, Shen et al. [29] showed that Ab fibril
formation is significantly affected by the solvent in which the Ab
peptide is prepared, a result supported by our observations. In con-
trast, the Ab42TTAN and Ab42NRET appear non-aggregating regard-
less of the solvent.

5.2. Peptide validation by gel filtration (GF) and CD spectrometry

Early stage aggregation can be measured by GF. Unlike wt Ab42,
Ab42TTAN, Ab42NRET and Ab42SP are non-aggregating or slower
aggregators because they each eluted as one peak of low oligo-
meric size, with little tendency to shift to higher molecular weight
species within the short incubation period (30 min). Mutant pep-
tides were studied using CD (Supplementary Material) to compare
the secondary structure of native Ab42 with the mutant peptides
over 24 h. Using freshly prepared aggregate free peptide prepara-
tions at both t = 0 and t = 24 h, the Ab42TTAN, Ab42NRET and Ab42SP
all exhibited similar secondary structure revealing that the point
mutations did not change the secondary structure compared to
the wild type peptide.

5.3. Aggregation assays show Ab42TTAN, Ab42NRET to be
non-associating

Our results clearly demonstrate that the mutants Ab42TTAN and
Ab42NRET are non-aggregating in: (1) SDS–PAGE, where a single
species for both mutants migrates at a similar size to that of mono-
meric Ab42, with no higher molecular weight SDS-resistant species.
In contrast Ab42SP displays some higher order aggregates. (2) DLS.
Here, Rh for wild type Ab42 monomer has been experimentally
determined by fluorescence correlation spectroscopy (FCS) [30]
in DMSO to be 0.9 ± 0.1 nm, in agreement with previous Rh calcu-
lated by in silico studies [31,32]. In this study, Ab42NRET appears
as a single species with a slightly larger radius than that observed
for monomeric, whereas Ab42TTAN also has a larger Rh, as well as
exhibiting a slightly broader peak and may also indicate more than
a single species. It seems that these non-single species are stabi-
lized at the Rh range of <2.0 nm which includes the Rh estimate
of �1.7 nm for tetrameric form of Ab17–41 [10]. In contrast, Ab42SP
shows some aggregation along the pathway towards fibrillisation
observed for the wt. (3) ThT assay, where neither Ab42TTAN nor
Ab42NRET showed significant fluorescence increase, compared to
wt, and to a lesser extent Ab42SP, as detailed above. (4) TEM. Anal-
ysis of aged peptides shows that the Ab42 forms extensive masses
of fibrils whilst the Ab42TTAN remains essentially soluble with only
the occasional clump of protofibrils detected. Short single fibrils of
Ab42NRET dissolved in NaOH were observed in less than 1% of the
fields.

5.4. Effect of residue substitution

The biophysical properties described above are correlated with
a weaker level of cytotoxicity in a neuronal cell model. The interac-
tion of Ab40 with neuronal cells initially involves binding to the cell
membrane within minutes [33,34]. It is beyond the scope of this
study to determine whether the reduced cytotoxicity with
Ab42TTAN, Ab42NRET and Ab42SP mutants is due to aggregation
state or reduced affinity for the cell membrane. It is speculated that
the lack of aggregation results in an oligomeric complex that is
unable to penetrate the membrane, or specifically interact with
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neuronal receptors or both [33,34]. Our identification of a series of
residues in the C-terminal region 32–42 of Ab, based on structural
predictions, emphasises the importance of this region in Ab aggre-
gation and neurotoxicity and provides a strategy for the design of
future therapeutic peptides or compounds towards amelioration
of protein folding disorders.
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