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The aggregation of the amyloid-3 (AS) peptide plays a pivotal role in the pathogenesis of Alzheimer’s disease, as soluble oligomers are
intimately linked to neuronal toxicity and inhibition of hippocampal long-term potentiation (LTP). In the C-terminal region of AS there
are three consecutive GxxxG dimerization motifs, which we could previously demonstrate to play a critical role in the generation of AS.
Here, we show that glycine 33 (G33) of the central GxxxG interaction motif within the hydrophobic A3 sequence is important for the
aggregation dynamics of the peptide. A3 peptides with alanine or isoleucine substitutions of G33 displayed an increased propensity to
form higher oligomers, which we could attribute to conformational changes. Importantly, the oligomers of G33 variants were much less
toxic than AB,, wild type (WT), in vitro and in vivo. Also, whereas Af3,, WT is known to inhibit LTP, Af3,, G33 variants had lost the
potential to inhibit LTP. Our findings reveal that conformational changes induced by G33 substitutions unlink toxicity and oligomeriza-
tion of AB on the molecular level and suggest that G33 is the key amino acid in the toxic activity of A 3. Thus, a specific toxic conformation
of AB exists, which represents a promising target for therapeutic interventions.

Introduction
The amyloid-B (AB) precursor protein (APP) is first cleaved by
the B-site APP-cleaving enzyme and sequentially processed by
the y-secretase complex to generate AB peptides of varying
length (Qi-Takahara et al., 2005; Zhao et al., 2005). Especially
Ap,, molecules represent the main culprits in the pathogenesis of
Alzheimer’s disease (AD) (Younkin, 1998) as they were hypoth-
esized to impair synaptic function and initiate neuronal degener-
ation (Simmons et al., 1994; Gong et al., 2003; Hsieh et al., 2006;
Shankar et al., 2007). Soluble oligomers of amyloidogenic pro-
teins are believed to be generically toxic; however, the precise
biochemical mechanisms of toxicity are poorly understood (Buc-
ciantini et al., 2002; Kayed et al., 2003). The pathogenic effects of
AP are ascribed to the hydrophobic C-terminal stretch of 14 aa
that is thought to be the seed for aggregation (Jarrett and Lans-
bury, 1993). Within this region, three repeat GxxxG motifs en-
compassing A residues G25 to G37 promote AB,, aggregation
independent from the identity of the hydrophobic residues in the
x-positions (Kim and Hecht, 2006).

The glycines of the central GxxxG motif (see Fig. 1A) were
discovered as key amino acids that stabilize the association of the
a-helices of APP transmembrane dimers (Munter et al., 2007).
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The residues G29 and G33 of the helix interface affect the gener-
ation of A by modulating y-secretase complex activity (Munter
et al., 2007; Kienlen-Campard et al., 2008).

In AB peptides, the GxxxG motif has a different role with a
major impact on aggregation (Liu et al., 2005; Sato et al., 2006).
Substitution of G33 or G37 to leucines prevented A, fibrilliza-
tion and destabilized the fibril structure by disrupting the
glycine-zipper-packing interface (Kim et al., 2005; Sato et al.,
2006). Similarly, glycine to leucine substitutions of synthetic pep-
tides were described to decrease the level of dimers and trimers in
solution and caused a reduced toxicity as well as a reduced avidity
to bind lipid membranes (Hung et al., 2008). A gradually decreas-
ing cellular toxicity compared with the wild-type form was sug-
gested to depend on membrane permeabilization of peptides
with nonconservative glycine to leucine substitutions in the order
G29L>G33L=G37L (Kim et al., 2005).

In this study, we show that G33 represents the critical residue
for the assembly of AB,, into neurotoxic aggregates by using
individual glycine substitutions to alanine or to isoleucine. Un-
like AB,, wild-type (WT) peptides, substitutions of G33 of the
central GxxxG motif promoted rapid oligomerization through a
conformational change. Furthermore, treatment of neuronal cul-
tures with natively purified oligomers and the expression of the
different AB mutants in the Drosophila melanogaster eye demon-
strated that G33 is the critical residue that mediates toxicity in
vitro and in vivo. Although AB,, WT potently inhibits long-term
potentiation (LTP), oligomers derived from AB,, G33 substitu-
tion peptides are unable to impair synaptic plasticity. Thus, tox-
icity of A is not a simple effect of oligomerization but a conse-
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SEC. For size-exclusion chromatography, a
y  Superdex 75 (10/30HR) column (GE Health-
care) was used. Aliquots of 0.5 to 1 mg synthetic

78- peptide prepared as previously described (Ro-
45- her et al., 1996; Schmechel et al., 2003) were
loaded, and 1 ml fractions were eluted with 1X
PBS (137 mm NaCl, 2.7 mm KCl, 10 mm
Na,HPO,, 2 mm KH,PO,) at a flow rate of 0.5

2x1x 16-
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mined by BCA assay. The collected fractions
were immediately used for subsequent experi-
ments. The aggregation states of oligomers, sep-
arated under native conditions, were further
analyzed by SDS-PAGE under denaturing and
reducing conditions by Western blot studies us-
ing the WO-2 antibody (The Genetics
Company).

Limited proteolysis. Peptides were dissolved
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' ' strate ratio of 1:500 trypsin (Roche) for up to

in 25 mM ammonium bicarbonate, pH 7.5 at a
concentration of 20 ug/ml. The tryptic digest
was performed at 37°C using an enzyme—sub-

3 h. Fragments were identified by MALDI-MS
(Ultraflex-II TOF/TOF; Bruker Daltonics) with
sinapinic acid as matrix.

Modeling. The structure of the AB,, WT tet-
ramer and variant peptides were modeled using
the nuclear magnetic resonance structure of
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Figure 1.

G29/33A, solely the amount of low-n oligomers of A3, G33 substitution peptides is reduced.

quence of a G33-driven conformation rendering Af oligomers
toxic.

Materials and Methods

Peptides. Peptides were synthesized as described previously (Beyermann
et al., 1996; Kaden et al., 2008) and verified by matrix-associated laser
desorption ionization-mass spectrometry (MALDI-MS; Ultraflex-1I TOF/TOF,
Bruker Daltonics). Briefly, peptides were synthesized at automated synthesizer
(ABI 433a; Applied Biosystems) on Trt-Tentagel resin [Rapp-Polymere (0.25
mmol/g, 0.5 g) using N-(9-fluorenyl)methoxycarbonyl(Fmoc)-strategy (double
couplings with 9 equivalents of Fmoc-aa/2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetra-methyluronium hexafluorophosphate/6 equivalents of N,N-diisopropyl-
ethylamine]. After final cleavage and deprotection using trifluoroacetic acid/
H,O (9/1), crude peptides were purified by preparative RP-HPLC to give final
products of 95% purity according to HPLC analysis (detector 220 nm). To mo-
nomerize synthetic Af3 before size-exclusion chromatography (SEC), peptides
were dissolved in 98% formic acid yielding an average ratio of monomers:dimer-
s:itrimers of 55:30:15 (Roher et al., 1996). After immediate evaporation of the
solvent, peptides were dissolved to 1 mg/ml in 0.1% ammonia in water
(Schmechel etal., 2003). For detection of A3 peptides by Western blot, we added
4X sample buffer to the samples and electrophoresed untreated or for 3 min at
95°C heated samples on 10—20% Tris-tricine gels (Anamed) according to the
manufacturer’s instructions. Proteins were transferred on 0.2 um nitrocellulose,
and AP was detected by Western blot analysis after incubation of the filter with 2
pg/ml WO-2 antibody (The Genetics Company). Different batches of AB pep-
tides were used to exclude individual differences which were not observed
through out all studies.

15 20 25
Volume [mi]

Single amino acid exchanges within the GxxxG motif of A3, modulate oligomerization. A, Amino acid sequence of
AB;_4, With the glycines of the three consecutive GxxxG motifs numbered. The amino acid substitutions of the analyzed central
GxxxG motif are in bold. B—F, SEC and Western blot analysis of freshly dissolved synthetic A3,, peptides. B, AB,, WT peptides
preferentially form tetramers but also lower and higher oligomers. C, A3, G29A peptides preferentially form tetramers and only
few other oligomers. D, A3,, G33A variant peptide mainly form higher oligomers but also low-n oligomers. E, AB,, G33l
substitution peptides almost exclusively form higher oligomers but hardly any monomers to decamers. F, Size separation of A3,
G29/33A yields high amounts of tetramers but also large amounts of high oligomers. Representative chromatograms of at least
three independent measurements are shown. Western blots of freshly dissolved synthetic A3 aggregates (Load) (compare figure
insets) in the presence of SDS reveal monomers and high-n oligomers for all peptides. Compared with A3,, WT, G29A, and

AB,_,, fibrils (pdb-entry: 2beg) as a template
(Luhrs et al., 2005). All peptides were energeti-
cally minimized with help of the GROMOS
43B1 force field to avoid distorted geometries
(Christen et al., 2005). Electrostatic surface po-
tentials were calculated using the program
APBS (adaptive Poisson—Boltzman solver)
(Sanner et al., 1996) with nonlinear Poisson—
Boltzmann equation and contoured at +9KkT/e.

Toxicity of AB,, on neuroblastoma cells. SH-
SY5Y cells were routinely cultured in DMEM/
Ham’s-F12 medium (PAA) supplemented with
10% (v/v) bovine calf serum, 2 mm glutamine,
0.1 mM nonessential amino acids, 100 U/ml
penicillin and 10 ug streptomycin, and 0.5 mm sodium pyruvate in a 5%
CO,-humidified atmosphere at 37°C. After 48 h, medium was replaced
by medium containing freshly dissolved peptides or SEC fractions and
incubated for 12 h. Reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was used to monitor Af3 toxicity.
MTT stock solution (5 mg/ml) was diluted 1:10 and incubated for an-
other 1-2 h. Cells were lysed with DMSO, and the absorbance of blue
formazan at 562 nm was measured using an automatic microplate reader.
In addition, toxicity was analyzed using 3-(4,5-dimethylthiazol-2-yl)-5-
3-carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2 H-tetrazolium (MTS)
assay (Promega), according to the manufacturer’s instructions.

Toxicity of AB,, on primary hippocampal neurons. Hippocampi of
postnatal day 0 (P0)-P1 Wistar rat pups were dissociated with papain
and cultured in neurobasal A medium supplemented with 2% B27, 2 mm
glutamax, and 0.2% penicillin/streptomycin on glia cell feeder layers.
After 10 d in vitro, neuronal cultures were treated with AB,_,, freshly
dissolved or with SEC fractions for another 48 h. Neuronal viability was
detected using the MultiTox-Fluor Multiplex Cytotoxicity assay (Pro-
mega), performed according to manufacturer’s instructions.

Drosophila melanogaster transformation and eye structure analysis.
The AB,,-coding sequence preceded by the signal-peptide sequence of
Drosophila Hedgehog protein was ligated into the P-element transforma-
tion vector pUAST yielding the construct pUAST-SP-AB,, WT. Muta-
tions were generated using the quick-change mutagenesis technique.
pUAST-SP-AB,,, pUAST-SP-AB,, G29/33A, and pUAST-SP-AB,,
G331 constructs were used to generate transgenic flies with standard
P-element-mediated transformation. Transgenic flies harboring UAS—
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Electrophysiology. For electrophysiological

AB,, WT or UAS-AB,, G29/33A or UAS-AB,, A Ap1T-22 Apt28 Apt-az B 121.mpu0m
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old flies were collected and analyzed. Scanning 3 hd
electron microscopy pictures were taken with a Ap42 G20A l < 04 *
JEOL JSM-6360LV microscope. Eye sections . [ 3 021 7
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mm MgSO,, 2.5 mm CaCl,, 2.5 mm KCl, 26 mm
NaHCO,). Field EPSPs (fEPSPs) were recorded
in stratum radiatum of area CA1 and evoked by
Schaffer collateral stimulation with ACSF-filled L L

Ap42 G29/33A

Ratio [Area AB1-28/AB1-42]
o
w
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!
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electrodes. For the measurement of two inde-
pendent pathways, two stimulating electrodes
were positioned in parallel to each other. Base-
line responses were collected using test pulses
that yield 30—40% of the maximal fEPSP slope.
Stable baseline response was measured for at
least 10 min, slices were supplied with 500 nm
peptide 20 min before tetanization. LTP was
induced by theta-burst stimulation (TBS) of
one of the two pathways. The intertheta burst
stimulation interval was 20 s, and four TBSs
were applied to induce LTP. TBS consisted of 10 bursts delivered at 5 Hz.
Each burst consisted of four pulses delivered at 100 Hz. After TBS, fEPSPs
were observed for 30 min. The amount of LTP was described as percent-
age changes of fEPSP slopes after TBS normalized to baseline values with
an additional subtraction of the second, unstimulated pathway. Slopes
were analyzed using IGOR (Wavemetrics).

Figure 2.

measurements are shown.

Results

Substitution of amino acid residue G33 of the GxxxG motif
provokes A3 aggregation

We investigated the role of glycine residues within the GxxxG
motif in AB oligomerization by SEC using synthetic AB,, pep-
tides with substitutions of G29 and G33 to alanine or isoleucine
(Fig. 1A). We found similar elution patterns for AB,, WT (Fig.
1B) and AB,, G29A (Fig. 1C). The fractions primarily yielded
tetramers and hexamers and only minor amounts of oligomers
corresponding to apparent molecular masses of 16- to 20-mers,
dimers, and monomers (Fig. 1B,C). In contrast, single amino
acid substitutions at position G33 resulted in a dramatic increase
in the relative amount of higher oligomers (16- to 20-mers) at the
expense of lower oligomers (2- to 4-mers) (Fig. 1 D, E), depend-
ing on the increasing hydrophobicity of the substituted amino
acid at this position in the order WT<<G33A<G33I. Finally, the
double substitution AB,, G29/33A yielded an intermediate oli-
gomerization with similar amounts of 16- to 20-mers and 4- to
6-mers (Fig. 1F). Thus, G33 plays a critical role in early aggrega-
tion of AB,, into higher oligomers, whereas G29 has no effects.
Subsequently, the oligomeric distribution was confirmed by
Western blot analysis of the respective SEC fractions (supple-
mental Fig. S1, available at www.jneurosci.org as supplemental
material), although the presence of SDS caused a partial dissoci-
ation of the aggregates into monomers. Thus, using different
techniques, we found that G33 substitutions rather promoted
than retarded the aggregation process, implying that G33 is a key
residue during the early steps of oligomerization.

T W s e W 0 20 40 60 80 100 120 140 160 180

Mass/ charge Time [min]

Amino acid exchanges at position G29 and G33 affect accessibility of A3 K28. A, MALDI-MS spectra of 3 h tryptic
digests yield the following mass peaks (in Da for WT): A3, _ ,,,4512.3; AB;_55, 3261.4; AB;;_ 45, 2576.3. Note that the mass shifts
are because of amino acid substitutions. B, Generation of A3 fragment 1-28 by limited tryptic digestion of A3, WT, A3, G29A,
and AB3,, G29/33A and (€) AB,, WT, AB,, G33A, and Aj3,, G33I. The amount of fragment 1-28 was calculated as the ratio
(A,_5/A;_4,) of ion peak areas of MALDI-MS spectra recorded at different time points. Note the different scale bars in Band C.
Compared with A3,, WT, a rapid formation of high amounts of Af3,_,g is observed when G29 is substituted but hardly any
cleavage of trypsin at position K28 when G33 is exchanged. Representative spectra and evaluation of at least three independent

Aggregation characteristics of A3, G33 variants are
determined by conformational changes

To examine whether the observed differences in aggregation be-
havior are attributable to differences in oligomer folding, we used
limited trypsin proteolysis coupled to mass spectrometry (Fig. 2).
Proteolysis leads to the production of fragments A3,_,, (data not
shown), AB,_,g, and the corresponding C-terminal products im-
plying that this region is highly flexible and easily accessible for
trypsin (Fig. 2). The representative spectra of all peptides tested
reveal that after a 3 h digest with trypsin, the fragment AB,,_,,
was generated from AB,, (Fig. 2A). At this time point, the gen-
eration of the fragment A3, ,5 was impaired for the G33 single
substitution peptides compared with the three other peptides. In
a time course analysis of the proteolysis, the ratio of peak areas of
fragment AB,_,5 to uncleaved AB,, was calculated. In case of
AB,, G29A and AB,, G29/33A, we observed a time-dependent
generation of the fragment A3, _,4 during the 3 h period of diges-
tion with an increased ratio of AB,_,s/AB,, compared with AB,,
WT (Fig. 2B). In contrast, AB,, G33A and AB,, G331 peptides
remained virtually uncleaved at position K28 (Fig. 2C). Thus,
AB,, G29A and G29/33A peptides seemingly possess a more open
conformation compared with AB,, WT. Whereas single and dou-
ble substitutions including G29 promote a conformation that is
better accessible to trypsin, the single substitutions of G33 to
alanine or isoleucine rather induce a more tightly packed confor-
mation, thereby masking K28. As a conclusion, the different ac-
cessibility of K28 to trypsin indicates that the G33 substitution
further enhances the stability of the folding nucleus around this
lysine residue within the turn region (Lazo et al., 2005; Grant et
al., 2007). Hence, G33 can be regarded as a key residue to drive
the intermolecular peptide interactions, which is necessary for
higher-order peptide assembly.

Conformational changes of Af3,, G33 variants are induced by
increased hydrophobicity

In a computational analysis of AB,, WT and substitution pep-
tides, the modeling illustrates that, in contrast to the WT peptide
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Figure 3.

tion and increases oligomerization.

(Fig. 3A), a continuous hydrophobic surface is formed by G33
substitution (Fig. 3C). This effect is even more pronounced for
the G33Isubstitution (Fig. 3D). When the peptides assemble into
B-sheets, the hydrophobic side chains of G331 and G33A are
effectively shielded from the polar milieu (Fig. 3C,D; supplemen-
tal Fig. S2, available at www.jneurosci.org as supplemental mate-
rial). Simultaneously, the hydrophobic side chains of the neigh-
boring hydrophobic residues 131 and/or M35 are also buried,
which might explain why AB,, G33A and G33I peptides are
tightly packed, masking K28 and tend to form higher oligomers
compared with AB,, WT (supplemental Fig. S2, available at www.
jneurosci.org as supplemental material). In contrast, G29 is po-
sitioned within the turn structure of AB,,, and its side chain is
entirely exposed, offering an explanation why the G29A substitu-
tion has only a weak effect on oligomerization and why it can be
cleaved more effectively by trypsin (Figs. 1, 2, 3B; supplemental
Fig. S2, available at www.jneurosci.org as supplemental mate-
rial). Interestingly, the double substitution peptide AB,, G29/
33A yields an intermediate state (Fig. 3E; supplemental Fig. S2,
available at www.jneurosci.org as supplemental material), also in
terms of oligomerization (Fig. 1F), which is attributable to the
change in the turn structure induced by G29A and the continu-
ous hydrophobic surface, which can be allocated to the G33A
substitution. This suggests a close interplay of G29 and G33 of the
central GxxxG motif that plays a crucial role in the folding of

AB42'

A toxicity is determined by G33
To examine the toxic properties of AB,, WT or the substitution
peptides, we tested the effects of a freshly dissolved mixture or

D...VG25SNKA29 AlIG33LMVG37GV VIA

D...VG25SNKG29 Alll3sLMVG37GV VIA

Single amino acid exchange at position G33 modifies conformation of AS3,, oligomers. Amino acid sequences and
computational models of AB,, WT (4), AB,, G29A (B), AB,, G33A (C), AB,, G33I (D), and A3, G29/33A (E) monomers and
tetramers. Glycine residues 25, 29, 33, and 37 of the three consecutive GxxxG motifs are numbered, and substitutions at position
G29 and G33 are in bold (sequence) and with arrows (monomer model). Negatively charged surfaces in red, positively charged in
blue (Baker etal., 2001). Increase in hydrophobicity at G33 leads to stabilization of the folding core, provokes 3-sheet conforma-
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defined SEC fractions on the cell death of
human neuroblastoma SH-SY5Y cells us-
ing MTT and MTS assays and on primary
neurons using the MultiTox assay (Figs. 4,
5). Treatment of SH-SY5Y cells with equal
aliquots of crude AB,, WT peptide [corre-
sponding to “Load” fractions of SEC (Fig.
1B)] reduced the number of living cells by
59 * 7% compared with untreated cells
(Fig. 4A). When we analyzed different de-
fined oligomeric SEC fractions, tetramers
of AB,, WT exhibited the highest toxicity.
Interestingly, toxicity negatively corre-
lated with samples containing oligomers
higher than tetramers (Fig. 4A). Because
of the relatively limited power of separa-
tion by SEC and because of broad fractions
collected, we observed toxicity in samples
that mainly contained monomers but
most likely also contaminating dimers
(supplemental Fig. S1, available at www.
jneurosci.org as supplemental material).

On primary cultures of hippocampal
neurons, fractions containing low-n Af,,
WT oligomers were found to be most toxic
(Fig. 5A). Similar to the AB,, WT peptides,
tetramers of AB,, G29A induced highest
toxic effects on SH-SY5Y cells and on pri-
mary neurons. Toxicity was stepwise de-
clining when oligomerization proceeded
(Figs. 4B, 5B). In sharp contrast, in none of
the fractions containing AB,, G33A or
AB,, G33Iasignificant level of toxicity was
detected, neither on neuroblastoma cells nor on primary neurons
(Figs.4C,D, 5C,D). Solely, AB,, G29/33A demonstrated an inter-
mediate toxicity compared with AB,, WT and AB,, G33 single
substitution peptides (Figs. 4, 5A,D,E).

In an additional approach, we used Drosophila melanogaster flies
where A toxicity is evident from a range of eye abnormalities
(Finelli etal., 2004), and the extent of cell death can be determined by
visual inspection of the eye structure (Basler and Hafen, 1988).
Therefore, to further investigate the toxicity of mutations within the
central GxxxG motif in vivo, we generated and selected strains ex-
pressing equal amounts of secreted AB,, WT, AB,, G29/33A, or
AB,, G331 in the eye (Fig. 6; supplemental Fig. S3, available at www.
jneurosci.org as supplemental material). Compared with nontrans-
genic control animals, analysis of eye sections from transgenic flies
demonstrated that AB,, G331 induces a very mild toxic effect, which
is evident from a weak distortion in eye morphology (Fig. 6A, D). In
contrast, AB,, WT or AB,, G29/33A mutants both caused severe eye
degeneration (Fig. 6 B,C). Toxicity can be estimated as a ratio of
rhabdomeres to ommatidia, which we found significantly reduced
for AB,, WT and AB,, G29/33A mutants compared with control
animals (Fig. 6 E). Conversely, AB,, G33I flies exhibited a ratio of
rhabdomeres to ommatidia that was not significantly different from
the control flies (Fig. 6 E), although the visual inspection indicates a
slight change in morphology. Additionally, whereas treatment with
the double substitution peptide AB,, G29/33A revealed an interme-
diate characteristic of toxicity on the two different cell culture sys-
tems analyzed, toxicity in the Drosophila model of the A3, G29/33A
mutant strongly resembles the situation in the AB WT expressing fly
strain. The GMR regulatory region is known to drive expression of a
linked gene from late larval stage throughout adult life. Most likely
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the observed eye phenotypes have a develop-
mental as well as a continued expression 70
component, and the toxic effect of AB,, 60 |
G29/33A would reflect an in vivo situation
that differs from the effects of synthetic pep-
tides on mature SH-SY5Y cells or primary
neurons.

AAB1-42WT
80 1

50 4
40 4
30 1
20 4

Toxicity [cell death %]

A inhibition of LTP is determined
by G33 200 16x  10x
Hippocampal LTP is a form of synaptic

plasticity thought to correlate with learn- ¢ ap1_45 g3sa
ing and memory formation on a cellular 80
level. Maintenance of hippocampal LTP is °
inhibited by synthetic and natural soluble 22
AB oligomers, principally dimers and ©
low-n oligomers (Walsh et al., 2002; Wang 30
et al., 2002; Klyubin et al., 2005; Cheon et 20
al., 2007; Klyubin et al., 2008). LTP is also 10
inhibited by AB peptides of shorter se-
quence with a biological activity being at- —_ T
tributed to the region encompassing resi-
dues 25-35 (Freir et al., 2003; Gengler et
al., 2007) containing G29 and G33 of the
AB GxxxG motif. To test whether G33 is 70 4
crucial for the abolishment of LTP by 601
AB,,, we assessed the effect of AB,, GxxxG jz g
substitution peptides on theta burst- .
induced LTP in the CAl region of rat hip- 2 4
pocampal slices. As expected, AB, WT in-

hibited LTP compared with control 01
conditions (Fig. 7A,D). In contrast, the
G331 substitution of AB,, peptides did not
inhibit LTP but was comparable with con-
trol slices, when a solution of freshly dis-
solved AB,, G33I peptides was tested
(control vs AB,, G33I) (Fig. 7B, D). Since
AB,, G331 only vyielded very minor
amounts of tetramers (Fig. 1E), we tested
SEC fractions containing Af,, G33A tet-
ramers on LTP inhibition. Unlike AB,,
WT which inhibited LTP, AB,, G331 and
tetramers formed by AB,, G33A (Fig.
7C,D) substitution peptides had no effect
on LTP. Thus, our results reveal that the
aggregation of AfB,, into tetramers does not necessarily inhibit
LTP.
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Discussion

The progressive neurodegenerative symptoms of AD are at the
earliest evident by cumulative deficits in learning and memory. In
vivo, this loss in cognitive functions correlates with a decrease in
synaptic markers and appears long before A plaque deposition
is detected (Hsia et al., 1999; Moechars et al., 1999; Mucke et al.,
2000; Spires et al., 2005). Despite the evidence that low-n A3
oligomers can interfere with normal synaptic physiology
(Podlisny et al., 1995; Shankar et al., 2008), it remains an unan-
swered question if AB oligomers contribute to the cognitive de-
cline in AD. Little is known about the factors that regulate the
generation of toxic A aggregates in the aging brain. The produc-
tion of soluble oligomeric intermediates of AB was early discov-
ered to be responsible for AB toxicity and LTP inhibition
(Yankner et al., 1989; Stern et al., 2004), whereas larger A fibrils
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Figure 4. AB,, WT but not A3,, G33 substitution peptides are toxic to neuroblastoma cells. For all measurements, equal
amounts of freshly dissolved peptides (Load) or of oligomer fractions after SEC and as determined by the BCA assays were used.
Toxicity is described as percentage of cell death compared with untreated control cells (n = 4—8 == SEM). A, AB,, WT exhibits a
maximal toxicity. Toxicity increases from monomeric to tetrameric forms and then gradually decreases for higher oligomers. B,
AB,, G29A reveals toxicity similar to the WT peptide. , D, Both A3, G33A (€) and A3, G331 (D) lack any significant toxicity. E,
Ay, 629/33A occupies an intermediate toxicity for the unseparated peptide. The toxicity of the A3,, G29/33A SEC fractions is
similar to the WT for 4-mer, 10-mer, and 20-mer and in the range of A 3,,, G331 in case of the monomer, dimer, 6-mer, and 16-mer.
A one-way ANOVA using Dunnett’s multiple comparison test comparing peptides with untreated control was performed (*p <
0.01,**p < 0.001, ***p < 0.0001).

were inert (Podlisny et al., 1995; Roher et al., 1996, 2000; McLean
et al., 1999; Walsh et al., 2002; Roychaudhuri et al., 2009). Nev-
ertheless, amyloid plaque fibrils were recently shown to represent
potentially major sources of soluble toxic A3 aggregates when
they are activated by exposure to biological lipids (Martins et al.,
2008). Amyloid fibrils once resolubilized to oligomers thus be-
came highly toxic (Martins et al., 2008).

Although it has been demonstrated that AB oligomerization is
a key step in the toxicity, we provide evidence that a single amino
acid residue (G33) of the GxxxG motifis a key residue influencing
toxicity of AB,, enabling now to better define the origin of
toxicity.

Earlier reports have shown that nonconservative substitutions
of glycines to leucines effect toxic behavior in vitro of a crude
mixture of AB,, peptides (Kim et al., 2005; Hung et al., 2008). In
this study, we have determined by conservative and nonconser-
vative substitutions of the GxxxG motif that G33 of A is the
critical residue for peptide aggregation, in vivo toxicity in neuro-
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was performed (*p << 0.001, **p << 0.0001).

nal cultures and in the Drosophila melanogaster eye and the inhi-
bition of LTP. Furthermore, we have investigated in detail the
importance of the GxxxG motif for AB aggregation and toxicity
and the interrelationship between toxicity and LTP inhibition as
well as conformational characteristics of A3 oligomers by using
limited tryptic proteolysis in combination with computational
modeling.

Early oligomerization has been regarded as the most impor-
tant prerequisite for AB peptides to gain toxicity. In the case of
AB,, G33 substitution peptides, oligomerization was neither suf-
ficient to induce toxic effects nor to inhibit LTP, and therefore,
oligomer formation and toxicity of Af are unlinked. Our results
obtained by SEC and Western blot analysis exhibited that AS,,
G33 substitution peptides immediately formed higher oligomers
compared with AB,, WT. Data achieved from limited proteolysis
emphasizes that G33 variants have a more compact folding core.
These results were supported by computational modeling, which
indicates that the effective shielding of hydrophobic side chains
from the polar milieu promotes a tight folding of the peptides and

Peptide aggregation state

Peptide aggregation state

AB4, WT but not A3, G33 substitution peptides are toxic to primary neurons. Measurements were performed with
neurons incubated with equal amounts of freshly dissolved synthetic peptides (Load) or SEC fractions. Results are expressed as
percentage of cell death. A, AB,, WT (n = 4—8 = SEM) induces a maximal toxicity. Comparable with the data generated from
neuroblastoma cells, toxicity increases from monomeric to tetrameric forms and then gradually decreases again as the peptide
aggregates furtherinto higher oligomers up to 20-mers. B, Similar to A3, WT, the same pattern could be observed for A3, G29A
(n=2-8 £ SEM). C, D, AB,, G33A (€) and A, G331 (D) (n = 4—8 = SEM) cause no significant toxicity in primary neurons.
E, Toxicity of A3, G29/33A (n = 2— 8 == SEM) is similar to A3, WT for monomers to tetramers and to A 3,,, G33 variant peptides
for higher aggregates. A one-way ANOVA using Dunnett’s multiple comparison test comparing peptides with untreated control

J. Neurosci., June 10,2009 - 29(23):7582-7590 + 7587

even more their formation into higher oli-
gomers as analyzed by SEC. Consistently,
only residual amounts of dimers and tet-
ramers generated under native conditions
and no SDS-resistant low-n oligomers
could be detected in case of G331. Since the
G29A substitution in the turn region of A3
is entirely exposed to the solvent, model-
ing data suggested that the core is destabi-
lized without affecting the aggregation be-
havior. The folding nucleus of G29A is less
compact, and the accessibility for trypsin
at the cleavage site K28 as part of the core is
increased. When combining both substi-
tutions to AB,, G29/33A, an intermediate
behavior was observed in terms of peptide
oligomerization with an intermediate dis-
tribution between low-n and high-n oli-
gomers. Thus, a specific conformation is
maintained by the GxxxG sequence in the
C-terminal half of AB, which is required
for its toxicity. This is in agreement with
toxicity studies using G33L substitutions
of AB that showed a reduced formation of
dimers and trimers by mass spectrometry
analysis (Hung et al., 2008). Biophysical
characterization of the so-called GSL (gly-
cine substitution to leucine) peptides re-
vealed an increased rate of fibril formation
and a reduced ability to bind to lipid mem-
branes (Hung et al., 2008). Also, the in
vitro toxicity of GSL substitutions peptides
was suggested to depend on their ability to
disrupt membranes (Kim et al., 2005).

In accordance with other studies where
soluble lower-n oligomers were identified
to be responsible for A toxicity (Yankner
et al., 1989; Stern et al., 2004; Shankar et
al., 2008), we depicted AB3,, WT tetramers
as the most toxic form for neuroblastoma
cells and for primary hippocampal neu-
rons. The extent of cell loss decreased with
increasing grade of oligomerization of
AB, WT or AB,, G29A peptides. In sharp
contrast, none of the peptides AB,, G33A or G33I were toxic,
neither to neuroblastoma cells nor to primary hippocampal neu-
rons. Although AB,, WT tetramers were highly toxic, the tetram-
ers of AB,, G33 variants were nontoxic and thereby provided
evidence that the aggregation of AB,, peptides is uncoupled from
toxicity. Complementary to the intermediate position in its ag-
gregation behavior, the AB,, G29/33A peptide revealed an in-
between toxicity of AB,, WT and G33 substitutions. Although
synthetic peptides did not allow to directly assess whether cell-
derived AB can have similar effects, we generated Drosophila
melanogaster models expressing secreted AB3,, WT and G33 vari-
ants in the eye. The results are in agreement with the cell-culture
data insofar as Drosophila eyes expressing Af3,, G331 are normal
compared with AB,, WT expressing flies, although the aggrega-
tion state in the eyes remains unclear.

Since diffusible oligomers of A initiate a synaptic dysfunc-
tion that is believed to be an early event in AD (Walsh et al., 2002;
Cleary et al., 2005), we performed field recordings in hippocam-
pal slices with AB G33 variants to test if these peptides inhibit
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*ok
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synaptic plasticity. Although AB,, WT en-
tirely inhibited LTP, A3,, G331 and partic-
ularly AB,, G33A tetramers showed an at-
tenuated LTP inhibition. Thus, AB,, WT
impairs synaptic plasticity, whereas G33
variants are inert. This is in full agreement
with the current knowledge on AB WT
toxicity and implies the existence of a mo-
lecular link between peptide toxicity and a
specific conformation of A oligomers.
In conclusion, G33 substitutions could
uncouple oligomerization from toxicity
and LTP inhibition. The nonpathogenic
effects of these substitutions can be mech-
anistically accounted for by fold stabiliza-
tion. We propose that by enhancing the
hydrophobicity at position G33 AB,, ag- E
gregation is alleviated, and the aggre- 80
gates—because of the tertiary structure
they adopt—mneither impair cell viability
nor inhibit synaptic plasticity. On the

A Control
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C Ap42 G29/33A

B AB42 WT D Ap42 G33l

£ 60
§ 5.0
background that hydrophobic stretches in § :Z
the C-terminal half of AB,, are sufficient  E
to promote aggregation (Kim and Hecht, g,

2006), our data underline the importance 00
of the GxxxG motif for the specific toxic
Apfold. Beyond soluble oligomers that are
intermediates in the fibrillization process,
substitutions of G29, G33, and G37 of the
GxxxG motif were described as generally
destabilizing for fibril structures (Mori-
moto et al., 2004; Williams et al., 2004;
Shivaprasad and Wetzel, 2006; Williams et
al., 2006).

Our results suggest the existence of dif-
ferent types of Af3,, strains, some causing
toxic effects and others aggregation into
oligomers without adopting toxic conformations. This hypothe-
sis is supported by the effects of AB,, G29/33A oligomers, which
might represent transition forms of a mixture of toxic and non-
toxic amyloid strains. Regarding the mechanism of toxicity
caused by AP, the cellular prion protein and the amyloid
precursor-like protein 1 (APLP1) were suggested as possible me-
diators of AB-induced synaptic dysfunction (Laurén et al., 2009).
APLP1 forms heterodimers with APP and is mainly present on
the cell surface (Kaden et al., 2009); it is, therefore, a strong can-
didate receptor for AB oligomers.

The findings of our study now open up a new avenue to ana-
lyze the binding of nontoxic and toxic oligomers to the proposed
receptors and to unravel the mechanisms of A toxicity in more
detail to combat disease causes in AD.

Control

Figure 6.
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