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Abstract

Pr-IIGL,, a derivative of the tetrapeptide f-amyloid 31-34 (AB31_34), exerts controversial effects: it is toxic in a neuroblastoma
culture, but it protects glial cells from the cytotoxic action of AP, 4. For an understanding of this phenomenon, a new pentapep-
tide, RIIGL, was synthetized, and both compounds were studied by different physicochemical and biological methods. Transmis-
sion electron microscopic (TEM) studies revealed that Pr-IIGL, forms fibrillar aggregates, whereas RIIGL, does not form fibrils.
Congo red binding studies furnished the same results. Aggregated Pr-IIGL, acts as a cytotoxic agent in neuroblastoma cultures,
but RIIGL, does not display inherent toxicity. RIIGL, co-incubated with A;_4, inhibits the formation of mature amyloid fibres
(TEM studies) and reduces the cytotoxic effect of fibrillar AB;_4,. These results indicate that RIIGL, is an effective inhibitor of both
the aggregation and the toxic effects of AP; 4, and can serve as a lead compound for the design of novel neuroprotective

peptidomimetics.
© 2004 Elsevier Inc. All rights reserved.

Keywords: B-Amyloid 31-34; Amyloid aggregation; Aggregation inhibitor; Toxic aggregates; Transmission electron microscopy; Alzheimer’s disease

One of the main pathological hallmarks of Alzhei-
mer’s disease (AD) is the presence of amyloid plaques
in the affected brain. These specific assemblies contain
amphipathic molecules consisting of 39-43 residues,
the amyloid-B peptides (AB-s), derived from the amyloid
precursor protein (APP). The AB-s have a high tendency
to aggregate by forming oligomers, protofibrils, and
fibrils.

A number of mechanisms have been put forward to
explain the cytotoxicity induced by AP aggregates.
Extracellular aggregates may activate a series of false

* Abbreviations: AP, p-amyloid; BSB, B-sheet breaker; CR, congo
red; DMS, dimethyl sulphide; FBS, fetal bovine serum; MEM,
Dulbecco’s modified Eagle’s medium; MTT, 3-(4,5-dimethyl-2-thia-
zolyl)-2,5-diphenyl-2H-tetrazolium bromide; RA, all-trans-retinoic
acid; TEM, transmission electron microscopy.
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signal transduction pathways that can lead to apoptosis.
Many receptors involved in this process have already
been identified, e.g., the scavenger receptors (expressed
in microglia and macrophages [1,2]), the receptor for ad-
vanced glycation end-products [3,4], an-macroglobular
protein [5,6], apolipoprotein E [7], the endoplasmic
reticulum amyloid binding protein [8], and the o7 sub-
unit containing nicotinic acetylcholine receptors [9,10].
Another proposal is that the aggregates affect the mem-
brane structure by opening ion-channels causing depo-
larization, which leads to the dysregulation of signal
transduction [11,12]. Additionally, the fibrillar aggre-
gates can induce oxidative stress by generating free rad-
icals, resulting in mitochondrial dysfunction [13,14].
Controversy has recently arisen as to whether the
fibrillar aggregate is the only toxic form involved in
ApB-mediated cytotoxicity. Diffusible AP oligomers [15-
18] (also known as ADDLs) or protofibrils [19] likewise
exhibit noteworthy biological effects. The ‘aggregation
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inhibitors’ [20-23] (or B-sheet breakers) should be able
to arrest and reverse the folding of the AB peptide into
a fibrillar B-sheet structure, hindering formation of the
neurotoxic aggregational states of AP.

In this study, we report on the synthesis and investi-
gation of a novel aggregation inhibitor with a structure
analogous to that of Afs; 35, which plays important
roles in AP aggregation [24,25] and cytotoxicity
[26,27]. We have already reported that Pr-IIGL,, a close
analogue of AB3;_34, Was able to antagonize the AB_y4,-
mediated toxicity effectively both in vitro in glial cells
[28] and in vivo [29]. However, in some in vitro experi-
ments in our laboratory, Pr-IIGL, proved to be neuro-
toxic (unpublished observations). For an understanding
of the controversial effects of Pr-IIGL,, we have further
examined its aggregation and biological effectiveness,
with the aim of designing an effective inhibitor of AR
neurotoxicity without any self-toxicity. Our strategy to
design compounds to inhibit AB;_4, aggregation was
based on the tetrapeptide IIGL (which interacts with
Ap-s) linked to a further solubilizing amino acid resi-
due. We chose the cationic arginine (R) for this purpose
and thus, as an analogue of the As;_34 sequence, the
pentapeptide RIIGL, was synthetized and studied by
means of different physicochemical methods and in in
vitro bioassays.

Materials and methods

Peptide synthesis. All peptides were synthetized manually in the
solid phase. Details of the AB; 4, synthesis procedure have been re-
ported elsewhere. Briefly, the peptide was manually synthetized on pre-
loaded Fmoc-Ala-Tentagel SRAM resin (Rapp Polymere GmbH) with
the use of Fmoc chemistry and DCC/HOBt coupling. The crude
peptide was cleaved off the resin with a mixture of TFA/water and
purified on a Delta-PAK C4 semipreparative column (300 x 47 mm,
15 um 300 A).

ABs_35a, AP3i_3sa» LPFFD, RIIGL,, and Pr-IIGL, were synthe-
tized manually on MBHA resin with the use of standard Boc chemistry
and DCC/HOBLt coupling. The peptides were cleaved off with HF in
the presence of 8% dimethyl sulphide (DMS) and 2% anisole. Crude
products were purified on a Knauer semipreparative HPLC system
equipped with a Phenomenex Jupiter C18 (250 x 21 mm, 10 um 300 10%)
semipreparative column. Fractions were checked on a Hewlett—Pack-
ard analytical HPLC apparatus, using a Phenomenex Jupiter C18
(250 x 4 mm, 5 um 300 A) analytical column. Mass spectra were taken
on a FinniganMat TSQ 7000 mass spectrometer in ES-MS positive ion
mode.

Viability assay. An improved and convenient MTT test was earlier
developed in our laboratory [30]. Differentiated SHSY-5Y neuroblas-
toma cells (purchased from Sigma-Aldrich, Hungary) were plated on a
96-well plate and cultured in a humidified 5% CO, atmosphere in
Dulbecco’s modified Eagle’s medium (MEM): F-12 (1:1) with phenol
red, to which L-glutamine, penicillin, streptomycin, MEM, non-es-
sential amino acids, 10% fetal bovine serum (FBS), 0.5% DMSO, and
10 uM all-trans-retinoic acid (RA) as differentiating agent were added.
After 8 days, the supernatant was removed with a pipette and a new
medium (with 2% FBS), free from phenol red, DMSO, and RA, was
added to each cell. The cells were then treated with peptide solutions
containing either pre-aggregated, fibrillar AB; 4, alone (¢ = 10 pM) or

a mixture of AB;_4> (¢ = 10 pM) and one of the short peptides: LPFFD
(used as a reference standard), RIIGL, or Pr-IIGL, (¢ = 50 uM). After
incubation for 24 h at 37 °C, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2 H-tetrazolium bromide (MTT) solution was added to the wells and
the incubation was continued for a further 3 h. The formazan crystals
formed were dissolved in a DMSO/EtOH 4:1 (v/v) mixture. Absor-
bance was measured with a 96-well plate ELISA reader at 550 nm, with
a reference filter set to 620 nm. All MTT assays were triplicated and
each measurement involved seven parallels.

Congo red binding assay. For the congo red (CR) binding studies, a
modification of the method of Klunk et al. [31] was applied. The
peptide solutions used for this assay were the same as for the MTT,
with the single exception that the peptides were dissolved in PBS at pH
7.4 instead of in the cell culture medium. Samples were incubated for
one day at 37°C. The CR contents of the aggregated peptide-CR
suspensions were measured photometrically at 550 nm (bound CR)
with an ELISA plate reader. All measurements were repeated 7 times.

TEM experiments. For the studies of ABs 35, AP31_35., RIIGL,,
and Pr-IIGL, aggregation, the peptides were dissolved in dd water
with constant pipetting for 2 min (concentration: 1 mg/ml for ABss 3s,,
APB3;_354, and RIIGL,, and 0.5 mg/ml for Pr-IIGL,) and sonicated for
10 min. Samples were incubated from 1 to 6 days at 37 °C. For the
aggregation inhibition experiments, AB;_4, was dissolved in dd water
by the same methodology, either alone (¢ = 100 uM) or together with
RIIGL; (capi-42 =100 pM, cruGra =500 uM). The samples were
incubated from 1 to 6 days at 37 °C.

Following the method of Walsh et al. [32], 10 uL peptide samples
were applied to 400 mesh carbon-coated copper grids (Electron
Microscopy Sciences, Washington, PA), fixed with 0.5% (v/v) glutar-
aldehyde solution, washed three times with 10 pL droplets of dd water,
and stained with 2% (w/v) uranyl acetate. Specimens were studied by
using a Philips CM 10 transmission electron microscope at 100 kV,
routinely at magnifications of 25,000x and 46,000x.

Results
Self-aggregation of A fragments and derivatives

The abilities of some short AP fragments and new
fragment analogues to form well-ordered aggregates un-
der our experimental conditions were examined by TEM
using negative staining visualization. Fig. 1 presents
TEM images of AB25—35a (A), AB317353. (B), RIIGLd
(C), and Pr-IIGL, (D). Fig. 1A reveals that AP,s5_3s.
forms a huge number of short, rod-like aggregates with
an average diameter of 6 nm and a length in the interval
20-120 nm. These dimensions are typical for protofi-
brils, and we could find mature fibrils in the sample only
after a prolonged incubation time (several weeks,
unpublished data). AB;;_35, and RIIGL, in a relatively
high concentration do not aggregate even after 6 days,
as there are no signs of aggregates in pictures 1B and
C. Unexpectedly, Pr-IIGL, exhibited a very strong pro-
pensity to aggregation, as demonstrated in pictures
ID1d and 1D6d. After incubation for 1 day (1Dl1d),
the peptide forms wide flakes at most 200 nm long, with
a diameter of 20-30 nm. After 6 days (1D6d), mature,
well-ordered strands 2-3 pm long and 10-40 nm wide
are formed, and the short aggregates disappear com-
pletely from the sample.
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Fig. 1. TEM images of the fibril formation of ABys 35, (A), AP31_35a
(B), RIIGL, (C), and Pr-IIGL, (D1d and D6d). The peptides were
dissolved in dd water (c = 1 mg/mL) and incubated at 37 °C for 6 days,
except for Pr-IIGL,, where the concentration of the sample was 0.5 mg/
mL and image D1d was taken after incubation for 1 day at 37 °C.

Effects of LPFFD, Pr-1IGL,, and RIIGL, on the aggre-
gation state of Af;_4

The CR test was used to study whether the short A
fragments and fragment analogues are able to influence
the process of synthetic AP;_4, aggregation. The CR-
binding ability of the peptides was examined both alone
and on co-incubation with AB; 4, for 1day at 37 °C.
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Fig. 2 indicates that LPFFD (‘Soto peptide’ applied as
a reference standard) and RIIGL, do not aggregate,
whereas the increase in absorbance (characteristic of
CR bound to a B-sheet) demonstrates that Pr-1IGL,
can form aggregates with a B-pleated sheet structure
within the duration of the experiment. As compared
with the fibrillization of AP 4, itself, each of the short
peptides used can decrease the absorbance of the CR-
AP fibril complex in a 5-fold molar excess. In our exper-
iment, RIIGL, was the most effective inhibitor of the
binding of CR to A4, fibrils.

This ability of RIIGL, was proven by TEM experi-
ments as well. Fig. 3 depicts a series of TEM images of
the aggregation process when AP; 4, was incubated
alone or in the presence of RIIGL, (capi-42:CRuIGLa =
1:5) at 37 °C for several days. The zero time controls con-
tained no fibrils, but only sheet-like, amorphous clusters
of the lyophilized peptide which could not fully dissolve
(data not shown). After incubation for 1 day, both sam-
ples (Fig. 3, Ald and B1d) contained fibrillar aggregates,
but with differences. AB;_4, alone formed irregular, lum-
py, occasionally branching protofibrils 10-100 nm long
and 6-8 nm wide, and some 200400 nm long smooth,
straight fibrils as well (Fig. 3, Ald). In the sample con-
taining a mixture of AP;_4, and RIIGL, (Fig. 3, B1d),
these structures were again present, but only a few ma-
ture amyloid strands were seen as compared with the sit-
uation for AP;_4, alone. The difference in the aggregation
process between the two samples was much more pro-
nounced after 6 days: in this period, pure AB;_4, formed
predominantly mature fibres 2-3 pm long (Fig. 3, A6d),
whereas co-incubation with RIIGL, completely inhib-
ited the fibril formation of AB;_4, (3B6d). In this sample,
sparsely distributed small, irregular protofibrils 10—
40 nm long and amorphous, three-dimensional, non-fi-
brillar microaggregates with a diameter of 0.5-2 pm were
present (3B6d, insert).

Cell viability studies

The viability of SHSY-5Y human neuroblastoma
cells differentiated with RA was determined in an
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Fig. 2. CR binding of LPFFD, Pr-1IGL,, and RIIGL,. The peptides were incubated in PBS at 37 °C for 1 day either alone (¢ = 50 uM) or together
with ABj_4> (¢ =10 uM). The absorbance of the CR—peptide complex was measured at 550 nm. All experiments were repeated 7 times.
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Fig. 3. Effect of RIIGL, on the aggregation of ARy 4o. AP was incubated either alone (¢ = 100 pM) at 37 °C for 1 day (Ald) or 6 days (A6d), or

together with RIIGL, (¢ = 500 uM) (B1d and B6d, respectively).
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Fig. 4. Cell viability of differentiated SHSY-5Y neuroblastoma cells treated with LPFFD, Pr-IIGL, or RIIGL, (¢ = 50 M) alone or co-incubated
with AP 4> (¢ = 10 uM). Measurements were triplicated, with seven parallels within each trial. Viabilities are expressed as percentages of the

untreated control.

MTT assay by monitoring the mitochondrial reduc-
tion activity (Fig. 4). As compared with the control,
APi_4> was able to reduce the cell viability to 39%,
while LPFFD (the reference standard) and RIIGL,
in 50 uM concentration did not alter the mitochon-
drial activity significantly. In contrast, Pr-IIGL, itself
proved to be toxic, reducing the viability to 62%.
When these short peptides were co-incubated with
APBi_4s, Pr-IIGL, did not exert any protecting effect,
whereas both LPFFD and RIIGL, were able to inhibit
the cytotoxic effect of AB; 4> to a considerable extent
(Fig. 4).

Discussion

The toxicity of AP peptides depends strongly on their
aggregational state. The amyloid cascade hypothesis

[33,34] presumes that AP aggregates in contact with
the neuronal membrane induce a series of biophysical
and biochemical malfunctions which can finally lead to
neuritic dysfunction and cell death. It has not yet been
fully ascertained which aggregational state of AP is
mostly responsible for the neuronal damaging effect.
Several groups have reported the cytotoxic action of
small diffusible oligomers [15-18] (ADDLs) or protofi-
brils [19], instead of the large, plaque-forming fibrillar
aggregates. However, it is still a promising therapeutic
strategy to find suitable molecules which can influence
the process of AP aggregation. A number of attempts
have already been made to design such compounds,
the ‘aggregation inhibitors.” Many of them are peptides,
peptidomimetics or non-peptidic small molecules (re-
cently reviewed by Talaga [35]). Among the peptide-like
inhibitors, the most frequently investigated ones contain
the AB;7_»9 sequence, LVFF, as a self-recognition motif
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with a structural modification which diminishes the pro-
pensity of the inhibitor to self-aggregate. As examples,
charged residues built into the molecule (KLVFFKg
[36,37]) or a Val replacement by Pro (LPFFD [38,39])
enable the peptides to serve as potent aggregation inhib-
itors without any detectable self-aggregation.

Numerous studies have already shown that fragment
31-35 plays an important role in the toxicity of AP
[26,27]. ABys_3s has been extensively studied [24,40—
42], as it is highly cytotoxic and can adopt a well-or-
dered conformation leading to fibril formation. These
findings have been confirmed by TEM experiments,
and Bond et al. [24] recently revealed the exact confor-
mations of AP,s_35 and APs;_3s by X-ray diffraction.
They found that both peptides exhibit a reverse turn
at Gly33; ABsi_3s thereby adopts a reverse turn confor-
mation, as previously concluded by our group [43]. The
data that have emerged so far point to the 31-35 residue
being an interesting target in the design of putative pep-
tide inhibitors. We earlier reported that Pr-IIGL,, an
analogue of AP3g_34, Was able to prevent the AB;_4-in-
duced long-term elevation of the intracellular Ca*" con-
centration in glial cells in vitro [28]. Moreover, Pr-IIGL,
was able to attenuate the excitotoxic action of Af;_4, on
the cholinergic neurons of the rat magnocellular nucleus
basalis [29]. These in vivo experiments also evinced that
Pr-IIGL, exhibited agonistic effects resembling the excit-
atory action of ABj_4>. Moreover, the in vivo adminis-
tration of the tetrapeptide derivative required the
application of a strong chaotropic agent (TFA) as sol-
vent, which destroys ordered peptide conformations.
Our TEM results have proven that Pr-IIGL, displays
a strong tendency to aggregate in aqueous solution, by
forming highly ordered, fibrillar aggregates within a rel-
atively short time. The tetrapeptide can also attenuate
the formation of the complex CR-AP;_4,, possibly by
adhering to the binding sites of the A strands. In the
MTT assay, Pr-1IIGL, exerted a moderate cytotoxic ef-
fect on a neuroblastoma cell culture, while it did not
affect the AP;_4-mediated toxicity.

Our present aim was to design a new effective inhibitor
of AP neurotoxicity without the inherent toxicity and
self-aggregation ability of Pr-IIGL,. The hydrophobic
character of this peptide decreases markedly when the
propionyl group is replaced by the cationic arginine. This
replacement results RIIGL,, which exhibits improved
solubility in aqueous media without the use of a chao-
tropic solvent, and a strongly reduced propensity to
self-aggregation, as proven by TEM and CR-binding
studies. In the CR and MTT experiments, the well-
known inhibitor peptide LPFFD, designed by Soto
et al. [38,39], as a classic ‘beta sheet breaker’ (BSB),
was chosen as reference compound. As expected, in our
experiments LPFFD did not aggregate and inhibited
the binding of CR to amyloid aggregates and also the
toxic effect of AP;_4» in the MTT assay. The new com-

pound RIIGL, behaved similarly. It significantly re-
duced the AP;_4r-induced cytotoxicity, possibly by
interacting with the toxic forms involved in the AP aggre-
gation. RIIGL, inhibited the fibrillization of APB;_4»
completely within 6 days, as demonstrated by TEM.

It is concluded that ABs;_34 can serve as a lead motif
for the design of an inhibitor of AP aggregation, but the
propionyl group (mimicking Ala30 in the sequence of
APB_4>) increases the hydrophobicity of the peptide,
leading to extended self-aggregation and toxicity. When
the highly polar Arg was built into the molecule, the new
pentapeptide, RIIGL,, inhibited AP; 4, aggregation
with high efficacy. Further studies will focus on the in
vivo behavior of the RIIGL,. Via rational modification
of the sequence, the resulting peptidomimetics may exhi-
bit enhanced enzyme resistance and possess the ability to
permeate the blood—brain barrier while retaining the ori-
ginal biological activity of RIIGL,.
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