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ABSTRACT: Small hydrophobic oligomers of aggregation-prone proteins
are thought to be generically toxic. Here we examine this view by perturbing
an early folding contact between Phe19 and Leu34 formed during the
aggregation of Alzheimer’s amyloid-β (Aβ40) peptide. We find that even
conservative single mutations altering this interaction can abolish Aβ40
toxicity. Significantly, the mutants are not distinguishable either by the
oligomers size or by the end-state fibrillar structure from the wild type Aβ40.
We trace the change in their toxicity to a drastic lowering of membrane
affinity. Therefore, nonlocal folding contacts play a key role in steering the
oligomeric intermediates through specific conformations with very different
properties and toxicity levels. Our results suggest that engineering the
folding energy landscape may provide an alternative route to Alzheimer
therapeutics.
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The origins of many age-related incurable disorders have
been linked to the aggregation of amyloid proteins.1

Specifically, small oligomeric intermediates in the aggregation
pathway have been identified as the major toxic species.2,3

Some structural models of mature fibrils,4−10 large
oligomers,11,12 and recently also of the small oligomers13 have
been derived from solid-state NMR experiments. However,
these structural data have not shed much light on what makes
these oligomers toxic or the fibrils less toxic. It has been
suggested that the small size and hydrophobic surfaces of
protein oligomers ensure that these particles have high affinity
for biological membranes, and therefore they are generically
toxic.14 This view is supported by the toxicity observed for the
oligomers of many disease-unrelated proteins, whose oligomers
can be produced in vitro.15−17 However, this generalization
ignores the possibility that toxicity may also strongly depend on
specific conformations,18 which are dictated by nonlocal folding
contacts. If so, even conservative (e.g., hydrophobic to
hydrophobic) mutations may alter the aggregation pathway,
making the oligomers nontoxic, but leading to the same final
fibrillar state. If true, it would suggest an alternative therapeutic
strategy which does not attempt to alter aggregation per se, but
engineers the folding/aggregation free-energy landscape such
that the population passes through nontoxic routes.
Until now, only nonconservative single mutations of

amyloid-β (Aβ) have been observed to exert a protective effect
in AD. For example, A2T has been found to be protective,19−21

while another mutation, A2V, has dominant negative effect on
Aβ amyloidogenesis.21−23 This indicates the importance of the
second amino acid in the unstructured N-terminal domain of

Aβ in polymerization and toxicity. Here we focus on the well-
preserved F19-L34 contact in the Aβ aggregates. This is a
nonlocal contact observed in almost all Aβ aggregates
investigated at the atomic level.6,12,13,24−26 This contact forms
early, and is observed in the protofibrils26 and even in the small
oligomeric intermediates (n-mers with n < 10) which form
during the initial phase of in vitro aggregation.13 These
oligomers have significant β-sheet content,11,27−29 while the
monomers are mostly unfolded with some α-helical con-
tent.30−32 They also develop an order of magnitude higher
membrane affinity compared to the monomers,33−35 suggesting
a connection between folding and the evolution of toxicity for
these extracellular peptides.
We investigate six single mutations which replace F19 and

two double mutations which replace both F19 and L34 by
hydrophobic, neutral, polar, and charged residues. These
physiologically nonrelevant mutations were designed to perturb
the Aβ structure formation process by local physical forces. To
probe the effect of maximum and minimum conformational
flexibility, phenylalanine residue at position 19 was replaced by
glycine (F19G) and proline (F19P), respectively. Next,
alterations were done with negatively charged glutamate
(F19E) and with positively charged lysine (F19K) residues
which would render these positions hydrophilic (from highly
hydrophobic). Also, F19 was replaced by tyrosine (F19Y) and
tryptophan (F19W), to investigate the effects of altered
hydrogen bonding and/or hydrophobic contacts without
changing the overall hydrophobic nature of the interaction.
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The double mutation F19K L34E was designed to replace the
hydrophobic contact with a salt bridge, while the F19K L34K
mutation was designed to strongly perturb this contact by
electrostatic repulsion.
Solid-state NMR studies performed earlier have already

shown that for all but one of these mutations, namely, F19K
L34E, the mature fibrillar aggregates have very similar
structures.36 Therefore, these perturbations can at best have
an effect on the pathway and the kinetics of aggregation, but
not on the end product. However, if toxicity is a generic
property of small oligomers, then such pathway engineering
would be expected to have minimal effects on the toxicity
(provided the mutants form oligomers of size and stability
similar to that of the wild type peptide). Here we measure the
toxicity of these oligomers on rat primary cortical neuronal
cultures. We also measure the oligomer size and the membrane
affinity of these oligomers, and correlate the observed toxicity
changes with these two parameters.
We have earlier established the protocol to prepare oligomer-

rich solutions of Aβ.37 Briefly, purified peptide powders were
initially dissolved in water at pH 11 (pH adjusted by NaOH) to
prepare clear stock solutions and then diluted to required
concentrations in physiological buffer solutions at pH 7.4. To
probe the cytotoxicity of WT Aβ40 and the eight mutant species
on rat primary cortical neurons, we prepare 100 μM of the
peptide solution in cell culture medium and incubate them with
primary neurons for 60 h. We checked the stability of the WT
Aβ40 and the mutant peptides under these conditions using
mass spectrometry, and found them to be stable over this
duration (data not shown). We use relatively high concen-
trations of the peptides since cell death is difficult to observe in
the laboratory time scale at physiological concentrations. At
100 μM Aβ concentration, fibrillar and protofibrillar species will
begin to form within hours. However, our earlier studies have
shown that even as larger particles form due to aggregation,
small oligomers (presumably the major toxic species) continue
to exist in the solution for a long time.38,39 Same situation is
likely to prevail in these experiments. Cell viability was assessed
using 0.01 mg/mL of propidium iodide (PI) and 0.01 mg/mL
of Hoechst 33342 dyes. The ratio of the number of cells stained
with PI to the cells stained with Hoechst 33342 provides a
measurement for the percentage of dead cells. The data is
expressed as percent cell viability relative to vehicle treated
control cells. The viability of control cells was normalized to be
100% (actual viability of control cells was 70 ± 4%). As shown
in Figure 1, the relative cell viability of WT Aβ40 was 40 ± 6%.
This is very different from the conformationally flexible F19G
mutant (95 ± 4%) and its more rigid and structurally confined
counterpart, the F19P mutant (89 ± 4%).36 Alterations with
charged residues F19E (98 ± 5%) and F19K (94 ± 4%) too
had minimal effect on cell viability. The F19Y and F19W
mutants showed viability of 91 ± 5% and 98 ± 6%, respectively,
indicating that the mutants which retain much of the
hydrophobicity but possibly with altered hydrogen bonding
and hydrophobic contacts are also benign. Replacement of the
hydrophobic contact F19-L34 by a salt bridge, F19K L34E, also
had no detrimental effects on cell viability (94 ± 4%). When
the contact was replaced with two similarly charged residues,
F19K L34K, the cell viability turned out to be 96 ± 5%. While
the difference between the control and the mutants are not
statistically significant at p < 0.05 level, the WT peptide was
significantly toxic (p < 0.001). Thus, any alteration to the

nonlocal contact, F19-L34, drastically lowers the toxicity of the
peptide.
One possibility is that these mutants do not even form

oligomers of size similar to that of the WT Aβ40. This can be
easily tested with the help of fluorescence correlation
spectroscopy (FCS).
We prepared 100 nM solutions of rhodamine-B labeled WT

Aβ40 and mutant Aβ40 in phosphate-buffered saline (PBS) at
pH 7.4 and performed FCS measurements on these specimens
with an instrument constructed in-house.40 FCS and its several
variants are effective tools for following protein aggrega-
tion.41−44 FCS data were fitted with a discrete one/two
components diffusion model using the Origin 7 software
(OriginLab Corporation). The data were converted into
hydrodynamic radii (RH) using rhodamine-B (RH = 0.57
nm45) as a calibrant. For clarity, the representative
autocorrelation curves obtained from WT Aβ40 and only
three of the eight mutants (F19G, F19K, and F19W) are shown
in Figure 2A. These data were fitted with a single diffusion
component. The bar graph (Figure 2B) shows the size
(hydrodynamic radii) for WT Aβ40 and all eight mutants. We
find that all the mutants formed oligomers with reasonably
similar hydrodynamic radii compared to WT Aβ40. Thus,
perturbation of the nonlocal hydrophobic contact, F19-L34,
seems to have no major effect on the size of the oligomers
formed. Hence the roots of toxicity (or the lack of it) are likely
to lie in the different conformations adopted by the peptide in
these similar-sized oligomers.
We then ask if there is a quantifiable physical property which

can explain the low toxicity of these mutants. We have shown
earlier that the wildtype (WT) oligomers have at least an order
of magnitude higher membrane affinity than the nontoxic
monomers.33 Since Aβ is an extracellular peptide, membrane
binding is an expected first step of toxicity, and we
hypothesized that this aspect may be different for the mutants.
However, it is difficult to quantitatively measure the affinity of
Aβ to cell membranes, because of the intrinsic background
present in the membranes, and the variability in the membrane
conditions. A vesicle binding assay can provide a quantitative
measure for the membrane-affinity of different Aβ species.35

Figure 1. Cell viability assay. Primary cortical neuronal cultures were
treated with 100 μM of Aβ40 and the different mutants. Cell viability
was assessed after 60 h of incubation using Hoechst/PI staining.
Values represent mean ± SEM. ***Indicates that the difference is
statistically significant (p < 0.001).
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We have therefore used this method here for comparing the
relative binding affinities of the peptides.
We investigated the vesicle binding affinity of each of the

above mutant species. To this end, we prepared lipid
membranes composed of POPC (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine), POPG (1-palmitoyl-2-oleoyl-sn-
glycero-3 phosphoglycerol), and cholesterol in molar ratio
1:1:1 (PPC 111). Unilamellar PPC 111 vesicles were prepared
by sonication in physiological buffer. The hydrodynamic radii
(RH) of the vesicle solutions were measured by FCS using the
lipid binding dye, Nile red, which yielded an average RH of 18−
50 nm (in different sets of experiments). The freshly prepared
oligomeric solutions of rhodamine-B labeled WT Aβ40 and
mutant peptides were separately incubated for 30 min each
with the PPC 111 vesicles. The vesicle solutions were then
examined with FCS. The data from the vesicle containing
solution were fitted to a model incorporating two diffusion
components. The appearance of a slow component consistent
with vesicle size would imply that oligomers had attached to the
vesicles. For clarity, the autocorrelation curves in the presence
of vesicles are shown only for the WT and the three mutant
species F19G, F19K, and F19W (Figure 3A). The FCS

autocorrelation curves plotted on a semilogarithmic scale give a
visual indication of fast and slow diffusing species. The
autocorrelation of a fast diffusing species would decay faster
than that of a slow diffusing one. As is evident from Figure 3A,
in the presence of lipid vesicles, diffusion of WT Aβ40 is slower
(autocorrelation curve shifts toward the right) compared to the
mutants. This indicates that WT Aβ40 oligomers have attached
to lipid vesicles which due to their large size would diffuse
comparatively slowly. Oligomers from mutant peptides on the
other hand do not bind lipid vesicles and hence exhibit faster
decaying autocorrelation curves. A quantitative estimation of
oligomer attachment to lipid vesicles can be carried out by
fitting the FCS autocorrelation curves with a two-component
model, where the fast diffusing component represents free
oligomers in solution, and the slow diffusing component
represents vesicle-bound oligomers. The ratio of the amplitude
of slow diffusing component to the sum of the amplitudes of
the two components yields the fraction of peptide bound to
lipid vesicles. This quantity is presented in Figure 3B.We note
that the vesicles do have a distribution of sizes. However, using

Figure 2. Oligomer size in solution. (A) Representative normalized
autocorrelation of select peptide oligomers in solution. Open symbols,
data; solid lines, fit (upper panel), residuals (lower panel). Black, Aβ40;
blue, F19G; green, F19K; red, F19W. (B) Oligomer size (RH) of Aβ40
and mutants in buffer. Values represent mean ± SD.

Figure 3. Vesicle binding by oligomers. (A) Representative normalized
autocorrelation of select peptides in the presence of vesicles. Open
symbols, data; solid lines, fit (upper panel), residuals (lower panel).
Black, Aβ40; blue, F19G; green, F19K; red, F19W. (B) Binding of Aβ40
and mutants oligomers to PPC 111 vesicles. Values represent mean ±
SD.
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a quasi-continuum fitting routine (MEMFCS46), we separately
verify that the size distribution is narrow, and a two component
fit for the data is valid (analysis is not shown). In case of WT
Aβ40, the smaller component (corresponding to the free
oligomeric fraction) was 1.5 ± 0.6 nm (amplitude 22%) while
the larger vesicle-bound component was 17 ± 1.6 nm
(amplitude 78%). Figure 3B shows the vesicle-bound fraction
for all the mutants. Interestingly, while the WT Aβ40 showed
considerable binding (78 ± 8%), all the mutants exhibited
much lower binding compared to the WT. F19G, F19P, F19Y,
F19K L34E, and F19K L34K mutants have very similar binding
affinity to the vesicles: 2 ± 1, 1.4 ± 1.2, 2 ± 0.6, 3 ± 0.8, and 4
± 2%, respectively. The other three mutants show somewhat
higher binding affinity, but the values are still substantially
lower than the WT. F19E shows 22 ± 19%, while F19K and
F19W show 6 ± 5% and 7 ± 2% binding, respectively. The
nonlocal contact between residues 19 and 34 is therefore
important for defining the specific conformation which makes
them competent to bind to vesicle membranes. This is
consistent with our toxicity measurements, since the inability
of an extracellular peptide to efficiently bind to the cell
membrane will also imply a lowering of its toxicity.

■ CONCLUSIONS

Our results show that specific structural details, such as a single
nonlocal contact, can completely change the membrane-affinity
and toxicity of the transient oligomers, at least for Aβ40. As the
unstructured monomers of Aβ aggregate to form the early
oligomeric intermediates,47 it also folds into a hairpin-like
shape.18 Early folding contacts can be major determinants of
the structures adopted by the evolving aggregation inter-
mediates, though they may have a lesser role in defining the
ultimate folded structure. Our results indeed show that a
perturbation of the F19-L34 contact can drastically reduce the
membrane affinity of the Aβ oligomers. Interestingly, it appears
that the contact is not merely of a nonspecific hydrophobic
nature, since conservative substitutions by other hydrophobic
residues still lower the membrane affinity. This suggests that a
steric match between these two residues is important in driving
the evolution of Aβ oligomers. Such “steric zippering” has
indeed been suggested for the evolution of Aβ and other
aggregates.48

A major implication of our results is that the folding free-
energy landscape can be modulated such that the end-state
remains similar, but the intermediates are completely different.
Such “landscape engineering” would have a lower thermody-
namic cost compared to the disaggregation of fibrils. While the
mature fibrils, which represent the final structure in the Aβ
folding pathway, are not perturbed significantly,36 the altered
energy landscape has a profound impact on the intermediates
and their immediate toxicity. This might suggest a new
pharmaceutical strategy for tackling Alzheimer’s disease:
develop agents which raise the free-energy cost of forming
the F19-L34 contact. The candidate drug may be a small
peptide, an antibody (or a small antibody mimetic), or even an
organic molecule which has some specific interaction with this
region of the Aβ peptide. Since such an agent would have to
work only with the intermediates, it may even be able to work
in a substoichiometric catalytic manner.

■ METHODS
Peptide Synthesis. Wildtype (WT) Aβ40 and mutated Aβ40

peptides were synthesized using standard Fmoc solid phase synthesis
strategy as described earlier.36

Primary Cortical Neuronal Cultures. Pregnant female Wistar
rats were obtained from the TIFR Animal Facility. All animal handling
procedures were approved by the Animal Ethics Committee of TIFR.
Briefly, neurons were isolated from cortex of 17day old embryos which
were subdissected under sterile conditions in Hank’s balanced salt
solution (HBSS) containing HEPES, 50 units/mL penicillin, and 50
μg/mL streptomycin. This was followed by trypsin digestion (0.25%
solution) for 15−20 min at room temperature, with subsequent
trituration and plating on poly-L-lysine coated 96-well plates. The cell
culture media comprised neurobasal A supplemented with 2% b-27
supplement, 0.5% penicillin-streptomycin, and 0.25% L-glutamine. The
culture media was changed every 48 h.

Toxicity Assay. The cell toxicity assay was performed with 100 μM
of the peptides incubated with 3 day old rat primary cortical neuronal
cultures grown in 96-well plates. The extent of cell death was assessed
after 60 h using Hoechst/PI staining. In brief, the cells were treated
with 0.01 mg/mL propidium iodide (PI, DNA intercalating dye that
labels only the dead cells) and 0.01 mg/mL Hoechst 33342 (DNA
intercalating dye that labels both live and dead cells) in Thomson’s
buffer (TB, consisting of 20 mM sodium HEPES, 146 mM NaCl, 5.4
mM KCl, 1.8 mM CaCl2, 0.8 mM MgSO4, 0.4 mM KH2PO4, 0.3 mM
Na2HPO4, and 5 mM dextrose; pH adjusted to 7.4) for 10 min
followed by washing with TB. The cells were imaged for Hoechst
33342 and PI fluorescence in a confocal microscope setup (LSM-710,
Zeiss, Germany) using a 20× objective. Two photon excitation of
Hoechst 33342 was performed using 690 nm pulsed light from a
mode-locked Ti-sapphire laser (MaiTai, Spectra Physics, CA). The
fluorescence was separated from the excitation using a 690 nm dichroic
mirror and detected using a photomultiplier tube (385−535 nm). PI
was excited using a 543 nm laser (He−Ne, Zeiss); the fluorescence
was separated using a dichroic mirror and detected between 565 and
720 nm. Image analysis was performed for several fields (at least 120
for each peptide) in multiple dishes (16 for each peptide) and scored
for the total number of cells (Hoechst 33342 fluorescent spots) and
the number of dead cells (PI fluorescent spots) using an automated
particle counter in ImageJ (open source software, available from the
Web site http://rsbweb.nih.gov/ij/). The ratio of cells which were
alive (PI negative) to total cells was reported as viability. The cell
viability expressed as percentage was normalized with respect to
control cell viability where the control cell viability was assumed to be
100% (actual viability in control cells was 70 ± 4%).

Vesicle Preparation. Small unilamellar vesicles (SUVs) composed
of POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), POPG
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol), and cholesterol
in a 1:1:1 molar ratio (PPC 111) were prepared by sonication in
phosphate buffered-saline (PBS) containing 20 mM Na2HPO4, 150
mM NaCl, and 5 mM KCl at pH 7.4 as described earlier.35

FCS Measurements. FCS measurements were performed with an
instrument constructed in-house.40 To measure the size of oligomers
of rhodamine-B labeled WT Aβ40 and mutants, 100 nM solutions of
the peptides were taken separately in PBS buffer at pH 7.4 and FCS
measurements were made. FCS data were fitted with discrete one/
two-component diffusion model using Origin 7 software (OriginLab
Corporation). The FCS data was converted into hydrodynamic radii
(RH) using rhodamine B (RH = 0.57 nm45) as a calibrant. The
hydrodynamic radius (RH) and concentration of the vesicle solutions
was characterized by performing FCS with the lipid binding dye, Nile
red. The hydrodynamic radius of PPC 111 vesicles was determined to
be between 18 and 50 nm (in different sets of experiments).

Vesicle Attachment Studies. Oligomeric solutions (100 nM) of
rhodamine-B labeled WT Aβ40 and mutant peptides were separately
incubated for 30 min with small unilamellar vesicles composed of PPC
111. The vesicles were unlabeled. Attachment of the labeled peptides
to the vesicles was probed by FCS. Appearance of a slow diffusing
component consistent with the vesicle size implied vesicle binding.
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Statistical Analysis. Data are expressed either as mean ± SEM or
mean ± SD as indicated. Toxicity experiments were performed with
batches of six to eight wells in a 96-well plate for each peptide. Three
independent repeats of these measurements were performed. Multiple
fields (∼10) were recorded from each dish, giving a total of ∼100
readings for each peptide for each repeat. p values required for tests of
significance were calculated manually. The FCS experiments with
oligomers and vesicle binding were repeated three times independ-
ently.
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