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In the present study we have elucidated the toxicity of a novel amyloid forming model
peptide, Poly (leucine-glutamic acid). The toxicity of the fibrils prepared from this
peptide was analyzed in peripheral blood lymphocytes (PBL). The MTT reduction
assay revealed that the viability of PBL decreases significantly upon treatment with
Poly(leucine-glutamic acid) (Poly [LE]). Enhanced DCFH-DA fluorescence in treated
cells suggests that peptide toxicity is probably mediated by the formation of free rad-
icals. In vivo and in vitro biochemical studies indicated that Poly [LE] inactivates the
antioxidant system of cells. Perturbation of Poly [LE] in a membrane lipid environ-
ment was assessed by circular dichroism (CD) using phosphotidyl choline-cholesterol
bilayers. The CD results revealed that LE enhances its beta sheet content in a bilayer
environment. Sequestration of Poly [LE] in lipid rafts demonstrates that it has a bind-
ing cleft similar to Ap in lymphocyte raft domains. Nuclear membrane binding studies
showed that Poly [LE] binds to nuclear membranes and may cause genotoxicity.
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Huntington’s, Alzheimer’s and prion diseases of degener-
ative disorders of the brain (7). Although their etiology
and pathogenesis are not fully understood, increasing
evidence points to abnormal amyloid fibril formation as a
general mechanism behind a diverse group of these neu-
rodegenerative diseases (2). Amyloid is composed of mis-
folded beta sheet rich proteins that assemble spontane-
ously into protofibrils, and then form higher order
structures ranging from simple twisted pairs of helical
fibrils to insoluble quaternary structures with extensive
beta sheet content. Although different cellular proteins
misfold in different diseases, fibrils share a common
structure that confers distinctive biochemical properties
shared by all other amyloid deposits (3). These properties
include diagnostic green birefringence in the presence of
CongoRed, attributable to the characteristic cross beta
structure of the fibrils (4). Several studies have shown
that the extent of beta sheet formation is directly corre-
lated with the ability to form amyloid fibrils (5). A signif-
icant problem in studying these structures and their self-
organization into fibrillar structures is the poor solubility
of the intermolecularly associated beta strands (6). To
broaden the understanding of beta sheet formation, sta-
bilization and associated aggregation, well-defined solu-
ble peptide models are needed. Designing peptide-based
molecules to adopt beta sheet folding and a fibrillar
structure similar to amyloid fibrils has provided useful
information for constructing and manipulating peptide
conformation and elucidating complex folding mecha-
nisms. To evaluate the proposed formation of beta sheet
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in amyloidic peptides, we designed a model peptide com-
prising alternating bulky hydrophobic (leucine) and
hydrophilic (glutamic acid) residues. We have recently
reported that an admixture of random coil with turns of
monomeric poly [LE] undergoes a conformational transi-
tion into beta sheet by forming fibrils and exhibiting
structural similarities to naturally occurring amyloid
fibrils (7). Similarities in the physical properties of Poly
[LE] and other known amyloids led us to study its mech-
anism of toxicity. To evaluate toxicity in a biological sys-
tem, we used normal human lymphocytes.

The rationale for selecting lymphocytes is based on the
fact that they have been demonstrated to be a cell model
in which to study oxidative stress and DNA damage in
neurodegenerative diseases (8). Thus lymphocytes repre-
sent a remarkable example of a non-neuronal model that
can provide insight into the biological response to amy-
loidic oxidative stress stimuli by displaying different cell
death pathways (9). The main objective of this study was
to evaluate the crucial role of Poly [LE] in the cytotoxicity
on lymphocytes. Poly [LE] induced radicals were deter-
mined by 2,7 dichlorofluorescein diacetate, fluorescence
and associated changes in the antioxidant system were
evaluated by biochemical parameters. Cytotoxicity was
estimated by MTT, and a comet assay was used to study
DNA damage. The perturbation of amyloid in mem-
branes was carried out in lipid rafts and nuclear mem-
branes to assess the mode of interaction of Poly (LE) with
membranes.

MATERIALS AND METHODS

Synthesis of Poly (Leu-Glu)—Poly [LE] was synthesized
by the condensation of the corresponding dipeptide-O-
phenolic esters by a conventional solution phase method

© 2004 The Japanese Biochemical Society.
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using the DCC technique. The O-benzyl oxy phenyl ester
of y-benzyl-L-glutamate (5 mM) was neutralized with tri-
ethylamine, and the free amine was extracted with ethy-
lacetate. After the solvent was evaporated, the ester was
taken up in DMF, and then Boc-Leu (5 mM) and DCC (5.5
mM) were added. The mixture was stirred for 4 h at 5°C
and then left overnight. DCU was filtered and the filtrate
was evaporated. The dipeptide ester was taken up in
DMF and polymerization was initiated by increasing the
pH to 9 using the initiator TEA. After stirring for 5-6 h,
the unreacted monomer was washed with ethyl acetate,
and the crude polymer was lyophilized. The lyophilized
peptide was purified by HPLC and characterized by FTIR
and CD, and stored at 4°C. The molecular weight was
determined by gel permeation chromatography and
found to be 35000 (~51 dipeptide repeats).

Amyloid Fibril Preparation—Fibril formation was ini-
tiated by incubating the polypeptide dissolved in phos-
phate buffer at 37°C (1 mg/ml). Fibril growth was moni-
tored by thioflavin-T fluorescence until complete. The
change in secondary conformation during fibril formation
was determined by CD spectroscopy. The quality of fibrils
was assessed by electron microscopy as described in our
previous work (7). Sulfo NHS- Biotin (Pierce Biotech,
Rockford, I1) was used to biotinylate LE.

Isolation of peripheral blood lymphocytes (PBL): Hepa-
rinized blood obtained from normal healthy volunteers
was layered over lymphoprep gradient (Sigma Chemicals
St. Louis., MO) and centrifuged at 1,880 rpm for 40 min,
after which the top-two thirds of the supernatant was
removed. The PBL were aspirated and washed twice with
RPMI-1640 medium (Sigma). Cell viability was deter-
mined by the trypan blue exclusion test.

Peptide toxicity studies: PBLs were plated in 96-well
Microtiter plates (Tarson) at a cell density of 2 x 10° cells/
well. The PBLs were suspended in serum-starved
medium, RPMI-1640, containing L-glutamine (2 M) and
gentamycin (80 mg/liter). The cells were incubated with
poly (LE) fibril, at a concentration of 1.5, 2.5, 5, 7.5 and
10 uM/ml and ABby; 55 fibrils at a concentration of 5 pM/
ml. All incubations were performed in triplicate. Cells
without peptides were considered controls and incubated
at 37°C in a 5% CO, incubator for 3 days. Aliquots of
incubated cells were removed and washed with PBS and
used for analysis.

MTT reduction assay: Treated PBLs were assessed by
the MTT reduction assay as previously described (10).
MTT reduction was measured on a micro-ELISA reader
at a test wavelength of 570 nm and reference wavelength
of 630 nm.

Biochemical parameters: PBLs were incubated with poly
(LE) fibrils and Ap,;_s; fibrils at a concentration of 5 uM/
ml, incubations were performed in triplicate. Lipid perox-
idation was determined by the method of Ohkawa et al.
(11). GSH was measured using the method of Moron et al.
(12).Superoxidedismutase was assayed using method of
Misra and Fridovich (13). Total ATPases was assayed
using method of Evans (14).

Interaction of superoxide dismutase with amyloids: Super-
oxide dismutase was purchased from (Sigma) and used
directly for experiments. Superoxide dismutase (200
units/ml) was incubated at different temperatures (as
given in figure legends) with 5 uM of amyloid, and the
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activities of incubated enzymes were analysed by a
standard protocol (13).

Genotoxicity studies—Comet assay: DNA damage was
detected by the comet assay according to the method
described earlier (15). Briefly, fully frosted slides were
covered with 0.7% normal-heating agarose as the first
layer, Amyloid -treated cells were harvested and washed
with PBS, and mixed with 0.7%low melting agarose as
the second layer. The third layer comprised 0.7% low
melting agarose. After solidification at 4°C, the slides
were immersed in lysing buffer at 4°C for 1 h, and then
placed in an electrophoresis tank filled with freshly pre-
pared electrophoresis solution for 20 min. The slides were
then neutralized in neutralization buffer, stained with
ethidium bromide, and examined under a fluorescence
microscope (Nikon).

Assessment of free radicals in lymphocytes (16): The lev-
els of radicals generated in lymphocytes were measured
using DCFH-DA (Sigma) as a fluorescence probe. The
principle of this assay is that DCFH-DA diffuses through
the cell membrane and is enzymatically hydrolyzed by
intracellular esterases to nonfluorescent DCFH. In the
presence of reactive oxygen species (ROS) this compound
is rapidly oxidized to highly fluorescent dichlorofluores-
cein (DCF). A stock solution of 5 mM DCFH-DA in abso-
lute ethanol was prepared and kept at in the dark. Cells
were incubated for 4 h with DCFH-DA and assayed spec-
trofluorimetrically at an excitation wavelength of 488 nm
and emission wavelength of 530 nm.

Peptide-membrane interaction—Isolation of lipid rafts
from lymphocytes: PBLs were incubated with 5 pm of
biotinylated poly LE and ABy; 35 harvested, washed in
phosphate buffered saline, pH 7.4, and then incubated
with FITC- Streptavdin (SRL, India). The cells were then
washed and incubated with Triton X 100 for 10 min at
4°C. The lysed cells were layered over sucrose gradient
(10, 20, and 30%), and centrifuged at 2,500 x g for 50 min.
The layer containing detergent resistant membrane
(DRM) fragment was carefully removed and analysed for
amyloid binding on raft and non-raft regions (17).

Isolation of nuclear membrane from lymphocytes (18):
Biotinylated peptide—treated PBL were harvested and
washed in phosphate buffered saline, pH 7.4, and then,
incubated with FITC-Streptavidin. The cells were then
washed and incubated with Triton X 100 for 10 min at
4°C. The lysed lymphocytes were mixed with 2.6 ml of 2
M-sucrose solution containing 1 mM EDTA, 10 mM
HEPES and 1 mM DTT. The lysate was loaded onto a 5
ml sucrose gradient, and the nuclear pellets were
obtained by centrifugation at 75,000 x g at 4°C for 60
min. The pellets were carefully removed, washed with
PBS, lysed using Triton X100, and centrifuged at 2,000 x
g. The sedimented fragments were analysed for peptide
binding.

CD Spectroscopy (19)—CD measurements were per-
formed on a JASCO J-715 spectropolarimeter. A thin, dry
film of artificial liposomes, L-a-phosphatidyl choline
(Sigma), was coated on a Quartz cell. Poly [LE] fibrils
were layered on the phospholipid monolayer and dried in
laminar airflow. Lipid bound Poly [LE] fibrils were
scanned at least eight times at the rate of 100 nm/min
and the data were averaged. Similarly, a lipid-free poly
[LE] dry film alone was scanned to analyze the stability
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Fig. 1. Cytotoxic effects of Poly [LE] on lymphocytes as
assessed by MTT reduction assay. Cells were treated with1.5,
2.5,5,7.5, and 10 uM of Poly [LE].

of the beta sheet. The fractional percentages of CD sec-
ondary structure were calculated by K,D prediction.

Statistical Analysis—Data are the averages of tripli-
cates and are expressed as means + SEM; differences
were evaluated by Student’s ¢’ test.

RESULTS AND DISCUSSION

The conversion of MTT to colored formazan by mitochon-
drial reductase serves as an indirect measurement of cel-
lular proliferation and viability. The data in Fig. 1 show
the dose dependence of the toxicity of poly [LE] fibrils.
The toxicity of poly [LE] depends on dose upto 5 uM, and
remains constant at higher concentrations. Figure 2
shows the comparative inhibitory activities of 5 uM Poly
[LE] and AB25-35 fibrils on the formation of formazan in
PBLs. About 35% of Poly [LE] fibril-treated -cells
remained viable while the viability of the Ap25-35
treated cells was about 40%. This indicates that Poly

MTT
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AMYLOIDS

Fig. 2. Cytotoxic effects of Poly [LE] and Beta amyloid on
lymphocytes as assessed by MTT reduction assay. Cells were
treated with 5 um of PolyLE and AB. C, control; B, beta amyloid; L,
Poly [LE].

(LE) fibrils are more toxic than AB25-35 fibrils. The tox-
icity of amyloids mostly corrrelates with their hydropho-
bicities and their ability to form amyloid fibrils, their
interaction with membranes and the formation of cation
selective channels in cellular membranes, together with
the activation of voltage dependent calcium channels
(20). The formation of these channels has been shown to
result in ion homeostasis malfunctions and disregulation
of cellular signal transduction (21), which may lead to
cell death. The UV CD spectra were used to determine
the effects of phospholipids on the secondary structure of
Poly [LE] fibrils. Figure 3 shows the CD spectrum of
membrane free and membrane-bound Poly [LE]. This
analysis shows that lipid-free Poly [LE] fibrils consist of
43% beta sheet, 9% alpha helix and 48% random coil. The
spectrum of the lipid- bound Poly [LE] fibrils shows the
presence of 50% beta sheet, 4% alpha helix and 46% ran-
dom coil. In vitro membrane interaction studies reveal
that Poly [LE] fibrils interact with phospholipids and
their beta sheet structure becomes stabilized in mem-
brane environment. Earlier reports suggest that amy-
loids interact strongly with phospholipid membranes,
and orientate themselves in beta sheet across the surface
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Fig. 3. CD spectra of Poly [LE]
in membrane environment. a, b
- represents the interaction of
Poly[LE] with and without phos-
phatidyl choline. Inset plot shows
the % change of secondary struc-
ture in membrane and non-mem-
branous environment.
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Fig. 4. Distribution of Poly [LE] and ABy;_s; in Lipid rafts in
lymphocyte. 1 and 2 represent the relative fluorescence of bioti-
nylated amyloids in rafts and non-raft regions. Cells were treated
with 5 um PolyLE and APy g5 fibrils.

of the membrane, with a resulting perturbation of the
membrane structure (22). Apart from phospholipids, cho-
lesterol plays an important role in the oligomerisation
and stabilization of amyloids in a membrane environ-
ment. This suggests that lipid rafts may be the vulnera-
ble targets for amyloids and play a role in cellular dys-
function. Studies on lipid raft (Fig. 4, a and b) have
revealed that Poly [LE] fibrils have a greater binding
affinity for the rafts than AB25-35 fibrils. About 55% of
the poly [LE] fibrils bind to rafts and 45% to the non-raft
regions. In the case of AB25-35 fibrils, only 12% bind to
the raft region and 10% to non-raft regions. The binding
of amyloids to membranes causes significant perturba-
tions and alterations of membrane bound enzymes, espe-
cially ATPases, in order to pave the way for entry into
cells (23). The decrease in total ATPases in cells treated
with Poly [LE] fibrils correlates with the above result.
The total ATPases activity in cells treated with Poly [LE]
fibril is only 10% of that in untreated cells (Table 1a). In
APB25-35 treated cells, the enzyme activity is about 50%.
The impairment of ATPase activity leads to altered ionic
homeostasis, which causes a dysregulation of the inflam-
matory response (24). Enhanced inflammatory cytokines

R. Jayakumar et al.
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Fig. 5. Production of reactive oxygen species in amyloid
treated lymphocytes as assessed by DCFH-DA fluorescence.
LE and AB indicates the polyLE and beta amyloid treated cells. A
and b figure depicts the 5 and 10 um amyloid concentration, respec-
tively.

activate peroxyl radicals (25). Lipid peroxidation was
increased by about 30% in cells treated with Poly (LE)
fibrils (Table 1b) and those treated with AB25-35. High
levels of lipid peroxidation lead to the formation of 4-
hydroxy-2-noneal (HNE) and acrolein (26, 27). Elevated
HNE levels disrupt intracellular organelle calcium home-
ostasis by oxidizing calcium regulatory proteins, such as
the calmodulin (CAM) calcium pumps in mitochondria,
and disrupt ATP consumption and stimulates the gener-
ation of free radicals, especially superoxide anion. There
is an approximate 60% decrease in superoxide dismutase
activity in amyloid treated cells (Table 1c), a result that
clearly explains the enhanced level of superoxide radicals
in the cells. Enhanced DCF fluorescence also confirmed
the generation of free radicals in amyloid- treated cells
(Fig. 5). GSH is a major intracellular antioxidant with
multiple biological functions. One of its most important
functions is to protect against oxidative damage caused
by ROS generated through enzymatic and nonenzymatic
reactions. Impaired intracellular GSH leads to an imbal-
ance in the antioxidant system, and to the generation of
free radicals. Intracellular GSH activity decreased by
about 40% in Poly [LE] fibril treated cells (Table 1d) and
15% in AB25-35 treated cells. The gross decrease in GSH
activity in LE treated cells directly correlates with the
increase in free radical generation in the cells. The
increase in ROS formation leads to the depletion of GSH
and to the impairment of the antioxidant system, which,
in turn, exacerbates the oxidative damage in amyloid
exposed cells (28). Peroxynitrile radicals formed by
superoxide anions disrupt and oxidize proteins. Protein
oxidation regulates the antioxidant enzymes and leads to
the aggregation of enzymes (29). Drastic decreases in

Table 1. Percentage decrease in total ATPases, superoxide dismutase, GSH and percentage increase of

lipid peroxidation in amyloid treated cells.

S. No. Biochemical parameter Control (%) LE (%) ABygs 35 (%)
a Total ATPases 100 10+ 3.2 50+2.8
b Lipid peroxidation 10+1.2 50+2.9 50+3.8
c Superoxide dismutase 100 40+ 1.7 40+4.2
d GSH 100 60£2.8 86 £ 3.2

Lymphocytes were treated with 5 uM of poly [LE] and APy g5.Effect of LE and Ay 35 fibrils on total ATPases,
superoxide dismutase, GSH and lipid peroxidation in lymphocytes.
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Poly (LE )

Fig. 6. Extent of genotoxic effects of amyloids as assessed by
Comet assay. Cells were treated with 5 um poly [LE] and Beta
amyloid. a, control; b, ABys 55 treated cells; ¢, Poly[LE] treated cells.

superoxide dismutase activity correlate with the above
data. Increased levels of free radicals and decreased
activity of superoxide dismutase (only the enzyme
actively transported in to nuclei) (30) induces genomic
damage. The comet assay (Fig. 6) revealed that damage
to the nucleus is more pronounced in LE treated cells
than in AB25-35 treated cells. DNA damage is caused by
two major mechanisms, free radical reactions and direct
binding to DNA (31). This suggests that apart from oxi-
dative stress to the nucleus, amyloids might bind to the
nucleus, thus enhancing their toxic affect. Studies of
nuclear membrane interactions studies revealed that
poly [LE] binds to the nuclear membrane, but the binding
affinity of AB25-35 is slightly more pronounced than that
of (Fig. 7) poly [LE]. Decreased superoxide activity, a

120 1
100 -
80 1
60 4

40

Relative Fluorescence (a.u)

20 A

LE AB

Fig. 7. Binding of amyloids to nuclear membranes in lym-
phocytes. LE and AB indicate the biotinylated polyLE and ABys 35
treated cells. a and b figure indicate the 5 and 10 uM concentra-
tions, respectively.
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Fig. 8. In vitro inactivation assay of superoxide dismutase by
poly [LE] and AB,; 4; at 37°C and 60°C.

comet like appearance in the comet assay, suggests a
gross decrease in superoxide dismutase activity. Apart
from the oxidation of these enzymes, amyloids, might
bind directly to superoxide dismutase and inhibit its
activity. In vitro assays of superoxide dismutase activity
reveal that poly [LE]-incubated solutions lose about 15%
of their activity at room temperature compared to about
12% for AB25-35 treated solutions (Fig. 8a). Superoxide
dismutase loses about 40% of its activity when preheated
with poly [LE] at 60°C, compared with 37% for the AB25—
35 treated enzyme (Fig. 8b). This shows that under phys-
iological conditions and slightly perturbed conditions
involving mild stress, amyloids might bind to enzymes
causing aggregation and preventing them from retaining
their native structures.

This study suggests that Poly [LE] can act, as an ideal
peptide to mimic amyloids, and that toxicity of Poly [LE]
is due to the potent induction of beta sheet structures
promoted by interactions with negative membrane sur-
faces. This study also reveals that membranes may act as
conformational catalysts or chaperones for amyloids.
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