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Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder. Pathology visible “post mortem” includes neurode-
generation and extracellular deposition of amyloids, both in
neuritic plaques and diffuse deposits.[1] The major proteina-
ceous component of AD amyloids is the amyloid-b protein
(Ab), a protein consisting of 39–42 amino acids derived from
the Alzheimer precursor protein (APP).[2] Inhibition of the for-
mation of b-amyloid fibrils, formed by self assembly from this
amyloid b-peptide is an attractive target for the treatment of
Alzheimer’s disease.[3] In the last few years, various small mole-
cules such as rifampicin, Congo red, curcumin, and apomor-
phin have been shown to inhibit Ab aggregation both in vitro
and in cell assays.[4] Besides these molecules, which are rather
unspecific and whose mode of action is completely unclear,
only very few examples of designed b-sheet breakers are
known so far.[5] These are mainly oligopeptides, representing
fragments of Ab itself. For example, Kiessling used Tjern-
bergs’[5g] oligopeptide KLVFF, which is based on one of the self-
assembling recognition sequences of the amyloid peptide (res-
idues 16–20) and added positively charged lysines to enhance
the solubility of the aggregates.[5e,j] Soto’s pentapeptide
amides were also based on the KLVFF recognition sequence of
Ab.[5h,i] Het�nyi showed that the cationic pentapeptide amide
RVVIA, which is based on the C-terminal sequence VVIA of Ab

(1–42), also interferes with fibril formation.[5c,d,f] All these oligo-
peptides require millimolar concentrations and an up to 20-
fold excess relative to Ab (1–42) to reduce the amount of fibrils
by 40 % at best. Unfortunately, very little is known about their
mechanism of action, their exact binding specifities or the mo-
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lecular basis of their interaction with Ab, which is a major ob-
stacle in the design of more-specific and efficient amyloid in-
hibitors for potential future therapeutic use. It is not even clear
whether the exact binding sites of these oligopeptides are
indeed the complementary recognition sequences of Ab (1–42)
for which they were initially designed.

We have recently introduced a new class of artificial recep-
tors 1 capable of binding the anionic model tetrapeptide VVIA,

representing the free C terminus of the amyloid b-protein Ab

(1–42).[6] These receptors consist of a guanidiniocarbonyl pyr-
role cation, a highly efficient binding motif for carboxylates
even in aqueous solvents,[7] and a variable tripeptide unit.

By using a combinatorial receptor library and a UV binding
assay, efficient receptors for the binding of VVIA under various
conditions were identified. The best receptors showed binding
constants up to K = 5 � 103

m
�1 for this model peptide.[6] As the

hydrophobic C terminus of Ab (1–42) is critical for fibril forma-
tion, we thought that our selective receptors for this VVIA
sequence could influence the capability of fibril formation of
Ab (1–42). Herein, we therefore wish to report that receptors
of type 1 indeed inhibit fibril formation of Ab (1–42) in vitro by
selectively binding to its C terminus, as could be shown by
studying their effect on the fibrillogenesis of Ab (1–42) in com-
parison to Ab (1–40).

Six different tripeptide based guanidiniocarbonyl pyrrole re-
ceptors 2–7 (Scheme 1) were synthesized on Rink amide resin
by using standard Fmoc protocol (see Supporting Information).

We tested their ability to inhibit fibril formation in vitro with
both Ab (1–42) and Ab (1–40) by two standard assays[8] using
Thioflavin T[9] and Congo red,[10] as described by LeVine and
Klunk. Thioflavin T interacts with aggregated Ab and shows a

bathochromic shift in the fluorescence spectrum. Upon interac-
tion with the fibrils, a characteristic new fluorescence maxi-
mum at 482 nm occurs, as opposed to the emission at 445 nm
of the free dye. This emission change occurs within seconds
and is directly dependent on the fibril concentration. There-
fore, the kinetics of fibril formation can be followed by simply
measuring the time dependence of the increase in fluores-
cence of Thioflavin T.

Thereafter, the amount of fibrils was quantified by using the
change of the UV absorption of Congo red upon binding to
these fibrils. When Congo red binds to fibrillar Ab, a change in
color from orange-red to rose is induced, which corresponds
to a shift of the absorption maximum of the dye from 480 to
541 nm. This shift depends on the aggregation state of the
peptide. By comparing the absorption properties of both
Congo red and the amyloid fibrils on the one hand and their
mixture on the other at two different wavelengths, an absolute
quantification of the amount of fibrils formed is possible ac-
cording to the method derived by Klunk.[10]

The six receptors 2–7 were chosen based on our previous
binding studies with the model tetrapeptide VVIA.[6] The triva-
line receptor 2 was identified as the best binding receptor
among a combinatorial library of 512 members from a screen-
ing in methanol.[5a] The tri(ethylene glycol) (TEG) unit in 3 was
attached to increase solubility. Receptor 4 was identified as the
best binding sequence from a screening in water.[6b] Receptors
5 and 6 were not members of our initial library but were
chosen as structural analogues of 4 as they also contain two
positively charged lysines. In receptor 7, one of these two ly-
sines was exchanged for a negatively charged glutamate, thus
keeping the receptor highly polar but reducing it net charge
relative to 4–6.

Indeed, at 1 mm, the receptors 5 and 6 showed an inhibitory
effect in the Thioflavin T assay for Ab (1–42) with a slightly pro-
longed lag period of approximately four hours. Fluorescence
values reached a maximum after 1 day and remained at a pla-
teau thereafter. Both receptors also significantly reduced the
total fluorescence values. A typical set of data is shown in
Figure 1 for receptor 5. Receptors 2, 4, and 7 did not show
any effect in the Thioflavin T assay.

At the end of the assay, after six days, the amounts of Ab

(1–42) fibrils were quantified by Congo red binding. The data
are summarized in Table 1 and in Figure 2. In agreement with

Scheme 1. Tripeptide based guanidiniocarbonyl pyrrole receptors tested for the
inhibition of fibril formation of Ab (1–42) and Ab (1–40).

Figure 1. Thioflavin T assay of 5 for Ab (1–42).
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the Thioflavin T assay, receptors 2 and 4 did not have any
effect on the amount of fibrils formed. Receptors 5 and 6,
which both retarded fibril formation in the Thioflavin T assay,
also significantly reduced the amount of fibrils according to
the Congo red binding. For example, in the presence of either
1 mm 5 or 6, the amount of Congo red-stained fibrils was re-
duced by ��80 %! Even in the presence of only 100 mm re-
ceptors (corresponding to only a threefold excess relative to
Ab), a significant reduction in the amount of fibrils was still ob-
served (e.g. �40 % for 6). Receptor 7, although it did not show
any effect in the Thioflavin T assay, seems to reduce the
amount of fibrils formed according to the Congo red binding
assay. This apparently inconsistent behavior of 7 in the two
assays shows that 7 probably does not interfere with fibril for-
mation but interacts with Congo red thereby interfering with
this assay (vide infra). Klunk already mentioned the possibility
that a test compound could compete with Congo red for bind-
ing to Ab. This would give the false appearance of inhibition
of aggregation.

Surprisingly, the effect of the tri(ethylene glycol)-substituted
receptor 3 on fibril formation completely differed from all the
other receptors. According to the Thioflavin T assay 3 accelerat-

ed the fibril formation of Ab (1–42)
and increased the amount of amy-
loid plaques produced as deter-
mined by the Congo red assay
(+ 170 %).

These data show that artificial re-
ceptors such as 5 and 6 are indeed
capable of interfering with fibril for-
mation of Ab (1–42) in vitro. To fur-
ther probe the molecular basis of
this effect, we also examined the
ability of receptors 2–7 to inhibit
fibril formation of Ab (1–40), which
lacks the C-terminal VVIA sequence,
for which our receptors were de-
signed. As the tendency of Ab (1–
40) to self-aggregate is less pro-
nounced,[11] the critical concentra-

tion needed to form fibrils is higher than for Ab (1–42), thus re-
quiring a larger concentration of 100 mm peptide in the assay
(compared to 33 mm for Ab (1–42)). Therefore, the two receptor
concentrations used correspond to a 1:1 and a 10:1 molar
ratio for Ab (1–40), instead of 3:1 and 30:1 for Ab (1–42), but
are still in the same molar range for both peptides.

Neither receptor 2 nor receptors 4–6 showed any significant
effect on fibril formation of Ab (1–40) either in the Thioflavin T
or in the Congo red assay at either concentration tested. For
receptor 7, in a similar way to the situation with Ab (1–42),
again no effect was seen in the Thioflavin T assay, whereas the
Congo red binding assay showed exactly the same effect of 7
on Ab (1–40) as it did on Ab (1–42). As before, the tri(ethylene
glycol)-substituted receptor 3 accelerated the formation of fi-
brils also for Ab (1–40) in the Thioflavin T assay and increased
the total amount of fibrils by 340 % at 0.1 mm concentration,
as determined by the Congo red assay.

A comparison of the data for Ab (1–42) and Ab (1–40) sug-
gests that the C terminus of Ab (1–42) is indeed critical for the
inhibition of fibril formation at least for receptors 5 and 6.
These two receptors do not have any effect on the formation
of fibrils from Ab (1–40) not even at a tenfold molar excess,
but significantly inhibit fibrillogenesis of Ab (1–42) both in the
Thioflavin T and Congo red assay, even at a molar ratio as low
as 3:1 relative to Ab (1–42). A reasonable explanation is that
both receptors 5 and 6 preferentially interact with the C-termi-
nal VVIA sequence of Ab (1–42), as expected from the model
studies. Therefore, no effect is expected for Ab (1–40), which
lacks this sequence. Due to the polar character of the recep-
tors, the solubility of the resulting supramolecular aggregates
upon binding to the C terminus of Ab (1–42) is probably in-
creased sufficiently to inhibit fibril formation significantly.

That neither receptor 2 nor 4, which both strongly interact

with the C-terminal model tetrapeptide VVIA in solution,[6]

affect fibril formation is surprising at first glance. However, this
only underlines the fact that binding to the amyloid peptide is
necessary but not sufficient to inhibit fibrillogenesis. The inhib-
ition of fibril formation requires, at least, both binding to the
peptide on the one hand and solubilizing properties on the

Figure 2. Results of the Congo red (CR) assay for receptors 2–7 (1 mm) with Ab (1–42).

Table 1. Results of the Congo red assay for receptors 2–7 with Ab (1–42)
and Ab (1–40).

Receptor Change in amount of fibrils
Ab (1–42) Ab (1–40)

2 1 mm no effect no effect
100 mm no effect no effect

3 1 mm + 170 % + 340 %
100 mm no effect + 50 %

4 1 mm no effect no effect
100 mm no effect no effect

5 1 mm �80 % no effect
100 mm �95 % no effect

6 1 mm �80 % no effect
100 mm �40 % no effect

7 1 mm �95 % �95 %
100 mm �35 % �39 %
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other. It is reasonable to assume that both receptors 2 and 4
interact with Ab (1–42)—probably even selectively with its C
terminus—but they are evidently not capable of increasing the
solubility of the fibrils. In the case of 2, this is not surprising, in
view of its highly hydrophobic character. Why even 4, despite
the two charged lysines, is ineffective while the structurally re-
lated 5 and 6 are effective is not yet clear. But this points to
the fact, that charge by itself does not guarantuee solubiliza-
tion of the formed fibrils. Kiessling even observed that, for her
hybrid peptides, fibril formation was enhanced with increasing
number of lysines: the more polar the hybrid peptide was, the
more fibrils were formed.[5e]

This effect is similar to the unexpected behavior of receptor
3, which favors fibril formation in both assays. As the compari-
son with the ineffective receptor 2, which has the same struc-
ture but lacks the tri(ethylene glycol) chain, indicates this must
be obviously due to the tri(ethylene glycol) chain itself. Some-
how this tri(ethylene glycol) unit both accelerates fibril forma-
tion (Thioflavin T) and also increases the amount of fibrils
formed (Congo red) for both Ab (1–42) and Ab (1–40). This is
in good agreement with earlier observations by Suhr who re-
ported that poly(ethylene glycol) can actually induce amyloid
formation in mice.[12] Therefore, much more has to be learned
on a molecular basis to determine those factors that are crucial
for the inhibition of fibril formation.

Receptor 7 shows the same inconsistent features in both
assays with either Ab (1–42) or Ab (1–40): no effect is seen in
the Thioflavin T assay, while 7 causes the same effect even
quantitatively upon Congo red binding to both kinds of amy-
loid aggregate. This suggests that 7 either binds to another
part of the amyloid peptide than the C terminus or somehow
interferes with the binding of Congo red to the amyloid fibrils.
If 7 bound to another part of Ab than the C terminus, then
again the same effect on fibril formation for Ab (1–42) and Ab

(1–40) should be observed in the Thioflavin T assay. As this is
not the case, rather, 7 shows no effect at all in the Thioflavin T
assay, it is more likely that 7 interferes with the binding of
Congo red to the fibrils. Hence, the results of the Congo red
assay for 7 most likely do not indicate an inhibition of fibril for-
mation, but represent a false positive. This underlines the use
of a second independent assay as a control. Only if consistent
behavior in both assays is observed (as is the case for all the
other receptors studied here) can one be sure that the ob-
served effects are probably due to inhibition of fibril formation
and do not result from problems with the assay itself.[8]

In conclusion, we have demonstrated for the first time that
specifically designed artificial receptors are capable of inhibit-
ing amyloid fibril formation of Ab (1–42) in vitro by interaction
with its C-terminal VVIA sequence. Our results also show that
polarity by itself is not enough to turn an efficient receptor
into a potent b-sheet breaker. Much more has to be learned
about which additional factors turn a good binder into an effi-
cient inhibitor. But such work not only improves our under-
standing of peptide molecular interactions in general, but also
opens an economic and easy way of identifying biologically
active organic receptors by evaluating bioorganic model sys-
tems.
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