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ABSTRACT: Self-assembly of amyloid β-protein (Aβ) into
neurotoxic oligomers and ﬁbrillar aggregates is a key process
thought to be the proximal event leading to development of
Alzheimer’s disease (AD). Therefore, numerous attempts have
been made to develop reagents that disrupt this process and
prevent the formation of the toxic oligomers and aggregates. An
attractive strategy for developing such reagents is to use peptides
derived from Aβ based on the assumption that such peptides
would bind to full-length Aβ, interfere with binding of additional
full-length molecules, and thereby prevent formation of the toxic species. Guided by this rationale, most of the studies in the last
two decades have focused on preventing formation of the core cross-β structure of Aβ amyloid ﬁbrils using β-sheet-breaker
peptides derived from the central hydrophobic cluster of Aβ. Though this approach is eﬀective in inhibiting ﬁbril formation, it is
generally ineﬃcient in preventing Aβ oligomerization. An alternative approach is to use peptides derived from the C-terminus of
Aβ, which mediates both oligomerization and ﬁbrillogenesis. This approach has been explored by several groups, including our
own, and led to the discovery of several lead peptides with moderate to high inhibitory activity. Interestingly, the mechanisms of
these inhibitory eﬀects have been found to be diverse, and only in a small percentage of cases involved interference with β-sheet
formation. Here, we review the strategy of using C-terminal fragments of Aβ as modulators of Aβ assembly and discuss the
relevant challenges, therapeutic potential, and mechanisms of action of such fragments.
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idea that an Aβ fragment would bind to a complementary
sequence in the full-length protein and interfere with
subsequent binding of additional Aβ molecules. The ﬁrst
attempts to design peptides based on these ideas used
sequences derived from the central hydrophobic cluster
(CHC, residues 17−21) of Aβ, and to date, this is still the
most popular approach. Aβ CHC was found early on to be
crucial for formation of the core cross-β structure of Aβ
amyloid ﬁbrils.11 Peptides derived from this region generally
were designed as β-sheet breakers by incorporating either Nmethylated residues or residues that would be incompatible
with a β-strand, such as proline, both consequently preventing
binding by an oncoming molecule and increasing the metabolic
stability of the peptide (for a detailed discussion of this
approach, see ref 12).
An important gradual realization over the last two decades
has been that the amyloid ﬁbrils found in the brain of patients
with AD are not the cause of the disease, as originally posited
by the amyloid cascade hypothesis.13 Rather, evidence from

bnormal folding and self-assembly of proteins into toxic
oligomers and amyloid ﬁbrils is believed to be the
underlying cause of over 50 severe diseases and pathologic
conditions jointly called proteinopathies. Classic examples are
Alzheimer’s,5 Parkinson’s,6 and Huntington’s7 diseases. The
number of recognized proteinopathies has been increasing
gradually as additional abnormal protein deposits have been
found in multiple other diseases, such as diﬀerent variants of
amyotrophic lateral sclerosis, frontotemporal dementia,8 mental
disorders,9 and preeclampsia.10
Research on the molecular events linking protein misfolding
and aggregation to disease has been led by studies of amyloid βprotein (Aβ) in Alzheimer’s disease (AD). Substantial genetic,
biological, and biochemical evidence suggests that selfassociation of Aβ monomers into neurotoxic oligomers initiates
a pathologic cascade that leads to AD development. Therefore,
tremendous eﬀort has been dedicated to understanding the
process of Aβ self-assembly and development of strategies to
interfere with this process.
One of the earliest approaches to interrupting formation of
toxic Aβ assemblies has been using homologous peptides
derived from diﬀerent regions of the Aβ sequence itself. This
strategy is based on self-recognition by these peptides and the
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well. Second, we used microwave-assisted peptide synthesis to
improve peptide yields.2,27 The microwave energy can disrupt
aggregation through dipole rotation of the polar peptide
backbone28 and potentially improve coupling eﬃciency. Third,
we extended durations of coupling and deprotection cycles
beyond the manufacturer-recommended times: from 30 and 10
min to 60 and 30 min, respectively. The extended coupling and
deprotection durations improved coupling eﬃciency as
reported previously.29
Isolation of CTFs from crude cleavage mixtures was relatively
straightforward for Aβ(39−42) through Aβ(35−42) and
Aβ(28−42) but was diﬃcult for Aβ(34−42) through Aβ(29−
42). For short CTFs and Aβ(28−42), after cleavage from the
resin using a triﬂuoroacetic acid (TFA)-based cocktail,26 the
peptide was precipitated out of the solution by adding cold
diethyl ether. Then the crude peptide was puriﬁed using highperformance liquid chromatography (HPLC) on a C4 column.
In contrast, this puriﬁcation protocol failed for Aβ(34−42)
through Aβ(29−42) because upon dilution of the concentrated
cleavage mixture in ice-cold diethyl ether, these peptides
remained soluble and thus did not precipitate. Attempts to load
the crude cleavage mixture directly onto the HPLC column or
diluting the TFA solution in mixtures of H2O/acetonitrile/
hexaﬂuoroisopropanol or tetraﬂuoroethanol did not yield
satisfactory results. Either yields were low or side products
were found following HPLC puriﬁcation, and only negligible
amounts of the desired products were obtained. To overcome
these problems, we modiﬁed the puriﬁcation protocol and
found that long CTFs could be isolated by water precipitation
out of the TFA solution yielding high purity and alleviating the
necessity of subsequent HPLC puriﬁcation.26 By this method,
the long CTFs were obtained at ∼20% total yields. In later
experiments, we found that by slowly pipetting droplets of
concentrated Aβ(31−42) derivatives’ cleavage solution (total
∼1−2 mL) into cold diethyl ether and then further cooling the
mixture in a −20 °C freezer overnight, we could precipitate out
the peptides from diethyl ether well. Then the crude peptides
could be successfully puriﬁed using HPLC using a C4
column.26

studies in cell culture, animal models, and patients with AD
have all supported the view that water-soluble Aβ oligomers are
the actual culprits.14,15 Because the oligomers are metastable
species that exist in dynamically changing mixtures, studying
their structures in detail and conceiving of ways to interfere
with their formation have been substantial challenges.16
Nonetheless, this shift in the understanding of the underlying
mechanisms by which Aβ aﬀects synapses and neurons in AD
suggested that β-sheet-breaker peptides might not be eﬀective
enough if they disrupt only the β-sheet structure of Aβ ﬁbrils
and not those of Aβ oligomers.
An alternative approach suggested that peptides derived from
Aβ C-terminus might be able to interfere with Aβ
oligomerization because several lines of evidence suggested
that the stretch of mainly hydrophobic amino acids in the Cterminus, particularly in the long form of Aβ, Aβ42, likely
formed the core of the oligomers.17−21 This stretch comprises
14 C-terminal nonpolar residues, Aβ(29−42) (Figure 1).

Figure 1. Amino acid sequence of Aβ42. Color code: Brown =
nonpolar, purple = polar, blue = negatively charged, and magenta =
positively charged. The CHC and C-terminal regions are underlined.

Based on this evidence, we and others have hypothesized that
peptides derived from the C-terminus of Aβ42 (C-terminal
fragments, CTFs), when mixed with full-length Aβ42, might
partition into the oligomer core and disrupt it. We discuss
below the challenges, ﬁndings, and advantages of this strategy
and its potential for yielding eﬀective drug candidates for AD.

■

CHALLENGES IN SYNTHESIZING Aβ C-TERMINAL
FRAGMENTS
Synthesis and puriﬁcation of peptides containing mainly
hydrophobic amino acids are challenging because such peptides
tend to aggregate and have low solubility in typical solvents,
such as N,N-dimethylformamide or N-methylpyrrolidone, used
for solid-phase peptide synthesis.22−25 Because Aβ CTFs are
predominantly made of hydrophobic amino acids, synthesizing
fragments above a certain length (7−8 amino acids) becomes
diﬃcult. In addition, the tendency of CTFs to self-assemble
into β-sheet-rich amyloid ﬁbrils increases their aggregation
propensity, making their synthesis and puriﬁcation even more
diﬃcult.24,25
To study the CTFs as inhibitors of Aβ42 aggregation and
Aβ42-induced neurotoxicity, our group synthesized a series of
Aβ42 CTFs [Aβ(x−42), x = 28−39] using 9-ﬂuorenylmethoxycarbonyl chemistry. We applied several strategies to synthesizing these diﬃcult sequences.26 First, it was important to use
resins of relatively low loading capacity to minimize on-resin
peptide aggregation. Though in initial experiments we
synthesized CTFs successfully using 200−400-mesh 0.7
mmol/g Wang resin from Bachem and 200−400-mesh 0.4−
0.6 mmol/g Wang resin from Novabiochem, later we found
resins of low loading capacities, such as 100−200-mesh Wang
resin from Novabiochem with <0.5 mmol/g substitution level,
to be advantageous. We used these to successfully synthesize
short CTFs, Aβ(39−42) through Aβ(33−42). The longer
CTFs were synthesized using a 100−200-mesh TGA resin with
0.2−0.3 mmol/g substitution level from Novabiochem. For
synthesis of CTFs with C-terminal amide groups, 100−200mesh, 0.4−0.8 mmol/g peptide−amide linker resin worked

■

PHYSICAL AND CHEMICAL CHARACTERISTICS OF
C-TERMINAL FRAGMENTS
Evaluation of the eﬃcacy of the CTF series described above as
inhibitors of Aβ42-induced toxicity showed that all of them
except the longest fragment, Aβ(28−42), inhibited Aβ42induced toxicity signiﬁcantly (Table 1).30 Aβ(28−42) not only
did not inhibit Aβ42 toxicity but actually displayed high toxicity
itself. Of all the CTFs, Aβ(28−42) is the only peptide that
carries a net positive charge, suggesting that its charge might
have contributed to its observed toxicity, possibly by facilitating
its binding to negatively charged phospholipid membrane
bilayers.
Aβ(28−42) structure has been studied in aqueous environments as a fusion protein to three diﬀerent C-terminally
truncated forms of ribonuclease HII (Tk-RNase HII) from
Thermococcus kodakarensis, a thermophilic archaea.31 Unlike
Aβ42, Tk-RNase HII is relatively stable and its C-terminus has
limited interaction with other regions of the protein.31 Circular
dichroism (CD) spectroscopy and thermal denaturation
experiments showed that the guest Aβ(28−42) did not aﬀect
the overall structure of the host protein. However, crystal
structures of the Tk-RNase HII(1−197)−Aβ(28−42) fusion
showed that Aβ(28−42) formed β-sheets.31 This result is in
B
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Solubility studies (see ref 3 for details of sample preparation)
showed that CTFs up to 10 amino acids long were soluble
between ∼100 and ∼200 μM. Longer peptides were soluble
between ∼10 and ∼80 μM, except for the longest CTF,
Aβ(28−42), which had the lowest solubility, ∼ 1 μM, despite
having an extra charge. The two Aβ40 CTFs, Aβ(34−40) and
Aβ(30−40), had higher solubility than any of the Aβ42 CTFs.
This observation accorded with the hypothesis that the two Cterminal residues, Ile41 and Ala42, stabilize aggregation-prone
conformations in Aβ42.17,20
The same samples used for the solubility studies were
characterized further for time-dependent particle growth,
conformational change, and morphology using dynamic light
scattering (DLS), CD spectroscopy, and electron microscopy
(EM), respectively. Particle growth was observed for Aβ(x−42)
with x = 29, 30, 31, and 33, and for Aβ(30−40), but not for
other CTFs, which apparently did not aggregate. The change in
hydrodynamic radius (RH) of these CTFs over 96 h is shown in
Figure 2A, and the average particle growth rates (dRH2/dt) are
given in Figure 2B. The general trend among the four Aβ42
CTFs was faster aggregation with longer sequence, but the
correlation between length and aggregation kinetics was not
linear. Aβ(29−42) and Aβ(30−42) aggregated substantially
faster than Aβ(31−42) and Aβ(33−42) even though they were
measured at substantially lower concentrations. Aβ(30−40)
aggregated more slowly than the four Aβ42 CTFs despite
similar length, demonstrating the strong contribution of the
Ile41−Ala42 dipeptide to promoting aggregation. In fact,
Aβ(30−40) and Aβ(32−42) share the same amino acid
composition and 82% sequence identity (Figure 3), yet as
demonstrated in the experiments described below, their
biophysical, biochemical, and inhibitory characteristics were
distinct.

Table 1. Inhibition of Aβ42-Induced Toxicity by CTFs and
Control Peptides
peptide

sequence

Aβ(39−42)
Aβ(38−42)
Aβ(37−42)
Aβ(36−42)
Aβ(35−42)
Aβ(34−42)
Aβ(33−42)
Aβ(32−42)
Aβ(31−42)
Aβ(30−42)
Aβ(29−42)
Aβ(28−42)
Aβ(34−40)
Aβ(30−40)

VVIA
GVVIA
GGVVIA
VGGVVIA
MVGGVVIA
LMVGGVVIA
GLMVGGVVIA
IGLMVGGVVIA
IIGLMVGGVVIA
AIIGLMVGGVVIA
GAIIGLMVGGVVIA
KGAIIGLMVGGVVIA
LMVGGVV
AIIGLMVGGVV

cell viabilitya (%)
89
83
73
80
82
76
81
79
105
97
72

±
±
±
±
±
±
±
±
±
±
±

5***
3***
2***
3***
4***
3***
3***
2***
5***
4***
3**

66 ± 2
98 ± 7***

Cell viability (mean ± SEM) was calculated from at least three
independent experiments with 6 replicates per data point (n ≥ 18).
Statistical signiﬁcance was calculated compared with Aβ42 alone using
t-test. ***p < 0.001. **p < 0.01.
a

agreement with our studies using nonfused Aβ(28−42) and
Aβ(29−42).3 Aβ(28−42) fusion also caused aggregation of the
host protein determined by the ThT assay,31 demonstrating its
high amyloidogenic propensity. However, because several
shorter CTFs also formed β-sheet-rich amyloid ﬁbrils, this
property likely was not directly responsible for the high toxicity
of Aβ(28−42).
Among all the other CTFs, Aβ(31−42) was the strongest
inhibitor, followed by Aβ(30−42) and, surprisingly, Aβ(39−
42). Thus, toxicity inhibition did not correlate with peptide
length and had a complex relationship with peptide sequence.
To decipher this relationship, we asked how each sequence
might relate to the biophysical properties of each peptide and
what structural/biophysical features contributed to inhibition of
Aβ42-induced toxicity. To answer these questions, we studied
the biophysical properties of Aβ42 CTFs. We also compared
them with two Aβ40 CTFs, which provided further insight into
the structure−activity relationship.3

Figure 3. Sequence alignment of Aβ(30−40) and Aβ(32−42).

In parallel to the DLS measurements, CD spectra of each
peptide were recorded over 96 h. The initial spectra of all

Figure 2. Particle growth rate. (A) Time course of average RH was calculated from whole particle size distributions in solutions of Aβ(29−42),
Aβ(30−42), Aβ(31−42), Aβ(33−42), or Aβ(30−40) at indicated concentrations. Each data point represents mean ± SEM calculated from the
average RH of eight consecutive DLS measurements during 45−60 min. Aggregation of Aβ(29−42) and Aβ(30−42) was followed until the upper
limit of detection was reached. (B) Average aggregation rates of Aβ(29−42), Aβ(30−42), Aβ(31−42), Aβ(33−42), and Aβ(30−40). The data
represent mean ± SEM of three independent experiments. Reproduced from ref 3. Copyright 2010 American Chemical Society.
C
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Figure 4. Time-dependent conformational changes during CTF aggregation. (A) Representative CD spectra of 62 μM Aβ(31−42) recorded in 24-h
time intervals. (B) Representative time course of β-sheet formation shown for Aβ(29−42), Aβ(30−42), Aβ(31−42), Aβ(33−42), Aβ(34−42), and
Aβ(30−40) at the indicated concentrations. Reproduced from ref 3. Copyright 2010 American Chemical Society.

whereas the longer ones may prefer the parallel arrangement,
but experimental evidence is unavailable.
Aβ(32−37) was synthesized by Pratim Bose et al. with Nmethylation at various positions.1,34 They hypothesized that Nmethylated peptides could inhibit Aβ self-assembly because
these peptides tend to adopt an extended β-strand
conformation and disrupt the self-assembly process. The
Aβ(32−37) analogues contained zero, two, three, or ﬁve Nmethylation sites (Figure 5). Examination of the peptides by
CD spectroscopy at 100 μM did not show any spectral changes
for 5 h, suggesting that the peptides did not aggregate during
this time1 similarly to the shorter peptides in the CTF series
described above. The dimethylated and pentamethylated
peptides were soluble in aqueous buﬀers at concentrations

peptides showed a high proportion of unordered structure. The
spectra of Aβ(32−42), Aβ(35−42) through Aβ(39−42), and
Aβ(34−40) did not change during the experiment. The other
peptides showed a time-dependent spectral change indicating
transformation from unordered conformation to a β-sheet-rich
structure. Figure 4A shows characteristic CD spectra of ∼60
μM Aβ(31−42) as an example. An isodichroic point was
observed at 212 nm, suggesting a one-step transition from
unstructured to β-sheet-rich conformation. As shown in Figure
4B, the longer peptides showed faster β-sheet conversion.
Aβ(29−42) and Aβ(30−42) converted to β-sheet structures
within several hours, whereas Aβ(34−42) and Aβ(30−40)
showed a small increase in β-sheet content during the time of
experiment. Aβ(33−42) did not show conformational conversion at ∼50 μM, but at ∼130 μM, it converted to β-sheet at
a rate similar to that of Aβ(31−42) at ∼60 μM. Consistent with
the DLS results, Aβ(32−42) behaved as an outlier. At ∼55 μM,
Aβ(32−42) showed no conformational changes up to 96 h.
To determine the morphologies of peptide aggregates,
aliquots of each peptide solution were examined by EM
directly after dissolution and following incubation for 7 days.
Electron micrographs of Aβ(35−42) through Aβ(39−42) and
Aβ(34−40) showed nonﬁbrillar aggregates. Aβ(34−42) and
longer Aβ42 CTFs, except Aβ(32−42), were found to form
ﬁbrils that displayed substantial morphological variability.3
Through physical and chemical characterization of CTFs in
DLS, CD, and EM experiments, we found that most Aβ42
CTFs longer than eight residues readily formed β-sheet-rich
ﬁbrils, whereas the shorter CTFs did not. The two Aβ40 CTFs
were substantially less prone to aggregation than their Aβ42
CTF counterparts. Aβ(32−42) behaved anomalously for
reasons that are yet unclear. In particular, the lack of observed
aggregation and conformational change were surprising in view
of the fact that Aβ(33−42) did aggregate. Based on length only,
Aβ(32−42) would have been expected to aggregate at an
intermediate rate between Aβ(33−42) and Aβ(31−42), yet no
aggregation was observed.
The structure of Aβ(34−42) ﬁbrils was studied by Lansbury
et al., who measured the intramolecular 13C−13C distances and
13
C chemical shifts using solid-state 13C NMR and individual
amide absorption frequencies by isotope-edited infrared
spectroscopy. An antiparallel β-sheet structure was observed.32
This arrangement was found also for other short sequences
derived from Aβ, whereas full-length Aβ40 and Aβ42 formed
parallel β-sheets.33 Based on these data, it is likely that the
shorter CTFs used in our studies form antiparallel β-sheets

Figure 5. Structures of the N-Methylated Peptides 1−4. Reproduced
from ref 1. Copyright 2009 American Chemical Society.
D
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Figure 6. Inhibition of Aβ42 hexamer formation. Aβ42 was cross-linked in the absence or presence of increasing concentrations of each CTF and
analyzed by SDS−PAGE and silver staining. Aβ(21−30) was used as a negative control. The amount of Aβ42 hexamer was determined
densitometrically and normalized to the protein content in the entire lane. IC50 values are the CTF concentrations required for 50% inhibition of
Aβ42 hexamer formation. Reproduced from ref 4. Copyright 2010 American Chemical Society.

trations >100 μM, as well as Aβ40 CTFs, did not inhibit Aβ42
hexamer formation. In contrast, Aβ(35−42) and longer CTFs
decreased Aβ42 hexamer abundance dose-dependently (Figure
6). The inhibitory activity increased with peptide length from
Aβ(35−42) through Aβ(33−42), whereas additional elongation to Aβ(32−42) and Aβ(31−42) had little eﬀect on activity.
Remarkably, further elongation to Aβ(30−42) and Aβ(29−42)
increased the inhibitory activity by ∼2 orders of magnitude,
yielding nanomolar IC50 values.4
To complement the PICUP experiments, DLS was used to
study Aβ42 particle growth in the absence or presence of CTFs.
Of the 12 Aβ42 CTFs, six were selected for DLS characterization of their interactions with full-length Aβ42. In the
absence of CTFs immediately after preparation, Aβ42
comprised predominantly two populations of particles: particles
with a hydrodynamic radius RH1 = 8−12 nm, which remained
largely unchanged during the measurements, and particles with
an RH2 = 20−60 nm, which were observed in some
measurements and tended to ﬂuctuate substantially (Figure 7,
bottom panel). We named these oligomer populations P1 and
P2, respectively. Substantial diﬀerences in the P2 growth rate,
dRH2/dt, were observed in the presence of diﬀerent CTFs
(Figure 7). The strongest toxicity inhibitor, Aβ(31−42),
decreased dRH2/dt substantially by 60% ± 13% relative to
that of Aβ42 alone. Aβ(39−42) had a weaker eﬀect on dRH2/dt,
decreasing the rate by 35% ± 28%. Other CTFs had little or no
eﬀect.4 Interestingly, on day 1, smaller RH values were observed
in the presence of Aβ(39−42) (RH1 = 6 ± 3 nm, and RH2 = 30
± 10 nm) relative to those with other CTFs. Similarly, in the
presence of Aβ(30−40), P1 particles had an RH1 of 6 ± 3 nm on
day 1, though P2 particles were larger than in the presence of
other CTFs. Because both peptides were among the strongest
inhibitors of Aβ42-induced toxicity, these data suggested a
correlation between inhibition of toxicity and the smaller size of
oligomers corresponding to P1 particles. Taken together, the
biochemical and biophysical studies of CTFs interactions with
Aβ showed that CTFs longer than eight residues interrupted
Aβ42 oligomerization, and the order of activity of the CTFs in
inhibiting hexamer formation roughly followed CTF length,
that is, longer CTFs were more eﬃcacious in inhibiting
hexamer formation. DLS measurements showed that CTFs

exceeding 2.5 mM,34 a typical characteristic of N-methylated
amyloidogenic peptides.
Recently, Jain and co-workers have used Aβ(32−37)-NH2 as
a starting point for structure−activity relationship (SAR)
studies in which each of the six residues was replaced by
various native or non-native amino acids.35 Unlike the studies
by Pratim Bose et al., these analogues had a free N-terminus
and no N-methylated peptide bonds. Though the solubility of
the peptides was not discussed explicitly, the fact that they were
dissolved ﬁrst in DMSO and then diluted into PBS suggests
that they had relatively low solubility in aqueous solutions.
Sequences derived from the region Aβ(31−34) or Aβ(31−
35), including propionyl-IIGL-NH2 (Pr-IIGLa) and RIIGLNH2 (RIIGLa) were studied by the Penke group.36−39 Aβ(31−
35)-NH2 and RIIGLa did not aggregate after 6 days. In contrast,
Pr-IIGLa strongly tended to aggregate and formed 2−3 μm
long and 10−40 nm wide ﬁbrils observed by EM.36
In conclusion, studies of unmodiﬁed CTFs from diﬀerent
groups have found that CTFs, especially long CTFs, tended to
aggregate into β-sheet-rich ﬁbrils. However, comparison among
these diﬀerent peptides showed that their aggregation
propensity itself did not correlate with their ability to inhibit
aggregation of full-length Aβ42.

■

BIOCHEMICAL AND BIOPHYSICAL
CHARACTERISTICS OF C-TERMINAL FRAGMENT
INTERACTIONS WITH FULL-LENGTH Aβ
Our group used photoinduced cross-linking of unmodiﬁed
proteins (PICUP)40,41 and DLS to study Aβ42 assembly in the
absence or presence of CTFs. Previously, by PICUP,42 the
oligomer size distribution of Aβ42 was found to contain
abundant pentamers and hexamers, which were termed
“paranuclei”.17 The abundance of paranuclei, particularly the
hexamers, was found to be a sensitive probe for testing
inhibition of Aβ42 oligomerization.41 Aβ42 was ﬁltered through
a 10 000 Da molecular-weight cutoﬀ ﬁlter43 to yield a ∼30 μM
solution containing only monomers and small oligomers, then
mixed with increasing concentrations of each CTF, and
subjected to PICUP. The cross-linked mixtures were analyzed
by SDS−PAGE and band intensity was quantiﬁed densitometrically. Aβ(36−42) and shorter Aβ42 CTFs at concenE
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Figure 7. CTF eﬀects on Aβ42 particle size distribution. Representative distribution of Aβ42 in the absence or presence of CTFs immediately after
preparation (left), on the next day (center), and after 4−7 days (right). White bars represent data from P1 particles. Gray bars represent data for P2
or larger particles (in the case of Aβ42 alone). The numbers in the upper left corner correspond to the total scattering intensity measured in each
sample. Reproduced from ref 4. Copyright 2010 American Chemical Society.

prevented β-sheet formation in Aβ40 during the duration of
the experiments and delayed β-sheet formation in Aβ42 by 2 h.
Congo-red (CR)-binding assay also was used to assess the
eﬀect of peptides 1−4 on formation of Aβ ﬁbrils. In agreement
with the CD results, peptide 4 reduced formation of CRpositive amyloid ﬁbrils of Aβ40 or Aβ42, whereas peptides 1−3
were less eﬀective.
The Aβ(32−37)-NH2 analogue series examined by Jain et al.
contained 42 peptides that were screened initially for their
ability to inhibit Aβ40-induced toxicity in the 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
reduction assay in nondiﬀerentiated rat pheochromocytoma
PC-12 cells. Aβ(32−37)-NH2 itself had the strongest inhibitory
activity, followed by peptides containing the substitutions Ile32
→ Val and Gly37 → Nle. Curiously, although the peptides were
tested at Aβ40/fragment concentration ratios 1:1, 1:5, and
1:10, no dose−response relationship was apparent.35
Subsequent examination of the eﬀect of Aβ(32−37)-NH2 on
Aβ ﬁbrillogenesis showed that the fragment attenuated ThT
ﬂuorescence increase in both Aβ40 and Aβ42, delayed the

could stabilize two oligomer populations, P1 and P2. Strong
toxicity inhibitors had a tendency to reduce the size of P1 and
attenuate the growth rate of P2.4
Pratim Bose et al. assessed the eﬀects of the N-methylated
derivatives of Aβ(32−37) on Aβ40 and Aβ42 aggregation,
initially using CD spectroscopy.1 Aβ40 or Aβ42 (20 μM) was
mixed with 100 μM of each of the four peptides in 10 mM
sodium phosphate, and CD spectroscopy was used to monitor
β-sheet formation. Peptide CD spectra were subtracted from
the corresponding spectra of inhibitor-treated Aβ preparations.
In these experiments, unordered structures changed to β-sheet
structures (loss of minimum at ∼200 nm and appearance of a
broad minimum at ∼217 nm) after 2 h for Aβ42 and after 4 h
for Aβ40. The four peptides aﬀected the initial β-sheet
formation in both Aβ40 and Aβ42 but were more eﬀective
against Aβ40 than against Aβ42. The nonmethylated peptide 1
and the dimehtylated or trimethylated peptides 2 or 3 delayed
β-sheet formation in Aβ40 or Aβ42 by 2−3 and 1 h,
respectively. The pentamethylated peptide 4 completely
F
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toxicity, but the eﬀect was mild and not statistically
signiﬁcant.38
In the initial screen by our group, four peptides showed the
highest inhibitory potential: Aβ(30−42), Aβ(31−42), Aβ(39−
42), and Aβ(30−40).3,30 Because Aβ(30−42) and Aβ(31−42)
are highly similar, we decided to characterize further only the
stronger inhibitor of the two, Aβ(31−42). Thus, we focused on
Aβ(31−42), Aβ(39−42), and Aβ(30−40). Aβ(31−42) was
found to be the strongest inhibitor of Aβ42-induced neurotoxicity in diﬀerentiated PC-12 cells with IC50 values of 14 ± 2
and 20 ± 4 μM in MTT reduction and lactate dehydrogenase
(LDH) release assays, respectively.30 In the same assays, the
IC50 values for Aβ(39−42) were 16 ± 5 and 47 ± 14 μM,30 and
for Aβ(30−40) 34 ± 12 μM and 29 ± 4 μM, respectively.4
Because AD is thought to initiate as a disease of synapses
before overt neuron loss occurs,48 we assessed further the eﬀect
of these CTFs on Aβ42-induced synaptic toxicity. A decrease in
the frequency of spontaneous miniature excitatory postsynaptic
currents (mEPSC) reﬂects a decline in the number of
functional excitatory synapses or a reduction in presynaptic
release probability. We used Aβ-induced attenuation of mEPSC
frequency in primary mouse hippocampal neurons to determine
whether Aβ(31−42), Aβ(39−42), and Aβ(30−40) rescued
Aβ42-mediated synaptotoxicity. Signiﬁcant inhibition of Aβ42induced toxicity was observed already at a 1:1 Aβ42/Aβ(31−
42) concentration ratio, and at 10-fold excess, Aβ(31−42)
rescued mEPSC deﬁcits back to baseline,30 demonstrating that
this CTF not only protected neurons against Aβ42-induced
cytotoxicity but also protected synaptic function from toxic
insults by Aβ42. Aβ(30−40) showed a similar eﬀect,4 whereas
the protective activity of Aβ(39−42) was lower yet still
statistically signiﬁcant (P < 0.05) at 10-fold excess relative to
Aβ42.30
Electrophysiological experiments, using coronal slices of rat
primary motor cortex, demonstrated that RIIGLa prevented the
attenuation of the ﬁeld excitatory postsynaptic potential by
Aβ42. In contrast, RVVIA-NH2 did not aﬀect Aβ42-induced
synaptotoxicity. In in vivo experiments using extracellular singleunit recordings combined with iontophoresis in wild-type male
Wistar rats, RIIGLa protected neurons from the NMDA’s
response-enhancing eﬀect of Aβ42 in the hippocampal CA1
region, whereas RVVIA-NH2 was ineﬀective.38 This latter result
contrasted with data from our groups showing a protective
eﬀect for VVIA-NH2 (see below), suggesting that the addition
of arginine at position 35 abolished the protective eﬀect of this
peptide.
Investigation of the speciﬁcity of Aβ(39−42) and the
mechanism(s) by which it exerts its protective activity
suggested that the eﬀect of this tetrapeptide was speciﬁc for
Aβ because Aβ(39−42) did not inhibit the toxicity induced by
other toxins, such as staurosporine, a nonselective proteinkinase inhibitor that induces apoptosis in multiple cell types,
alamethicin, a fungal peptide antibiotic that potentially induces
voltage-dependent ion-channel formation in phospholipid
membranes, or α-synuclein, an amyloidogenic protein
associated with Parkinson’s disease and other synucleinopathies.27 However, the eﬀect of Aβ(39−42) was not speciﬁc to
Aβ42 because the tetrapeptide also inhibited Aβ40-induced
toxicity with similar eﬃcacy.49 These data suggested that
although Aβ(39−42) inhibits Aβ toxicity via directly and
speciﬁcally interacting with the full-length peptide, the
interaction likely is not with the C-terminus, which diﬀers
between Aβ40 and Aβ42.

typical conformational transition measured by CD spectroscopy, and prevented ﬁbril formation in TEM and scanning
transmission electron microscopy measurements.35
In a study by the Penke group, Pr-IIGLa and RIIGLa were
tested for inhibition of Aβ aggregation using CR binding and
EM. Both analogues attenuated Aβ42 ﬁbril formation at a 5fold molar excess. RIIGLa was a stronger inhibitor than PrIIGLa.36 The studies described above suggested that most of the
CTFs examined, modiﬁed or unmodiﬁed, interfered with fulllength Aβ assembly as predicted. However, the mechanism of
the interference appeared to be more complex than originally
expected and diﬀerent CTFs appeared to act at diﬀerent stages
of the assembly process, as discussed below.

■

CHARACTERIZATION OF THE INHIBITORY EFFECT
OF C-TERMINAL FRAGMENTS ON Aβ-INDUCED
TOXICITY AND THEIR MECHANISM OF ACTION
The eﬃcacy of our Aβ42 CTFs as inhibitors of Aβ42-induced
neurotoxicity30 was evaluated initially using the MTT assay44,45
in diﬀerentiated PC-12 cells46,47 using 5 μM Aβ42 and 10-fold
excess of each peptide. Aβ42 alone caused a robust (∼40%)
reduction in cell viability. All CTFs except Aβ(28−42)
inhibited Aβ42-induced toxicity signiﬁcantly. Of the 12 CTFs
tested, Aβ(30−42), Aβ(31−42), and Aβ(39−42) were the
strongest inhibitors30 (Table 1). In addition, of the Aβ40 CTFs,
Aβ(30−40) inhibited Aβ42-induced toxicity strongly, similar to
Aβ(39−42) and Aβ(31−42), whereas Aβ(34−40) was
inactive.3
Using their N-methylated peptides, Pratim Bose et al. found
that the increasing extent of methylation increased the
eﬃciency of the peptides against Aβ-mediated toxicity in the
MTT assay in nondiﬀerentiated PC-12 cells.1 In work using
PC-12 cells and other neuronal cell lines, it is important to note
whether the cells are diﬀerentiated into a neuronal phenotype
because not all laboratories take care to do that. In
nondiﬀerentiated cells, measurements of toxicity and its
inhibition are still valid, but they are not relevant to neurons.
If the goal is to test inhibition of neurotoxicity, as opposed to
general cytotoxicity, the cells should be diﬀerentiated into a
neuronal phenotype.
The Aβ(32−37) analogues were not toxic themselves and
the trimethylated and pentamethylated peptides were the most
eﬃcient inhibitors of Aβ42-induced toxicity in the study by
Pratim Bose et al.1 Treatment with the pentamethylated
peptide 4 at 5-fold excess to Aβ42 did not diﬀer from the
untreated condition. The pentamethylated peptide also was
found to increase longevity and improve locomotion in a
Drosophila melanogaster model expressing Aβ42 in the central
nervous system. This eﬀect likely was mediated by the action of
the peptide on Aβ42 because no eﬀect on lifespan was observed
in wild-type ﬂies treated with this peptide.1 As mentioned
above, all of the 41 Aβ(32−37) analogues tested by Bansal et al.
in the MTT assay in nondiﬀerentiated PC-12 cells were weaker
inhibitors of Aβ40-induced toxicity than the parent peptide,35
suggesting that sequence alterations reduce the ability of the
fragment to bind Aβ42, as opposed to the N-methylation used
by Pratim Bose et al.
Pr-IIGLa and RIIGLa were evaluated using the MTT assay in
diﬀerentiated SH-SY5Y human neuroblastoma cells. RIIGLa
inhibited the cytotoxic eﬀect of Aβ42 signiﬁcantly. In contrast,
Pr-IIGLa was found to be toxic and consequently did not exert
a protective eﬀect.36 An Aβ(38−42) analogue tested by the
same group, RVVIA-NH2, tended toward protecting against
G
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Figure 8.4 In the absence of CTFs (Figure 8, top path), Aβ
monomers rapidly self-assemble into small oligomers (P1

We examined potential correlations among the diﬀerent data
sets, including inhibition of hexamer formation, abundance of
Aβ42 P2 particles, toxicity inhibition, solubility, β-sheet
formation, and CTF particle growth. The analysis showed
that inhibition of Aβ42 hexamer formation correlated relatively
highly with CTF solubility, β-sheet formation, and particle size
increase, but not with inhibition of Aβ42-induced toxicity.
Inhibition of Aβ42-induced toxicity also did not correlate with
CTF biophysical properties but correlated with decreased
abundance of P2 particles after the ﬁrst day of measurement,
suggesting that P2 oligomers are the main form of Aβ42 causing
neurotoxicity.
To gain a deeper insight into the way the CTFs interact with
Aβ42, Aβ42 oligomer formation was modeled in the absence or
presence of Aβ(31−42), Aβ(39−42), or Aβ(30−40) using
discrete molecular dynamics (DMD), and interactions that
correlated with inhibition of Aβ42 toxicity were delineated.50
CTFs coassembled with Aβ42 into large hetero-oligomers
containing multiple Aβ42 and CTF molecules. All three CTFs
decreased Aβ42’s β-strand-formation propensity concentrationdependently, suggesting that a lower β-sheet content correlated
with decreased toxicity. CTFs had a high binding propensity to
the hydrophobic regions of Aβ42. Interestingly, only CTFs, but
not Aβ(21−30), which was used as a control, were found to
bind the Aβ42 region Aβ(2−4). Consequently, only CTFs
reduced the solvent accessibility of Aβ42 in the region Aβ(1−
5). Because the control fragment did not inhibit Aβ42 toxicity,
these ﬁndings suggested that the region Aβ(1−5), which also
was more solvent exposed in Aβ42 than in Aβ40 oligomers, is
involved in mediating Aβ42-induced neurotoxicity.50
Subsequent experiments examining potential binding of
Aβ(39−42) to diﬀerent regions in Aβ42 used tyrosinesubstituted Aβ42 at diﬀerent single sites and measured the
intrinsic ﬂuorescence variation surrounding the tyrosine residue
upon addition of Aβ(39−42). These experiments showed that
the inhibitor favored interaction at Aβ42 N-terminus,27
consistent with the DMD simulation data.50
Ion mobility−mass spectrometry (IM−MS) experiments
showed that Aβ(39−42) prevented the formation of Aβ42
decamers and dodecamers and removed these structures from
solution.49 Interestingly, in contrast, Aβ(39−42) did not
change the oligomer size distribution of Aβ40,49 suggesting
some speciﬁcity for Aβ42. Surprisingly, though Aβ(39−42)
shifted the oligomer size distribution of Aβ42, it did not
interrupt ﬁbril formation by Aβ40 or Aβ42, as evidenced by
ThT ﬂuorescence measurements and morphological examination by EM.49 These results suggest that decamers and
dodecamers of Aβ42 correlate most closely with toxicity,
whereas smaller oligomers and ﬁbrils presumably are weakly
toxic or nontoxic. The decamers and dodecamers observed in
the IM−MS are substantially smaller51 than the P2 particles
observed by DLS.4 Thus, although direct comparison between
these two types of oligomers is diﬃcult due to the very diﬀerent
experimental conditions, the observation that both types of
oligomers correlated with toxicity suggests that the decamers
and dodecamers may be precursors of the 20−60 nm P2
particles.
Most lines of evidence suggest that CTFs do not prevent
Aβ42 monomers from binding to each other but rather
coassemble with Aβ42 into nontoxic hetero-oligomers.
Inhibition of Aβ42 toxicity by CTFs correlates with
accumulation of P1 hetero-oligomers, suggesting attenuation
of P1-to-P2 conversion. This putative mechanism is shown in

Figure 8. Schematic representation of a putative mechanism by which
CTFs aﬀect Aβ42 assembly. Monomer (M) assembly into P1 particles
is a faster process in the absence (top path) than in the presence
(bottom path) of CTFs. CTFs may accelerate the conversion of P1
into P2 oligomers, but eﬀective inhibitors of Aβ42-induced toxicity
induce smaller acceleration than ineﬀective ones, shifting the
population toward P1. All CTFs slow the maturation of P2 assemblies
into ﬁbrils (F). Reproduced from ref 4. Copyright 2010 American
Chemical Society.

particles). Association of these oligomers into larger assemblies
(P2 particles) is relatively slow, whereas the conversion of P2
assemblies into ﬁbrils or their disassembly back into P1
oligomers is fast. As a result, little accumulation of P2 particles
is observed. In the presence of CTFs (Figure 8, bottom path),
Aβ42 and the CTFs coassemble into hetero-oligomers, the size
of which cannot be distinguished from that of the oligomers
formed in the absence of CTFs by low-resolution methods,
such as DLS or EM. The CTFs stabilize both P1 and P2
oligomers and delay the conversion of P2 assemblies into ﬁbrils.
However, CTFs vary in their eﬀects on the conversion of the
small P1 oligomers into the larger P2 oligomers. Eﬀective
inhibitors slow this process and give rise predominantly to P1
oligomers, whereas less eﬀective inhibitors may allow for a
relatively fast P1-to-P2 conversion. Thus, the reverse correlation
between P2 abundance and toxicity inhibition suggests that a
predominant mechanism by which CTFs inhibit Aβ42 toxicity
is stabilization of P1 hetero-oligomers. Other distinctions
between eﬀective and ineﬀective inhibitors are in the ﬁne
details of the hetero-oligomers themselves as exempliﬁed by the
Aβ(39−42) variants discussed below.

■

STRUCTURE−ACTIVITY RELATIONSHIP STUDIES
OF C-TERMINAL FRAGMENT DERIVATIVES
Peptides possess several favorable properties as drug candidates,
such as higher potency, higher selectivity, and better safety than
nonpeptidic small-molecule drugs, but their short half-lives and
low bioavailability challenge their transformation into drugs.52
During the past decade, attention has been focused increasingly
on the potential therapeutic use of peptides, and more peptidebased drugs were approved relative to previous decades.52 To
be used as a drug, most peptides need to be structurally
modiﬁed, for example, by N-methylation, as was done by the
Arvidsson group,1,34 to improve their eﬃcacy, stability, and
bioavailability. As initial steps toward improving “druggability”,
our group used diﬀerent strategies to modify Aβ(31−42) and
H
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Figure 9. Schematic diagram of our group’s two-step N-methylation strategy for Aβ(31−42) SAR studies. Reproduced from ref 2. Copyright 2012
Wiley-VCH Verlag GmbH & Co. KGaA.

Table 2. Aβ(31−42) Derivatives and Their Inhibitory Activity against Aβ42-Induced Toxicity

a

code

sequence

Aβ(31−42)
[N-Me-A1]Aβ(31−42)
[N-Me-A2]Aβ(31−42)
[N-Me-A3]Aβ(31−42)
[N-Me-A4]Aβ(31−42)
[N-Me-A5]Aβ(31−42)
[N-Me-A6]Aβ(31−42)
[N-Me-A7]Aβ(31−42)
[N-Me-A8]Aβ(31−42)
[N-Me-A9]Aβ(31−42)
[N-Me-A10]Aβ(31−42)
[N-Me-A11]Aβ(31−42)
[N-Me-A12]Aβ(31−42)
[N-Me-I1]Aβ(31−42)
[N-Me-G3]Aβ(31−42)
[N-Me-G8]Aβ(31−42)
[N-Me-V9]Aβ(31−42)
[N-Me-I11]Aβ(31−42)

IIGLMVGGVVIA
(N-Me)A-IGLMVGGVVIA
I-(N-Me)A-GLMVGGVVIA
II-(N-Me)A-LMVGGVVIA
IIG-(N-Me)A-MVGGVVIA
IIGL-(N-Me)A-VGGVVIA
IIGLM-(N-Me)A-GGVVIA
IIGLMV-(N-Me)A-GVVIA
IIGLMVG-(N-Me)A-VVIA
IIGLMVGG-(N-Me)A-VIA
IIGLMVGGV-(N-Me)A-IA
IIGLMVGGVV-(N-Me)A-A
IIGLMVGGVVI-(N-Me)A
(N-Me)I-IGLMVGGVVIA
II-(N-Me)G-LMVGGVVIA
IIGLMVG-(N-Me)G-VVIA
IIGLMVGG-(N-Me)V-VIA
IIGLMVGGVV-(N-Me)I-A

solubility (μM)

IC50(MTT) (μM)

IC50(LDH) (μM)

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

18 ± 1

43 ± 2

18 ± 1

34 ± 3

12 ± 1
6±1

14 ± 1
7±1

10 ± 1

37 ± 3

±
±
±
±

a
71 ± 20
67 ± 8
49 ± 3

25
8
101
102
127
105
87
88
41
115
121
86
28
7
118
18
136
132

4
1
18
16
37
20
18
14
12
21
28
22
13
1
11
2
18
34

26
28
6
13

1
1
1
1

No inhibition.

The N-methylated peptides of Pratim Bose et al. showed
improved bioavailability relative to the nonmethylated parent
peptide.34 The authors tested solubility, lipophilicity, stability to
enzymatic degradation, and permeability to assess the potential
of the N-methylated peptides as drug candidates. By ultraperformance liquid chromatography with both UV and MS
detection, estimated log D was calculated, and the lipophilicity
of peptides 1−4 was found to increase, expectedly, with
increasing extent of methylation.34 Peptides with N-methylation at least at every other peptide bond were resistant to
degradation by Pronase for up to 24 h of testing.34 In contrast,
permeability of peptides across an epithelial cell monolayer
decreased with increasing extent of N-methylation.34 Peptide 4,
for example, had the lowest permeability in the series.
Nonetheless, apparently, the permeability of this peptide was
suﬃcient for a protective eﬀect in a Drosophila model.1 The
success of N-methylated peptides in increasing bioavailability
and inhibitory activity against Aβ42-induced toxicity highlights
their potential as drug leads for AD.
Because Aβ(39−42) had substantially higher aqueous
solubility than Aβ(31−42), improvement of solubility was not
a high priority and a diﬀerent strategy was used for SAR studies.
A series of Aβ(39−42) derivatives, including alanine substitution of the ﬁrst three residues (AVIA, VAIA, VVAA), an
inverso-peptide (vvia, lower-case letters represent D-conﬁguration), N-terminally and C-terminally protected analogues
(Ac-VVIA, VVIA-NH2), a retropeptide (AIVV), and Nterminally and C-terminally protected versions of the retropeptide (Ac-AIVV, AIVV-NH2)27 (Table 3) were synthesized.
Screening the inhibitory activity showed that the side chains of

Aβ(39−42) systematically, to determine key structural
characteristics important for their inhibitory activity. In both
cases, we found that the inhibitory activities of these peptides
were controlled by speciﬁc structural characteristics and could
be improved.
Aβ(31−42) is a hydrophobic peptide with relatively low
aqueous solubility, which makes assessing its inhibitory and
assembly characteristics diﬃcult. To tackle these challenges in a
systematic way, we used a two-step N-methylation strategy.2
First, each residue was substituted by N-Me-alanine (N-Me-A)
and the inhibitory activity of each derivative was tested. In the
next step, in positions where substitution produced a signiﬁcant
eﬀect on the inhibitory activity, we restored the original side
chain (Figure 9). This strategy allowed exploration of the roles
of both N-Me substitution and side-chain structure in
mediating inhibitory activity. We found that introducing an
N-Me amino acid eﬀectively increased the aqueous solubility
and the inhibitory activity of Aβ(31−42) (Table 2). In
particular, N-methylation at position 9 or 11 increased the
inhibitory activity in the MTT assay by 3-fold or 2-fold,
respectively, relative to the parent peptide. Comparing our
singly N-methylated Aβ(31−42) derivatives to the multiply Nmethylated Aβ(32−37) peptides,1,34 our systematic strategy
allowed determination of the key positions and structures
controlling the inhibitory activity of Aβ(31−42). Due to
diﬀerent conditions in toxicity inhibition experiments, that is,
the use of nondiﬀerentiated PC-12 versus diﬀerentiated PC-12
cells and 1:5 versus 1:10 Aβ42/CTF concentration ratios, used
in experiments by Pratim Bose et al. versus our experiments,
respectively, direct comparison of the two studies is diﬃcult.
I
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have explored C-terminal Aβ fragments as inhibitors of Aβ
oligomerization and neurotoxicity. Many of the CTFs showed
potent activity. However, the relationship between inhibition of
oligomerization and inhibition of neurotoxicity is complex, and
a good oligomerization inhibitor is not necessarily a good
toxicity inhibitor. As discussed earlier, CTFs likely coassemble
with Aβ42 and form hetero-oligomers that are not toxic. Other
inhibitors, including various peptides and small molecules, have
been reported to use similar mechanisms for inhibition of Aβ
toxicity, that is, binding to and co-oligomerizing with Aβ42 to
form nontoxic structures.12,54−56 Due to the complexity of the
relationship between assembly and toxicity inhibition, using
assembly inhibition as a strategy for drug design should be
considered with caution. Though peptide-based Aβ aggregation
inhibitors have been studied for about 20 years now, several key
unsolved questions can hinder the drug discovery processes:
(1) Why are Aβ oligomers toxic? (2) How could the oligomers’
toxicity be blocked? (3) What are the best procedures to test
inhibitors of Aβ oligomer toxicity that can be translated from
the test tube to the patients? (4) If a peptide inhibitor can selfaggregate, which form(s) of it is active and how can inhibitor
homogeneity be controlled? (5) Would a strategy based on
hetero-oligomerization of CTFs with Aβ42 potentially work in
vivo if it does not prevent ﬁbril formation, and will the
formation of nontoxic hetero-oligomers allow for clearance of
Aβ before it forms ﬁbrils? Most of these questions are relevant
to both peptide drugs and small-molecule drugs using similar
inhibitory mechanisms. Understanding the fundamental questions and building appropriate evaluation systems is necessary
for eﬃcient discovery of active compounds. Potent and weak
inhibitors can serve as tools for understanding such
fundamental questions. With the advantage of many potent
compounds and structural varieties thereof, ﬁnding peptidebased drugs as Aβ assembly and toxicity inhibitors holds
promise for therapy development and enhanced mechanistic
understanding of the underlying pathology of AD.

Table 3. Aβ(39−42) Derivatives and Their Inhibitory
Activity against Aβ42-Induced Toxicity
sequence
VVIA
AVIA
VAIA
VVAA
vviaa
Ac-VVIA
VVIA-NH2
AIVV
Ac-AIVV
AIVV-NH2
a

IC50(MTT) (μM)
21
53
15
b
b
b
28
14
b
20

±6
± 10
±3

±7
±1
±4

IC50(LDH) (μM)
16
22
14
b
b
b
30
22
b
16

±3
±5
±2

±5
±3
±3

Lower-case letters represent D-conﬁguration. bInactive.

Val39 and Val40 were relatively insensitive to structural
changes, whereas the Ile41 side chain was important for
inhibiting toxicity. However, the observation that inhibitory
activity was maintained in the retro-sequence, AIVV, suggested
that the bulky hydrophobic side chain in position 41, such as Ile
or Val, might be suﬃcient for the inhibitory activity. Loss of
activity in the inverso-peptide (vvia) indicated that the chirality
of Aβ(39−42) was required for inhibitory activity. The Nterminally acetylated analogues, Ac-VVIA and Ac-AIVV,
showed no inhibitory activity, whereas the C-terminally
amidated analogues, VVIA-NH2 and AIVV-NH2, were as active
as Aβ(39−42), suggesting that electrostatic interactions
between the positively charged N-terminus of the CTF and
the negatively charged full-length peptide (total charge = −3)
contributed substantially to the binding of Aβ(39−42) and its
derivatives to Aβ42 and to the inhibitory activity of CTFs. The
fact that the C-terminus could be amidated suggested that this
could be a viable strategy for protecting Aβ(39−42) from
carboxypeptidases.
Interactions of the N- and C-terminally modiﬁed forms of
Aβ(39−42) with Aβ42 recently were investigated using IM−
MS.53 The active inhibitor, VVIA-NH2, bound directly to Aβ42
monomer and small oligomers, whereas the inactive derivative,
Ac-VVIA, bound only to Aβ42 monomers. VVIA-NH2 inhibited
Aβ dodecamer formation and disaggregated preformed Aβ42
dodecamers, as was observed previously for Aβ(39−42).49 In
contrast, Ac-VVIA appeared to induce transformation of Aβ42
dodecamers into larger aggregates.53 Molecular dynamics
simulations suggested that the binding of Ac-VVIA to the
Aβ42 C-terminus was slightly reduced compared with Aβ(39−
42), whereas the binding of VVIA-NH2 to the Aβ42 C-terminus
was increased substantially relative to Aβ(39−42), suggesting
that binding to the C-terminus is important for inhibition of
Aβ42-induced toxicity by these CTFs. Neither Aβ(39−42),49
Ac-VVIA nor VVIA-NH253 inhibited Aβ42 ﬁbril formation,
strongly supporting the hypothesis that oligomers rather than
ﬁbrils are responsible for Aβ toxicity.
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