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b Dipartimento di Biologia Animale, Università di Pavia, Pavia, Italy
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Abstract

The cellular prion protein (PrPC) is a highly conserved protein throughout the evolution of mammals and therefore is thought to play
important cellular functions. Despite decades of intensive researches, the physiological function of PrPC remains enigmatic. Differently,
in particular pathological contexts, generally referred as transmissible spongiform encephalopathies, a conformational isoform of PrPC,
i.e., PrPSc, is considered the causative agent of these diseases. In this study, we investigated putative PrPC cellular functions through the
identification of PrPC protein interactants. Using a bacterial two-hybrid approach, we identified a novel interaction between PrPC and a
two-pore potassium channel protein, TREK-1. This interaction was further verified in transfected eukaryotic cells using co-immunopre-
cipitation and confocal microscopic analysis of the fluorescent transfected proteins. Importantly, in the cerebellar cortex, the endogenous
PrPC and TREK-1 proteins exhibited co-localization signals in correspondence of the Purkinje cells. Furthermore, a deletion mapping
study defined the carboxyl-terminal regions of the two proteins as the possible determinants of the PrPC–TREK-1 interaction. Our
results indicated a novel PrPC interacting protein and suggested that this complex might be relevant in modulating a variety of electro-
physiological-dependent cellular responses.
� 2006 Elsevier Inc. All rights reserved.
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The cellular prion protein (PrPC) is a glycosylphosphat-
idylinositol (GPI)-anchored protein that is expressed in
many tissues, with the highest level in peripheral (PNS)
and central nervous system (CNS) [1]. PrPC is a molecule
of approximately 250 amino acids in length and contains
an amino-terminal signal peptide for endoplasmic reticu-
lum targeting and a carboxyl-terminal peptide for mem-
brane GPI-anchoring. During its biosynthesis, PrPC

undergoes post-translational modifications such as the
addition of amino-linked oligosaccharide chains and the
formation of a disulfide bond [2]. PrPC is predominantly
located on the cell surface, in specific lipid membrane
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domains called ‘‘rafts’’ [3]; indeed, other data suggested
that PrPC is also present in endocytic transport vesicles
and exhibits a complex sub-cellular trafficking [4]. Besides,
different PrPC membrane conformations were hypothe-
sized, and it was suggested that these alternative topologies
might play a role in the pathogenesis of the prion diseases
(reviewed in [5]).

PrPC has a fundamental role in the aetiology of a group
of fatal neurodegenerative diseases known as transmissible
spongiform encephalopathies (TSE). These pathologies
include Creutzfeldt-Jakob disease (CJD) in human, bovine
spongiform encephalopathy (BSE) in cattle, scrapie in
sheep and goats, and chronic wasting disease (CWD) in
deer and elk [6]. Prion diseases are characterized by the
abnormal accumulation of a prion pathological isoform,
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generally referred to as PrPSc [7]. Additionally, these dis-
eases exhibit various neurological symptoms and common
histopathological features such as the spongiform degener-
ation of the CNS, reactive gliosis, neuronal loss, and for-
mation of amyloid plaques [8].

To investigate into the function of PrPC, several lines of
prion knock-out mice were produced. These mice were gen-
erally healthy except for weak alterations such as variations
in circadian rhythms or increased locomotor activities;
moreover, development of scrapie symptoms was proved
to be strictly dependent on the presence of PrPC [9]. Never-
theless, the physiological PrPC functions remain still under
investigation, although PrPC has been involved in several
cellular processes such as oxidative stress protection [10],
copper transport and metabolism [11], membrane excitabil-
ity and synaptic transmission [12–15], cellular signalling
[16,17], neuritogenesis [18], apoptosis [19,20], and neuro-
protection [21]. Thus, in this complex scenario, several
efforts have been made in order to look for new PrPC bind-
ing proteins that could provide new insights into its physi-
ological and pathological functions. Numerous PrPC

binding partners located in different cellular compartments
were identified, some of which were compatible to sustain
the above-hypothesized PrPC functions (reviewed in [22,4]).

In this work, we employed a two-hybrid approach to
investigate new potential cellular prion protein interacting
partners using a brain expression library. A novel PrPC

interacting protein, TREK-1 (TWIK-1-related K+ chan-
nel) [23], was identified. To our knowledge, TREK-1 is
the first membrane channel protein that interacts with
PrPC.
Materials and methods

Bacterial two-hybrid assay. The Bacteriomatch� II two-hybrid system
(Stratagene, La Jolla, CA, USA) was used to detect protein–protein
interactions. A portion of the Prnp coding sequence (from 24 to 231 amino
acids) was amplified from a rat cerebellum pTRG plasmid cDNA library
(Stratagene), using the primers PRNPRn2-U and PRNPRn2-L (Table 1).
PCR was performed using 500 ng of plasmid cDNA and with the fol-
lowing thermal profile: 30 cycles at 94 �C · 15 s, 60 �C · 30 s, and
72 �C · 45 s. PCR product was sequenced and EcoRI/BamHI subcloned
into the pBT EcoRI/BamHI linearized vector, thus originating the pBT-
PrP recombinant plasmid. According to the manufacturer’s instructions,
co-transformation of pBT-PrP and pTRG cDNA libraries (200 ng each)
was performed using Bacteriomatch� II Screening Reporter Competent
cells (Stratagene). Positive control co-transformation experiments were
done using the pBT-LGF2 bait and the pTRG-Gal11 target vectors (50 ng
each). The screening of the colonies was performed onto Stratagene Dual
Selective Screening Medium [5 mM 3-AT (1,2,4-triazol-3-amine), 12.5 lg/
ml streptomycin]. Bait (pBT-PrP) and prey plasmids (pTRG) were
extracted from each clone (Qiaprep� miniprep kit, Qiagen, Hilden, Ger-
many) and sequenced using the PBTfor and PTRGfor primers (Table 1),
respectively. Retransformation of the reporter strain using each purified
recombinant pTRG plasmid paired with the pBT-PrP plasmid was per-
formed according to the manufacturer’s instructions. Finally, the nucle-
otide sequences of the target pTRG DNAs were compared to the
nucleotide and protein sequence databases using BLAST [24].

Plasmid constructs. For co-immunoprecipitation experiments, pCMV-
HA and pCMV-Myc plasmids (Clontech, Palo Alto, CA, USA) were used.
A portion of the human PRNP coding sequences (23–230 amino acid
residues) was amplified from human DNA using the primers PrP23a-U
and PrP230a-L (Table 1), EcoRI/NotI-cloned into the pCMV-HA and
pCMV-Myc plasmids, thus originating the pHA/PrP(23–230) and pMyc/
PrP(23–230) constructs. Different PrPC deletion constructs were generated
into the pCMV-Myc plasmid, specifically pMyc/PrP(23–106), pMyc/
PrP(107–230), and pMyc/PrP(128–230); these constructs were produced
using the primer pairs PrP23b-U and PrP106-L, PrP107-U and PrP230b-
L, and PrP128-U and PrP230b-L, containing XhoI and NotI restriction
sites (Table 1). The entire human TREK-1 coding sequence, the loop
(66–128 amino acid residues), and the carboxyl-terminal (294–411) regions
were amplified from 500 ng of human adult brain cDNA (Clontech) with
the primer pairs TREK-U and TREK-L, TREK/loop-U and TREK/loop-
L, and TREK/Cter-U and TREK-L, respectively. PCR thermal profile
was: 30 cycles at 94 �C · 15 s, 62 �C · 30 s, and 72 �C · 60 s. PCR frag-
ments were XhoI/NotI-cloned into the pCMV-HA and/or pCMV-Myc
plasmids.

For the construction of fusion proteins with fluorescent tags, com-
mercial pEGFP-N1 and pDsRed-Express-N1 (Clontech) vectors were
used. For the pEGFP-N1/TREK-1 construct, the TREK-1 coding region
was amplified from human brain cDNA using the primers TREK/egfp-U
and TREK/egfp-L, and XhoI/HindIII-cloned into the pEGFP-N1 plasmid
upstream the EGFP gene. For the construct pDsRedmut/PrPC, first, the
RFP gene was amplified with the primers RFP-U and RFPmut-L, and was
cloned into the pDsRed-Express-N1 plasmid EcoRI/NotI-digested,
obtaining the pDsRedmut vector; the PrPC N-terminal signal peptide
(1–23) was then amplified from human DNA using the primers PrP1/
rfp-U and PrP23/rfp-L and was cloned via XhoI/EcoRI digestion into the
pDsRedmut vector; finally, PrPC(24–252) was amplified with the primers
PrP24/rfp-U and PrP252/rfp-L, and was cloned via NotI into the pDs-
Redmut vector.

Cell cultures and transfections. HeLa cells (ECACC, Salisbury, UK)
were used for co-immunoprecipitation assays and co-localization experi-
ments. Cells were maintained at 37 �C, 5% CO2, in DMEM supplied with
10% fetal bovine serum, L-glutamine (1%), 100 U/ml penicillin, and
0.1 mg/ml streptomycin. Cell culture media and supplements were pro-
vided by Invitrogen (Carlsbad, CA, USA). Cell transfections were per-
formed with Lipofectamine� 2000 reagent (Invitrogen) following the
manufacturer’s instructions.

Western blot analysis and co-immunoprecipitation assays. For immu-
noblot analysis of HeLa cell extracts, 30 lg of total protein lysate boiled
for 5 min in Laemmli sample buffer (2% SDS (w/v), 6% glycerol (v/v),
150 mM b-mercaptoethanol, 0.2% bromophenol blue (w/v), and 62.5 mM
Tris–HCl, pH 6.8) and electrophoresed by SDS–PAGE (12% gel). Proteins
were transferred onto a nitro-cellulose membrane Hybond�-C Extra
(Amersham Biosciences, Little Chalfont, Buckinghamshire, UK). Mem-
branes were blocked with 2% non-fat milk in PBS (phosphate-buffered
saline) containing 0.1% Tween� 20. The following antibodies were
employed for immunodetection: monoclonal anti-c-Myc (Clontech), goat
polyclonal anti-TREK-1 (TREK-1 C-20, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), monoclonal anti-PrPC 3F4 (Sigma, St. Louis,
MO, USA), and monoclonal anti-GFP (Roche, Basel, Switzerland), all
used at 1:10,000 dilution. Blots were treated with specific peroxidase-
coupled secondary antibodies (1:10,000 dilution) and protein signals were
revealed by the ‘‘ECL Advance� Western Blotting Detection Kit’’
(Amersham Biosciences).

Co-immunoprecipitation experiments were performed with total pro-
tein extracts derived from HeLa cells transiently over-expressing HA- and
Myc-fusion constructs. Total protein extracts were obtained by rinsing the
cells twice with ice-cold PBS followed by the addition of ice-cold lysis
buffer (1% Triton� X-100, 100 mM NaCl, and 50 mM Tris–HCl, pH 8.0)
and by incubating for 30 min in ice. Cell debris were removed by centri-
fugation at 13,000 rpm for 12 min and supernatant was recovered, quan-
tified by Bradford assay, and supplemented with Complete Mini protease
inhibitor cocktail (Roche). Hundred micrograms of total proteins was
incubated with 4 lg of the anti-HA antibody for 15 h at 4 �C with gentle
agitation. Forty microliters of packed pre-washed protein A sepharose
beads (nProtein A 4FastFlow�, Amersham Biosciences) was added to
each protein extract and incubated for 1 h 30 min with gentle agitation.



Table 1
Oligonucleotides used in this work

Primer code 50–30 Sequence Restriction site

Bacterial two-hybrid

PRNPRn2-U CCGGAATTCCGGAAGCGGCCAAAGCCTGGAG EcoRI
PRNPRn2-L CGCGGATCCGCGAGATCTTCTCCCGTCGTAATAGG BamHI
PBTfor TCCGTTGTGGGGAAAGTTATC —
PTRGfor TGGCTGAACTGGAAGCT —

Co-immunoprecipitation assay

PrP23a-U GGA ATT CCC AAG AAG CGC CCG AAG CCT EcoRI
PrP230a-L ATT TGC GGC CGC CGA TCC TCT CTG GTA ATA GG NotI
PrP23b-U CCG CTC GAG CGA AGA AGC GCC CGA AGC CT XhoI
PrP106-L ATT TGC GGC CGC TTT TGG CTT ACT CGG CTT GTT C NotI
PrP107-U CCG CTC GAG CGA CCA ACA TGA AGC ACA TGG CT XhoI
PrP128-U CCG CTC GAG CGT ACG TGC TGG GAA GTG CC XhoI
PrP230b-L ATT TGC GGC CGC TTT CGA TCC TCT CTG GTA ATA GG NotI
TREK-U CCG CTC GAG CGA TGG CGG CCC CTG ACT T XhoI
TREK-L ATT TGC GGC CGC TTT ACT ATT TGA TGT TCT CAA TCA CAG C NotI
TREK/loop-U CCG CTC GAG CGT TGG AGC AGC CTC ATG AGA TT XhoI
TREK/loop-L ATT TGC GGC CGC ATC CCA GTG ACT GAT TTG ATT GG NotI
TREK/Cter-U CCG CTC GAG CGG ATT GGC TCC GAG TGA TAT CT XhoI

Fluorescent proteins

TREK/egfp-U CCG CTC GAG CGG ATG GCG GCC CCT GAC TT XhoI
TREK/egfp-L CCC AAG CTT TTT GAT GTT CTC AAT CAC AGC AAT C HindIII
PrP1/rfp-U CCG CTC GAG ATG GCG AAC CTT GGC TGC XhoI
PrP23/rfp-L CC G AAT TCG CTT GCA GAG GCC CAG GT EcoRI
PrP24/rfp-U ATT T GC GGC CGC TAA GCG CCC GAA GCC TGG NotI
PrP252/rfp-L ATT TGC GGC CGC TTA TCA TCC CAC TAT CAG GAA GAT GA NotI
RFP-U CCG GAA TTC CCA CCA TGG CCT CCT CC EcoRI
RFPmut-L GTC GCG GCC GCC AGG AAC AGG TGG TGG CG NotI

The bases flanking the gene-specific sequences are in bold; restriction sites (underlined) and endonucleases are indicated.
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The beads were washed five times with ice-cold lysis buffer, and the con-
jugated proteins were eluted by incubation at 95 �C for 5 min in 10 ll of
Laemmli sample buffer and subjected to SDS–PAGE and immunoblot
analysis.

Co-localization experiments and confocal microscopy analysis. Three
micrograms of each construct, pEGFP-N1/TREK-1 and pDsRedmut/
PrPC, was transiently transfected in HeLa cells at 95% confluence into 29-
mm glass-bottomed dishes. Cells were then incubated for 24 h at 37 �C and
5% CO2. Images were acquired on a Leica TCS SPII microscopy equipped
with the confocal inverted microscopy system Leica DM IRBE, using a
63·, NA 1.32 oil immersion objective. EGFP was excited at 488 nm
wavelength with a filtered argon laser; RFP was excited at 557 nm
wavelength.

In vivo PrPC and TREK-1 cerebellum co-localization. Sections of rat
cerebellum (2-months-old), after fixation by perfusion with saline fol-
lowed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.3, were
cut at the cryostat on the sagittal plane; 12-lm thick sections were
obtained and collected on silan-coated slides. The sections were incu-
bated overnight at room temperature with a mixture of primary anti-
bodies, containing mouse monoclonal anti-PrPC (3F4, 1:100, Sigma) and
goat polyclonal anti-TREK-1 antibodies (TREK-1 C-20, 1:200, Santa
Cruz Biotechnology). After washing, the sections were incubated for 1 h
with a mixture of Alexa Fluor� 488-conjugated anti-mouse and Alexa
Fluor� 594-conjugated anti-goat secondary antibodies (Invitrogen), both
1:100 diluted. As a negative control staining, sections were incubated
omitting the primary antibodies. No immunoreactivity was obtained.
After the histochemical procedure, coverslips were finally mounted in a
drop of Mowiol� (Calbiochem, Darmstadt, Germany) and observed by
fluorescence microscopy with an Olympus BX50 microscope equipped
with a 100 W mercury lamp. The following conditions were used: 450–
480 nm excitation filter (excf), 500 nm dichroic mirror (dm), and 515 nm
barrier filter (bf) for Alexa 488; 540 nm excf, 580 nm dm, and 620 nm bf
for Alexa 594. Images were finally recorded with an Olympus Camedia
C-2000 Z digital camera.

Results

Bacterial two-hybrid screening and identification of TREK-1

as a protein interacting with PrPC

A coding portion of the rat Prnp gene, corresponding to
that of the mature PrPC protein, was cloned into the pBT
Bacteriomatch� II two-hybrid system bait plasmid and
used to isolate putative PrPC interacting proteins in a rat
brain cDNA library. Prior to perform the two-hybrid
assay, the bait plasmid (pBT-PrP, described in Materials
and methods) and the empty vectors, i.e., pBT and pTRG,
were individually tested for self-activation of the reporter
cassette, in the absence of interacting partners, showing
no activation. The pBT-PrP and the pTRG-rat brain
cDNA plasmid libraries were then co-transformed into
screening reporter competent Escherichia coli cells, giving
about 105 cfu, using a single selective screening medium
(5 mM 3-AT, Stratagene). After a more stringent selection
on a dual selective medium (5 mM 3-AT and 12.5 lg/ml
streptomycin, Stratagene), the number of clones was
reduced to 40. This medium was also used to assess the
positive control of the system, i.e., the pBT-LGF2 bait
and the pTRG-Gal11 prey plasmids, coding for two
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interacting proteins. From the above-mentioned 40 clones,
the pBT-PrP and the pTRG plasmids were isolated and
sequenced. To further confirm the observed interactions,
each purified target plasmid along with the recombinant
pBT plasmid was co-transformed into the reporter strain,
obtaining the growth of the clones onto the dual selective
medium. Two pTRG DNA nucleotide sequences were
identical and matched to the Rattus norvegicus tandem
pore domain potassium channel TREK-1 mRNA
(AF385402, from nucleotides 432 to 1431). Noticeably,
TREK-1 and PrPC proteins are well conserved in Homo

sapiens and R. norvegicus, showing a 96% and 88% of ami-
no acid identity, respectively.

Verification of PrPC–TREK-1 interaction using

co-immunoprecipitation assay in HeLa cells

To test the interaction between PrPC and TREK-1, we
employed co-immunoprecipitation assays of transiently
over-expressed tagged-proteins in HeLa cells. First, we ver-
ified the interaction between HA/PrPC(23–230) and Myc/
TREK-1 fusion proteins; thus, PrPC protein constructs
lacking the amino-(from 1 to 22 residues) and carboxyl-
(231–252) terminal signal peptides were assayed against
the entire TREK-1. As shown in Fig. 1A, Myc/TREK-1
co-precipitates with HA/PrPC(23–230) constructs confirm-
ing the interaction between the two proteins. Moreover, the
co-precipitation of the complex was also obtained with the
inverted tags, i.e., HA/TREK-1 and Myc/PrPC(23–230)
(Fig. 1B). Mock experiments, performed without anti-HA
Fig. 1. Co-immunoprecipitation experiments between HA/PrPC(23–230)
and Myc/TREK-1 (A) or HA/TREK-1 and Myc/PrPC(23–230) (B) fusion
proteins. (A) The HA/PrPC(23–230)-Myc/TREK-1 complex formation,
employing anti-HA antibody for immunoprecipitation and anti-c-Myc
antibody for detection, was assayed: electrophoretic band corresponding
to Myc/TREK-1 construct is about 50 kDa in Co-IP lane, as expected. (B)
The interaction between PrPC(23–230) and TREK-1 was demonstrated
with the inverted tags. Asterisk indicates protein A and/or antibody heavy
chain; Co-IP, co-immunoprecipitated product; input, protein lysate; IP,
immunoprecipitation antibody; mock, negative control; pA, protein A
Sepharose; wb, Western blotting antibody.
antibody did not show the immuno-precipitated electro-
phoretic band.

Characterization of the interaction domains of the proteins

employing co-immunoprecipitation assay

To define the domains of interaction alongside the pro-
tein sequences, we employed co-immunoprecipitation
assays of over-expressed tagged-proteins with deletion con-
structs for each protein partner. We produced three PrPC

deletion mutants, namely PrPC(23–106), PrPC(107–230),
and PrPC(128–230), and tested them individually against
the HA-tagged TREK-1 protein. As shown in Fig. 2A,
the fusion proteins Myc/PrPC(107–230) and Myc/
PrPC(128–230) co-precipitated with the HA/TREK-1 con-
struct in the immuno-complex. To further map the
TREK-1 interacting region with the PrPC, two tagged-pro-
tein deletions were produced, specifically Myc/TREK-
1(66–128) and Myc/TREK-1(294–411). Fig. 2B shows that
Myc/TREK-1(294–411) interacted with HA/PrPC(23–230)
fusion protein; differently, Myc/TREK-1(66–128) did not
show immuno-precipitated complexes with HA/PrPC(23–
230).

Co-localization experiments of the fluorescent fusion proteins

in HeLa cells

In order to investigate if the interaction between PrPC

and TREK-1 could be further sustained by co-localization
in living cells, we produced fluorescent fusion proteins of
the two interacting candidates. The expression constructs,
pDsRedmut/PrPC and pEGFP-N1/TREK-1, were tran-
siently over-expressed in HeLa cells and visualized using
a confocal microscopy. Fig. 3A graphically shows the
fusion proteins and the Western blot analysis of the trans-
fected HeLa cells lysates: PrPC/DsRed fusion protein
showed hetero-disperse electrophoretic bands from 50 to
75 kDa; differently, TREK-1/EGFP chimera exhibited
two distinct bands of about 77 and 85 kDa. As shown in
Fig. 3B, the two proteins shared similar sub-cellular local-
ization signals: fluorescent PrPC and TREK-1 were both
predominantly localized to the plasma membrane, with less
intensive co-localization signals within the cell cytoplasm.

Co-localization of the PrPC and TREK-1 endogenous

proteins in the cerebellar cortex

In the cerebellar cortex, the single immunoreaction for
PrPC revealed an intense staining in the molecular layer
(ML); in particular, the PrPC labelled strongly the Pur-
kinje cell somata, the primary dendritic tree, the thin
branches, and the spiny branchlets (Fig. 4A). Differently,
the internal granular layer (IGL) was very weakly immu-
nostained. After the single immunofluorescence for
TREK-1, the Purkinje cell somata were intensely
labelled, whereas the dendritic branches were weakly
immunoreactive (Fig. 4B). TREK-1 immunoreactivity



Fig. 2. PrPC and TREK-1 deletion interaction mapping using co-immunoprecipitation assays. (A) The interaction between TREK-1 protein and the PrPC

carboxyl-terminal domain, specifically Myc/PrPC(107–230) and Myc/PrPC(128–230), is shown. No electrophoretic band is detected in the Co-IP lane, in
correspondence of the PrPC amino-terminal domain, Myc/PrPC(23–106). (B) The panel shows the interaction of the carboxyl-terminal region of TREK-1
protein, i.e., Myc/TREK-1(294–411), versus HA/PrPC(23–230) fusion protein. Anti-HA antibody for immunoprecipitation was employed; on the left of
each Western blotting panel the primary antibodies used are indicated. Asterisk indicates protein A and/or antibody heavy chain.
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was faint in the ML and in the IGL. Therefore, the dou-
ble immunoreaction for PrPC and TREK-1 showed that
the two proteins exhibited co-localization signals in cor-
respondence of the Purkinje cell somata, as shown in
Fig. 4C.

Discussion

In this work, we describe a novel interaction between
PrPC and a tandem pore domain potassium channel pro-
tein, TREK-1. This interaction was revealed using a bacte-
rial two-hybrid system originally developed by Dove and
collaborators [25] and further refined by Joung and collab-
orators [26]. This system allowed detecting protein–protein
interactions in an in vivo E.coli-based cell system. While
the yeast two-hybrid system has been widely and success-
fully exploited in protein interaction studies, the bacterial
system is likely valuable in reducing the chance that the
host harbours an eukaryotic homologue of one of the inter-
acting protein partners that could interfere with important
cellular functions.

The investigated cellular prion protein (PrPC) is a cop-
per-binding glycoprotein [27] predominantly expressed by
neurons and glia cells [28,29]. An abnormal isoform of this
protein (PrPSc) is believed to be the primary component of
infectivity in prion diseases [30,6]. To date, prion physio-
logical functions are still currently under investigation
and several studies have been conducted in the last years
in order to investigate novel PrPC interacting partners. Dif-
ferent protein candidates, such as the laminin and its recep-
tor, p66, N-CAM, GFAP, Bcl-2, and Grb2, were identified,
suggesting a role of PrPC in a multi-functional complex
[22,31].

TREK-1 is a recently described two-pore domain potas-
sium channel involved in the background regulation of
neuronal membrane excitability: it contains four trans-
membrane regions and displays both the amino- and
carboxyl-terminal domains in the intracytosolic compart-
ment [23,32]. This protein constitutes a mechano-gated
channel that is activated by temperature, membrane
stretch, and internal acidosis; moreover, it is activated by
certain polyunsaturated fatty acids (PUFAs) with neuro-
protective activity and by gaseous general anesthetics via
a protein kinase A (PKA)-dependent pathway [32,33]. It
is of note that, except for PrPC in this work, no other inter-
actant has been reported so far for TREK-1.



Fig. 3. Chimeric fluorescent proteins used in this work and co-localization experiments. (A) Graphical representations of fluorescent fusion proteins PrPC/
DsRed and TREK-1/EGFP and electrophoretic profiles of the transfected chimera by immunoblot analyses. Biochemical features like signal peptides,
a-elices, octarepeats region, transmembrane domain, glycosylation sites, GPI-anchoring site for PrPC, and transmembrane domains for TREK-1 are
indicated. Amino acid coordinates refer to the human protein sequences. Mock controls are non-transfected HeLa cells. (B) PrPC/DsRed and TREK-1/
EGFP fusion proteins transiently expressed in HeLa cells show co-localization signals mostly located to the plasma membranes (arrows) and partially
within the cytoplasm. Scale bars: 10 lm.

A B C

Fig. 4. PrPC and TREK-1 expression in the rat cerebellar cortex. (A) PrPC was strongly expressed in Purkinje cell somata (inset), primary dendritic trees,
thin branches, and spiny branchlets of Purkinje cells throughout the molecular layer (ML). A weak immunoreactivity was observed in the internal granular
layer (IGL). (B) TREK-1 was expressed in Purkinje cell somata (inset) and weakly in the dendritic trees. The TREK-1 labelling was faint within the IGL.
(C) Co-localization signals were in correspondence of Purkinje cells somata. Magnifications: 60·.

A. Azzalin et al. / Biochemical and Biophysical Research Communications 346 (2006) 108–115 113
The results of the PrPC/TREK-1 interaction, obtained
with the two-hybrid assay, were confirmed through co-
immunoprecipitation of co-expressed tagged-proteins, HA/
PrP(23–230) and Myc/TREK-1, transiently over-expressed
in HeLa cells. The complex was further confirmed through
the inversion of the bait and prey tagged-proteins. More-
over, an interaction mapping analysis identified the carbox-
yl-terminal domains of the PrPC(128–230) and TREK-
1(294–411) proteins as the potential interacting regions. In
particular, TREK-1 carboxyl-terminal domain has impor-
tant roles in the physiological function of the channel:
this region is crucial for TREK-1 activation by stretch,
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temperature, intracellular acidosis, and extracellular lyso-
phospholipids (LPLs) or anesthetics activation [32].

The PrPC–TREK-1 interaction was also visualized in
living eukaryotic cells through a confocal microscopy anal-
ysis, employing fluorescent fusion proteins. To exclude
interference of the fluorescent protein tags in the physiolog-
ical post-translational modifications of PrPC and TREK-1,
an immunoblot analysis of the PrPC/DsRed and TREK-1/
EGFP proteins in transfected HeLa cells was performed. In
particular, PrPC/DsRed revealed an hetero-disperse signal
of 50–75 kDa, likely attributed to un-, mono-, and di-gly-
cosylated isoforms, similar to the electrophoretic pattern
recently described for the GFP-bPrP construct in mamma-
lian transfected cell lines [34]. Furthermore, PrPC glyco-
forms heterogeneity has been previously described in
cultured cell lines (reviewed in [5] and [35]). TREK-1/
EGFP electrophoretic profile showed a pattern composed
at least of two bands; these isoforms are likely derived from
amino-glycosylation processes, predicted at Asn119 and
Asn122 sites, originating different glycoforms. These sites,
located in the loop region of the protein, are similarly con-
served in the previously described R. norvegicus TREK-2
glycosylated protein, a new member of the two-pore
domain potassium channel family [36].

In transiently transfected HeLa cells, we co-localized the
fusion proteins to the cellular membrane and, less exten-
sively, in cytoplasmic compartments. To this regard, the
precise localization of PrPC in living cells is largely debated
[4]. Whereas some authors reported that PrPC has predom-
inantly a plasma membrane location, others suggested that
PrPC is present on all biosynthetic and endocytic transport
membranous structures and in the cytosol of a subpopula-
tion of neurons in the hippocampus, thalamus, and neocor-
tex [37]. The GPI-anchored outer membrane localization of
PrPC might not completely sustain the interaction with the
cytosolic portion of TREK-1. As a matter of fact, the con-
stitutive cycling of the cell surface PrPC between the plasma
membrane and early endosomes [38] could justify our
results of the interaction between the carboxyl-termini of
the PrPC and TREK-1 proteins. Furthermore, the interac-
tion between PrPC and candidate transmembrane proteins
to direct PrPC internalization was recently proposed [39].

To further confirm the in vivo interaction of the two
proteins, endogenous PrPC and TREK-1 were immunolo-
calized in rat cerebellar cortex sections, mainly in corre-
spondence of the Purkinje cells. In particular, PrPC

immunostained the Purkinje cell layer, similarly to previ-
ous results obtained using the same [40] or different anti-
PrPC primary antibodies [41]. The findings of high PrPC

expression in Purkinje cells were also in agreement with
mRNA expression studies in rat brain sections [42].
TREK-1 immunostaining was mainly in correspondence
of the Purkinje cell layer and, to a lesser extent, within
the granular layer, as previously documented [43].

Interestingly, PrPC has been shown to influence ion
transport proteins inducing changes in the lipid bilayer
environment and these data suggested a direct effect of
PrPC on ion transport processes [44]. Furthermore, recent
in vivo studies revealed that the loss of PrPC function
may interfere with the neuronal intrinsic physiology
[45,18], leading to changes in neural networks that might
be involved in epileptogenesis [46,47]. Similarly, TREK-1
channels showed peculiar electrophysiological and phar-
macological properties [48]. These channels are activated
in different conditions following anesthetic treatment, sug-
gesting that it might be a target in the action of anesthetic
drug. In addition, TREK-1 plays a major role in the
PUFAs/LPLs-induced neuroprotection against epilepsy
and ischemia [49–51]. It has been shown that, during the
ischemic condition, arachidonic acid is released and
TREK-1 channels are activated to protect the cell against
excessive and deleterious neuronal excitability and, inter-
estingly, TREK-1 null mice displayed resistance to anesthe-
sia [52].

In conclusion, we have described a novel interaction
between the cellular prion protein and the potassium chan-
nel TREK-1. To this regard, future works will be directed
to investigate the physiological significance of this interac-
tion, in particular if the proteins are involved in common
neuroprotective mechanisms.
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