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Prion protein fragments that are extracted from the brains of patients with Gerstmann-
Straussler-Scheinker disease are known to have stimulating action on circulating
leukocytes. In particular, the amyloidogenic hydrophobic prion peptide HuPrP
(113–127) AGAAAAGAVVGGLGG has been reported to be associated with significant
cellular toxicity. In this paper we show that the self assembled form of HuPrP
(113–127) and its valine rich domains viz. GAVVGGLG [HuPrP (119–126)] and VVGGLGG
[HuPrP (121–127)] are toxic to peripheral lymphocytes. To explore the cytotoxic
mechanism of these fragments, we studied 3-(4,5-dimethylthiazol-2yl)-2–5-
diphenyltetrazolium bromide (MTT) reduction, reactive oxygen species (ROS)
generation, calcium influx and raft sequestration of ’ peptide treated lymphocytes.
Langmuir monolayer studies on these peptides showed a maximum lipid perturbing
property of HuPrP (121–127) as compared to the other two fragments. MTT reduction
assays on lymphocytes treated with peptides indicated that the prion peptide fibrils are
relatively more toxic than freshly solubilized peptide preparations. Lymphocytes
treated with HuPrP (121–127), HuPrP (113–127) and HuPrP (119–126) fibrils underwent
60%, 30% and 40% cell death, respectively. Ab(1–42), HuPrP (119–126) and HuPrP (121–127)
fibrils caused 4 fold increases in intracellular ROS as compared with control cells.
However, HuPrP (113–127) fibrils lacked such a significant ROS generating activity,
indicating that a subtle difference in sequence leads to a difference in the toxic mechan-
ism in the cell. HuPrP (119–126) and HuPrP (121–127) fibrils also produced maximum raft
sequestrationandcalciuminflux.Takentogether, thesedatasuggest thattheassemblage
of prion fragments has significant toxic activity on peripheral lymphocytes, a finding
with implications for controlling reactive lymphocytes in prion infected subjects.

Key words: amyloid fibril, calcium influx, oxidative stress, prion, raft
sequestration, segmental toxicity.

Prion diseases, also termed Transmissible Spongiform
Encephalopathies (TSEs), are amyloid based chronic
neurodegenerative disorders that affect humans and
animals. TSEs, including Bovine Spongiform Encephalo-
pathy, sheepscrapie,andCreutzfeldt-JakobDisease (vCJD)
in humans, are transmitted by peripheral exposure. After
an infective particle enters the gut, it is sequestered in the
spleen before neuroinvasion (1–4). Prions, in the infective
form, are composed of a protofibrillar (PF) structure, in
which some of them are amenable to epitopic processing
(5). Several groups have recently studied the possibility of
cellular degradation as a result of PrPSc exposure (6–8).
This is especially true of macrophages, which are involved
in the degradation of PrPSc into peptide fragments (9, 10).
Notably, vaccination with self-PrP peptides has been
shown to reduce PrPSc formation in transplanted
scrapie-infected neuroblastma cells in mouse models, indi-
cating that the smaller fragments play a crucial role in the
infection progression of the prion particles (11).

Furthermore, receptor binding and stimulation of pro-
inflammatory responses of the toxic prion fragment PrP
(106–126) have been observed in mononuclear phagocytes
(12). The prion fragments PrP (89–106), PrP (106–114) and
PrP (127–147) peptides have been reported to stimulate
human T lymphocytes (13). Propagation of blood prions
into the central nervous system (i.e., neuroinvasion)
requires the depletion of active lymphatic cells, which
are sensitive to peptide epitopes (2, 14). Hence, the toxic
effects of partially metabolized prion fragments by
selective lymphocyte populations are essential for prion
infectivity. In our earlier work, we demonstrated the con-
formational polymorphism among short prion fragments,
namely, PrP (113–127), PrP (119–126) and PrP (121–127)
(15, 16). These shorter peptides have been shown to form
amyloid like assemblages in vitro, and they elicit neuro-
toxic activity towards primary cultures of rat astrocytes
(15–17). PrP (106–126) consists of an N-terminal polar
head (KTNMKHM) followed by a long hydrophobic tail
(AGAAAAGAVVGGLG), and readily forms neurotoxic
amyloid like fibrils (18–22). Previous studies identified a
smaller region of the prion, namely PrP (106–126), as the
most toxic component of the entire protein (19, 23). These
regions under normal conditions, self assemble into pro-
tease resistant toxic aggregates without the addition of
infectious protein seeding. Notably, this assembly induces
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a phenotypic expression similar to that of full length PrPSc

(24). The toxic mechanism of these peptides also resembles
the full length PrPSc. However, the toxic function and
phenotypic alteration require the neuronal expression of
PrPC and microglial participation (25–27). It is quite likely
that antioxidant depletion produced by microglial cells
could be the causative agent of the neuronal death by
PrP (106–126), likely caused by the induction of calcium
influx through L-type channels and NMDA receptors (28).
Several groups have studied the structural details of this
sequence and found that a palindrome sequence corre-
sponding to amino-acid residues 113–126 adopts amyloid
structures, similar to other toxic amyloid assemblage
(15, 20–22). Although the lymphatic system has been
shown to be important in the pathogenesis of prion
diseases in animal models, the mechanisms by which
lymphocytes participate in the propagation of PrPSc are
not known. The current work was designed to ascertain
the toxic effects of PrP fragments on human peripheral
blood lymphocytes. The results of the present investigation
indicate that the assemblages of PrP fragments induce cell
death in a coordinated mode through sequestration of lipid
rafts, the generation of reactive oxygen species, and the
modulation in calcium influx.

MATERIALS AND METHODS

Materials Used—The prion peptide sequences used in
this study are AGAAAAGAVVGGLGG, GAVVGGLG,
VVGGLGG, which correspond to human prion protein resi-
dues HuPrP (113–127), HuPrP (119–126) and HuPrP
(121–127), respectively. These peptides were synthesized
by a solid phase method using the t-butyloxy carbonyl
group (Boc) as the protective group for the N-termini.
The carboxylic ends were activated by the addition of
1-hydroxy benzotriazole (HOBt) and N,N-dicyclohexylcar-
bodiimide (29). The final peptide was cleaved and
deprotected from the 4-methylbenzhydrylamine (MBHA)
resin simultaneously with trifluoromethanesulfonic acid/
thioanisole/ethanedithiol/trifluoroacetic acid (1:1:1:7) and
precipitated with cold ether. The purity and composition
were determined by amino acid analysis and identified by
MALDI-TOF MS analysis. The Ab(1–42) peptide was
obtained from Biosource International (Camarillo, CA).
Synthesis, characterization and details of the conforma-
tions of prion peptides in solution are published elsewhere
(15–17). The fluorescence probes Fura–2 AM, Dichloro
dihydrofluorescein diacetate (H2DCF-DA) and the tetra-
zolium dye, 3-(4,5-Dimethylthiazol-2yl)-2–5-diphenyltetra-
zolium bromide (MTT) were obtained from Sigma
(St. Louis, MO). Phosphatidyl choline-dipalmitoyl and
cholesterol were obtained from Avanti Polar Lipids, Inc.
(Alabaster, AL).

Langmuir–Blodgett Film Studies. Surface Pressure-
Area Isotherm Studies—The Wilhelmy plate method was
used to study the surface activity of prion peptide
fragments. The Langmuir-Blodgett films of the PrP peptide
were prepared, as described earlier (15), by spreading 50 ml
of sample in a mixture of chloroform/methanol (90:10, v/v)
containing prion peptide on 10% acetonitrile in 10 mM
phosphate buffer, pH 7.4, prepared in purified water
(Milli Q system, Millipore Ltd.). The peptide concentration
of the spreading solution was 1 mg/ml. After 15 min of

spreading, the gaseous monolayer was continuously
compressed. Similarly, the experiments were also carried
out in the presence of a lipid monolayer formed by spread-
ing a mixture of phosphatidyl choline–dipalmitoyl and
cholesterol. The compression was maintained at the rate
of 250 nm/s during the isotherm measurement. Teflon-
Coated troughs, with a coprocessor controlled film balance
(NIMA trough 611) and a precision of 0.01 mN/m, were
used for surface pressure measurements. The measure-
ments of surface pressure (p) – Area (A) isotherms were
recorded several times to check their reproducibility.

The number of peptide layers in the film was evaluated
by the following equation:

Numberoflayers½N� ¼ ½A�=A0

where [A] is the average area per residue for (b-sheet
forming peptide and A0 is area per residue obtained from
the measurements (30).

Insertion Studies of Prion Peptides Using Membrane
Monolayers—Lipid monolayers were prepared by spread-
ing a 2:1 mixture of phosphatidyl choline–dipalmitoyl and
cholesterol. Typically, 50 mg of lipid was used for monolayer
formation, and, thereby, the change in the final surface
area was restricted to 20–25% of the maximum surface
area available. This allowed us to measure the expansion
of area followed by the insertion of the peptide. Lipid mono-
layers were compressed using a Langmuir film balance
(NIMA Technology, Coventry, UK) with a surface pressure
feedback system to measure the area per lipid molecule
(i.e., monolayer expansion or contraction) at constant
surface pressure. The surface pressures were kept between
17–22 mNm-1 to offer an area of 75 Å2 per molecule of pure
lipid. After the lipid monolayer was constructed, the
peptides were added to the subphase to provide a final
subphase concentration of 5 mM, and the resulting area
change (DA) was recorded over a period of time. A pure
water isotherm was recorded before each experiment
to confirm the absence of residual surface impurities.
The initial surface pressure was maintained through
programmed control of barrier movements, and any
change in surface area was measured. The peptide surface
spreading property in mixed lipid–peptide monolayers was
obtained using the surface phase rule as described in the
literature (31, 32).

Separation of Lymphocytes—Fresh blood from healthy
volunteers was gently layered on Ficoll solution (9.56 g
Ficoll, 20 ml pure iodamide, 130 ml dH2O) (Amersham
Biosciences, Sweden), and the samples were centrifuged
at 1,800 rpm for 20 min. The lymphocyte-containing
bands were separated and rinsed three times with
phosphate buffered saline (PBS) as reported earlier (33).
Cell concentration was estimated using Neubar’s chamber.
Freshly prepared lymphocytes in PBS were used for
calcium measurements. Cell viability, as assessed by
Trypan blue dye exclusion, was greater than 97%.

MTT Reduction Assay—The reduction of 3-(4,5-
Dimethylthiazol-2yl)-2–5-diphenyltetrazolium bromide
(MTT) by lymphocytes was assayed as described (4).
Briefly, prion peptides were pre-incubated at a concentra-
tion of 250 mM in 20 mM HEPES, pH 7.4, at 37�C for one
and three days, then diluted in 100 ml of lymphocyte
culture medium to yield final peptide concentrations of
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25 and 60 mM of HuPrP (113–127), HuPrP (119–126)
and HuPrP (121–127) peptides. Freshly solubilised prion
peptides were also incubated with lymphocytes. Ab (1–42)
fibrils were used as a positive control. MTT was diluted to
0.5 mg/ml in Hank’s solution (Gibco) and added to the
culture for 1 h at 37�C. The MTT formazon product was
released from the cells by the addition of dimethyl
sulfoxide, and the amount was measured by absorption
at 570 nm.

Assessment of Free Radicals in Lymphocytes—To assay
the prion peptide fibril–induced alteration of intracellular
H2O2, as a consequence of catalase or Cu/Zn-SOD over-
expression, the oxidation of the dye 2,7-dichlorodihydro
fluorescein diacetate (H2DCF-DA) was monitored by
using a Cary Bio-50 spectrofluorimeter. A stock solution
of 1 mM DCFH-DA in absolute ethanol was prepared and
kept in the dark. From the stock, 10 ml of DCFH-DA was
added to cells. The samples were excited at 485 nm and the
fluorescence intensity was measured at 530 nm. Initial
fluorescence values (time 0) were found to differ from
each other by less than 5%. The results were expressed
as the percentage increase in fluorescence calculated
using the following equation:

½ðFt30 - Ft0Þ=Ft0 · 100�

Where Ft0 and Ft30 are the fluorescence intensities at 0 and
30 min, respectively. This dye allows the determination
of intracellular ROS levels in prion-treated lymphocytes,
predominantly detecting peroxides (35). The dichlorofluor-
escein (DCF) fluorescence from prion treated lymphocytes
was monitored under a fluorescence microscope.

Measurement of Intracellular Calcium Influx—[Ca2+]is
were quantified by monitoring the fluorescence ratio of
the calcium indicator dye Fura-2 AM. Cells were incubated
for 2 h with fibrils as Ab(1–42) and prion peptides (60 mM
each), then washed with PBS solution. The cells were then
loaded with 1 mM of the acetoxymethyl ester form of Fura
(Fura-2 AM), washed twice and resuspended in HBSS
(Hanks’ Balanced Salt Solution) containing 1.26 mM
CaCl2 at 5 · 106 cells/ml, then used for experiments.
Cells were immediately used for calcium influx measure-
ments and [Ca2+]i was quantified as published (36).
Fluorescence intensities were obtained using a Cary Bio-
50 spectrofluorimeter. The ratio of the fluorescence
emission of the cells using two different excitation wave-
lengths of 340 and 380 nm, at emission wavelength of
510 nm was monitored continuously for 10 min at one
second intervals to determine calcium influx.

Peptide Membrane Interaction–Isolation of Lipid Raft—
Lymphocyte lipid rafts were isolated as detergent insolu-
ble, low-density materials (DRM) as described earlier (37).
Briefly, lymphocyte (number of cells = 1 · 106) membranes
were disrupted by treatment with Triton X-100, and
various lipid microdomains were fused to each other. We
isolated a low-density, Triton X-100 insoluble fraction from
lymphocyte membranes, after incubation with pyrene-
labeled prion fibrils. Pyrene-labeled Ab1–42 fibrils were
used as a control. The pyrene label does not significantly
alter the solubility and aggregation properties of the
peptides (38). Fractions were simultaneously recovered
from 10% and 30–40% sucrose interfaces, respectively,
after sucrose gradient centrifugation of Triton X-100

treated, detergent solublized lymphocytes. It is necessary
to remove the lipid raft material for the estimation of prion
fragments after Triton X-100 treatment of lymphocyte
fractions. The ratios of bound/free pyrene-labeled peptides
were quantified by fluorescence spectroscopy. The experi-
ments were also carried out with pyrene-labeled aggre-
gates in the absence of cells, and the aggregates were
sedimented by centrifugation at 400,000 · g for 4 h in
sucrose gradients at 4�C.

RESULTS AND DISCUSSION

The non-specific interaction of peptides with membranes
has been reported to trigger patching in lymphocytes,
leading to endocytosis (39–42). We sought to address
whether the surface activity of the prion fragments
could be correlated with their lymphocyte toxicity
(40, 41). All peptides formed stable Langmuir films at
the air-water interface. Plots of the surface pressure as
a function of molecular area for Ab(1–42) and prion
peptides are shown in Fig. 1. From the isotherms in
Fig. 1, the mean surface area occupied by each protein
molecule in the presence and absence of phospholipid
was estimated by extrapolating the linear portion of
each curve to a surface pressure equal to zero. The
molecular surface areas of the peptide film in air-water
and air-lipid interfaces are given in Table 1. The films
remained stable at surface pressures corresponding to
their assembled state (14 � 21 mNm-1 in prion peptides
and 27 � 29 mNm-1 in Ab peptide). The areas (30–140 Å2)
of individual peptide molecules in the Langmuir–Blodgett
experiments are significantly lower than expected for
peptides folded into b-sheets (30, 43, 44). The packing of
the amyloid peptides may preclude hydrophobic regions in
the assemblage over the air-water interface (45). The struc-
ture modeled in Scheme 1 is consistent with the experi-
mental results demonstrating a b-sheet structure and
multimeric nature of assembly. The proposed assembly
of prion peptides at the air water interface in the absence
and presence of a lipid monolayer is shown in Scheme 1.
The hydrophobic tail part of the lipid layer holds the
oligomeric prion peptide assembly.

Such multimeric aggregate formation is also character-
istic of amyloidogenic peptides (45, 46). Interestingly, upon
adding the lipid mixture, the surface area of the peptide
assemblage is not changed, indicating that the multimeric
assembly is not lipid dispersible. Compared to HuPrP
(113–127) and HuPrP (119–126), the HuPrP (121–127)
peptide film showed a marked increase in collapse pressure
indicating that the peptide is more stable in lipid than in
non-interacting matrices (Fig. 1d).

Lipid monolayers have proven to be sensitive tools for
the study of lipid–peptide and lipid–protein interactions
(47, 48). Ab(1–42) is an amphipathic molecule that is
reported to perturb membranes through lipid binding,
and to alter cell function (49, 50). The change in area
for Ab(1–42) with time is shown in curve (a) of Fig. 2A.
Previous studies showed Ab(1–42) to exhibit only modest
surface activity (51). In Fig. 2A, curves (b–d) show the time
courses of area increase (DA) of the three different peptide
films formed from HuPrP (113–127), HuPrP (119–126) and
HuPrP (121–127), respectively. The addition of HuPrP
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(113–127) to the sub-phase resulted in an increase in area
after 80s, and the difference in area was twice that of
HuPrP (121–127). HuPrP (119–126) produced no change
in molecular area up to 175 s. For HuPrP (121–127), DA
increased after 75s. From our earlier observation, it is
known that HuPrP (121–127) has the least helical
propensity in the soluble form among the prion peptides
used in the present investigation (16, 17). These results
indicate that there is a negative correlation between the
helical conformation of the prion peptides and their ability
to bind to phospholipids and their insertion properties.
Further, HuPrP (113–127) and HuPrP (121–127) are
comparatively more effective in membrane penetration
as compared to HuPrP (119–126). The addition of peptides
markedly affects the lipid domain organization in

time-dependent manner. The surface activities of the
different peptides were correlated by plotting of theoretical
peptide molecular area versus change in molecular area
(DA) of the lipid film (Fig. 2B). The linear plot suggests that
the surface activity of the peptide on the lipid film is
directly proportional to the surface area of the peptide.
However among the three-prion peptides, HuPrP
(119–126) showed delayed binding to the lipid film.
These data suggest that minor sequence changes alter
the rate of peptide binding to the membrane surface.

The MTT assay measures the reduction of 3-(4,5-
Dimethylthiazol-2yl)-2–5-diphenyltetrazolium bromide
(MTT) into an insoluble formazan product by the
mitochondria of viable cells (34). In our earlier work, we
reported the aggregation state of prion peptides. All freshly

(a) (b)

(c)
(d)

Fig. 1. Surface behaviour of amyloid peptide monolayers.
Variations in the surface pressure with the mean molecular
areas of peptide alone (solid line) and mixed lipid-peptide films at

peptide molar fraction (xp) of 0.5 (broken line), Ab(1–42) (a), HuPrP
(113–127) (b), HuPrP (119–126) (c) and HuPrP (121–127) (d). The
subphase was 10% acetonitrile in 10 mM PBS, pH 7.4.

Table 1. Langmuir-Blodgett studies showing mean molecular area and surface pressure of amyloid peptide films.

Peptide
Area in

water (Å2)
Area in

lipid (Å2)
Collapse pressure in

water (mN m-1)
Collapse pressure in

lipid (mN m-1)

Ab1–42 121 137 27 29

HuPrP (113–127) 54 65 15 18

HuPrP (119–126) 52 66 14 18

HuPrP (121–127) 29 35 16 21
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dissolved Prion peptides assumed a random coil conforma-
tion in water, and over a period of three days time, the
random-coil monomer transformed into b-sheet sheet
aggregates, as observed by CD spectroscopy (15–17).

In the present study, lymphocytes were exposed to freshly
solubilised (random-coil), and one and three days
(beta-sheet) aged prion peptides. The Ab(1–42) fibril
treated and untreated cells were used as positive and
negative controls, respectively. Incubation of lymphocytes
with freshly solublised prion peptides showed no toxicity
(data not shown). From Fig. 3, it can be inferred that
the incubation of lymphocytes with one-day aged prion
fragments (60 mM) resulted in no significant cell death.
Under our experimental conditions, monomeric HuPrP
(113–127), HuPrP (119–126) and HuPrP (121–127) did
not significantly affect the lymphocytes as observed by
MTT reduction activity. The cellular capacity to reduce
MTT was decreased by incubation with fibrillar Ab(1–42)
as shown in Fig 3. Incubation with 25 mM and 60 mM
Ab(1–42) fibrils resulted in 21% and 36% cell death, respec-
tively. Treatment with 25 mM and 60 mM HuPrP (113–127)
fibrils resulted in 25% and 30% toxicity, respectively.
However, incubation with HuPrP (119–126) and HuPrP
(121–127) fibrils resulted in concentration-dependent
changes in toxicity. Treatment with 25 and 60 mM
HuPrP (119–126) fibrils caused 20% and 40% cytotoxicity
( p < 0.01). Exposure of lymphocytes to 25 mM and 60 mM
HuPrP (121–127) fibrils caused 40% and 60% cell death,
respectively ( p < 0.001). Hope, et al. demonstrated that the

Scheme 1. Possible model for PrP assembly in the presence and absence of phospholipid films at the air-water interface.

B

A

Fig. 2. A: Membrane penetration of amyloid peptides, A b (1–
42) (a), HuPrP (113–127) (b), HuPrP (119–126) (c) and HuPrP
(121–127) (d) at a pressure of 21, 17, 20 and 22 mNm-1, respec-
tively. Arrows indicate the maximum change in the area of the
film during penetration. B: Correlation between peptide area
and membrane penetration. Plot of the area increase in the
lipid film upon the addition of peptide versus peptide surface
area. Peptide areas are indicated as Ab (1–42) (open triangles),
HuPrP (113–127) (solid circles), HuPrP (119–126) (open circles)
and HuPrP (121–127) (open squares).

Fig. 3. Cytotoxic effects of Ab and prion peptides on lympho-
cytes assessed by MTT reduction assay. Cells were treated
with one and three days aged Ab and prion peptides. Data are
means – SD from 4 dishes.
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ability of PrP (106–126) to form fibrils is important for its
toxicity, and that nonfibrillar PrP (106–126) is not
neurotoxic (52). The results show that the toxicity of
the prion fragments is related to their physical state,
and that the toxic fibrillar assemblage formed by day
three is significantly more toxic than peptides in the
monomeric state.

ROS levels were measured in peptide-exposed
lymphocytes. Figure 4A shows the time course of peptide
induced DCF fluorescence in lymphocytes. The synthetic
PrP peptide fibrils produced variations in the ROS levels.
Upon incubation with the fibrillar Ab(1–42) positive
control, a five-fold increase in DCF fluorescence was
observed, whereas only a one-fold increase in DCF was
observed upon incubation with HuPrP (113–127) fibrils.
HuPrP (119–126) and HuPrP (121–127) fibrils produced
a four-fold increase in fluorescence as compared with the
control (p < 0.001). Fluorescence microscopic pictures
of prion treated lymphocytes are shown in Fig. 4B. The
results shown in Fig. 4B reveal that treatment
with HuPrP (119–126) and HuPrP (121–127) fibrils sig-
nificantly increases the DCF fluorescence, indicating
an enhancement of reactive oxygen species in lymphocytes.
Recently the oxidative oxidative and neurotoxic properties
of Ab25–35 were shown using the DCF fluorescence
method (53). The results in Fig. 4 reveal that the mechan-
ism of the toxicity of HuPrP (119–126) and HuPrP (121–
127) fibrils may involve the propagation of oxidative
damage.

Figure 5 shows changes in intracellular calcium levels in
lymphocytes treated with HuPrP (119–126), HuPrP
(121–127), and Ab(1–42) fibrils. The addition of prion fibrils
to Fura-2–loaded lymphocytes induced a fluorescence
change characterized by a rapid rise in [Ca2+]i (600 s),
followed by a slower decrease. As shown in Fig. 5, the
rise in [Ca2+]i was dependent on peptide structure.
Treatment with HuPrP (113–127) fibrils resulted in a
6% increase in calcium levels over the basal level. How-
ever, HuPrP (119–126) fibrils caused an increase in [Ca2+]i

of 14%. HuPrP (121–127) fibrils elevate the calcium level as
compared to the basal value (22%) at the lowest effective
concentration of any of the fibrils (20 mM, n = 4). Ab1–42

fibrils caused a 26.5% increase in the [Ca2+]i in
lymphocytes.These results are in agreement with the
findings for astrocytes treated with beta amyloid
fragments (54). Earlier studies on PrP (106–126)-treated
leukocytes showed a similar substantial increase in
calcium influx (13). The results indicate that the HuPrP
(113–127) sequence is ineffective in increasing [Ca2+]i,
which remain almost at the basal level. However, the
HuPrP (119–126) fibrils caused a moderate increase in
[Ca2+]i. The Ab(1–42) and HuPrP (121–127) fibrils caused
a significant increase in the calcium level. One possible
explanation involves a disturbance in calcium homeostasis,
which depends on a calcium pump. Amyloid peptides are
reported to alter intracellular calcium levels either by
interaction through intrinsic ion transporting proteins
such as calcium channels in the membrane surface, or
the activation of the signal transduction cascade through
IP3-modulated calcium channels (55). Increased levels of
oxidative stress and the disruption of cellular calcium
homeostasis are believed to contribute to neuronal
dysfunction and degeneration in many age-related

neurodegenerative conditions including Alzheimer’s dis-
ease, Parkinson’s disease, Huntington’s disease and
stroke. It has been reported that in Alzheimer’s disease,
an accumulation of aggregation prone forms of Ab(1–42)
results in membrane lipid peroxidation (55). The destabi-
lization Ca2+ homeostasis can also promote free radical
production by activating the enzyme nitric oxide synthase
(NOS), leading to the production of nitric oxide, a free
radical that can interact with superoxide to form the
toxic compound peroxynitrite (55). An earlier study on
the Ab25–35 fragment, which is the cytotoxic sequence of
the amyloid peptide, showed it to induce apoptosis in per-
ipheral blood lymphocytes (PBL) representing a remark-
able example of a non-neuronal model that can provide
insight into the biological processes of response to amyloi-
dogenic fragment-induced oxidative stress by displaying
different cell death pathways (56). The prion peptide
induced modification of Ca2+ homeostasis is the result of
prion peptide interaction with intrinsic ion transport pro-
teins, e.g. L-type Ca2+ channels in the surface membrane,
and IP3-modulated Ca2+ channels in the internal
membranes, and/or the formation of cation channels
(13). These two mechanisms of action lead to changes in
Ca2+ homeostasis that further augment the abnormal
electrical activity and distortion of signal transduction,
causing cell death.

The binding to immune receptors by antigenic peptides
may lead to activation, cell proliferation, differentiation
and effector functions. The initiation and propagation of
the signaling events taking place in lymphocytes occur in
the lipid raft regions. These domains contain many lipid-
modified signaling proteins such as tyrosine kinases of the
Src family, GPI (glycosylphosphatidylinositol)-linked
proteins as well as adaptor proteins. The confinement of
peptide ligands and signaling molecules in membrane
subdomains suggests that lipid rafts function as platforms
for the formation of multicomponent transduction
complexes (57, 58). It should be mentioned that raft seques-
terization leads to very high peptide concentrations in the
membrane interface. Upon receptor binding, immune
receptors become raft-associated and additional compo-
nents of the signaling pathways are recruited to rafts in
order to form signaling complexes.

Recent studies have shown that the access to and trans-
location of peptides into lipid rafts are developmentally
regulated (immature versus mature cells, Th1 versus
Th2 lymphocytes) and sensitive to extracellular peptide
fragments (59). To analyze the nature of binding of PrP
peptides to membrane microdomains, pyrene-labeled PrP
peptides were incubated with lymphocytes. Cells were
lysed in buffer containing ice-cold Triton X-100, and the
detergent-insoluble complexes were separated by flotation
in 10 % to 40 % sucrose gradients. After ultracentrifuga-
tion, most PrP molecules were detected in the sucrose
fractions containing caveolae-like domains (CLDs),
whereas no PrP was found in the lysate fractions, and
only minor amounts were recovered from the pellets
formed by incompletely solubilized cell debris. The control
experiments carried out with pyrene- labeled aggregates
in the absence of cells showed complete pelleting of the
aggregates from the sucrose gradient. No significant
amounts of peptide aggregates were found in the lipid
raft fraction.
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The percentage of pyrene labeled peptides in the CLD
fractions to that in the Triton X-100 soluble fraction is
shown in. Fig 6. It can be seen from the figure that the
bound/free ratio of pyrene labeled HuPrP (121–127) fibrils

with lipid raft is higher. The results of this study demon-
strate that there is a possible involvement of lipid rafts in
the cytotoxicity of prion peptides. The identification of pyr-
ene labeled Prion fragments (121–127) in CLDs derived

A

B

Fig. 4. A: Production of reaction oxygen species in beta amy-
loid and prion treated lymphocytes as assessed by DCF
fluorescence. Cells were treated with 25 mM of each peptide.
Control (a), Ab (1–42) (b), HuPrP (113–127) (c), HuPrP (119–
126) (d) and HuPrP (121–127) (e). B: Fluorescence microscopic

pictures showing the increase in dichlorofluorescein (DCF)
fluorescence during exposure to amyloid peptides. Lympho-
cytes control (a), exposed to 25 mM of Ab(1–42) (b), HuPrP (113–127)
(c), HuPrP (119–126) (d), and HuPrP (121–127) (e). Photographs
were captured at 30 min time intervals.
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from plasma membrane fractions may provide insight into
the mode of spread and prion infection through the central
nervous system and other organs. An earlier report
revealed that the GPI anchor of PrPSc might facilitate
its exchange between cell surfaces, as described for other
GPI-anchored proteins (60). Lipid rafts have been impli-
cated in numerous cellular processes including signal
transduction, membrane trafficking, cell adhesion, and
molecular sorting (61, 62). The number of molecules
involved in cellular signal processing is enriched in lipid
rafts (62). Lipid rafts may also serve as docking sites for
certain extracellular ligands (37, 59).

In conclusion, the investigation of these prion peptides
could enhance our understanding of their structure-
function relationships and elucidate the molecular events
underlying their interaction with lymphatic cellular
membranes. Our studies show PrP fragment assemblage
into lymphocytes resulting in cell death, which may
explain the role of the proteolytically degraded PrPsc

peptide involved in selective lymphatic depletion that is
essential for neuroinvasion. We found that short peptide
fragments are more toxic and membrane perturbing than
larger prion peptides and Ab1–42, indicating the role of
smaller peptide in modulating lymphocyte responses.
The significant difference between HuPrP (119–126) and
HuPrP (121–127) indicate that a mild proteasomal
processing frame shift can result in peptides with different
lymphocyte toxicities through coordinated events such as
oxidative stress, raft sequesterization and calcium ion
influx.

We are grateful to Dr. T. Ramasami, Director, CLRI, Chennai,
for his support. We thank Mr. K. S. Satheeshkumar for techni-
cal help. One of the authors, J. Murali, thanks the Council of
Scientific and Industrial Research (CSIR), India, for a Senior
Research Fellowship.

REFERENCES

1. Kimberlin, R.H. and Walker, C.A. (1989) Pathogenesis of
scrapie in mice after intragastric infection. Virus. Res 12,
213–220

2. Aguzzi, A. (2000) Prion diseases, blood and the immune
system: concerns and reality. Haematologica 85, 3–10

3. Jeffrey, M., McGovern, G., Goodsir, C.M., and Bruce, M.E.
(2000) Sites of prion protein accumulation in scrapie-
infected mouse spleen revealed by immuno-electron
microscopy. J. Pathol. 191, 323–332

4. Klein, M.A., Kaeser, P.S., Schwarz, P., Weyd, H., Xenarios, I.,
Zinkernagel, R.M., Carroll, M.C., Verbeek, J.S., Botto, M.,
Walport, M.J., Molina, H., Kalinke, U., Acha-Orbea, H.,
and Aguzzi, A. (2001) Complement facilitates early prion
pathogenesis. Nat. Med. 7, 488–492

5. Caughey, B. and Lansbury, P.T. (2003). Protofibrils, pores,
fibrils, and neurodegeneration: separating the responsible
protein aggregates from the innocent bystanders. Annu.
Rev. Neurosci. 26, 267–298

6. Luhr, M.K., Wallin, R.P.A., Ljunggren, H., Löw, P.,
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