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SUMMARY OF THE THESIS 

 

Prion diseases or transmissible spongiform encephalopathies (TSEs) are a group of fatal, 

infectious neurodegenerative diseases caused by the accumulation of an abnormally folded 

isoform, called scrapie prion (PrP
Sc

), of the normal cellular prion protein (PrP
C
). PrP

Sc
 possesses 

infective characteristics and is capable to induce the transition of the healthy PrP
C
-s

 
to a similar 

conformational state.  Prion diseases have no available cure at present. Despite decades of 

intensive research, neither the mechanism of developing the disease nor the exact role of the 

native cellular prion protein is known at present. 

  The cellular PrP
C
 is a glycosylphosphatidylinositol (GPI) -anchored membrane 

glycoprotein highly conserved among mammalian species. It is expressed mostly in the central 

nervous system (CNS) and also in a variety of different organs. A large number of binding 

partners have been reported for PrP
C
, indicating that it is involved in many different cellular 

processes. Among them, it was reported to participate in cell proliferation, adhesion, 

neurotransmitter metabolism and peripheral myelin maintenance, to exert antioxidant activity and 

neuroprotection and to play role in copper homeostasis and homeostasis of trace elements. These 

latter roles had been attributed to PrP
C’

s ability to bind copper (Cu
2+

) and other divalent cationic 

transition metals such as Zn
2+

 and Mn
2+

, mainly by its highly conserved octapeptide repeat region 

(OR). Metal binding was also reported to affect PrP
C’

s folding and trafficking, such as copper 

induced its clathrin-dependent internalization, and it was proposed to be linked to disease as well. 

Although PrP
C’

s metal binding is well-documented and characterised, there is no consensus on its 

exact role in either the normal physiology of the cellular PrP
C
 or in the development of TSEs.  

Recently, two other proteins had been identified as paralogs of the prion protein and are 

members of the prion-family: Doppel (Dpl) and the more recent Shadoo (Sho) protein. While Dpl 

is testis specific and toxic if ectopically expressed in the CNS, Sho is mostly expressed in the 

CNS and present also in the other organs, like PrP
C
. Its function is the least understood at present 

among the prion-family members. Interestingly, Sho has been reported to share some 

neuroprotective actions with the wild type prion protein (PrP) (against the toxic effects of Dpl or 

of Shmerling-mutant Δ[32–121]PrP in primary cerebellar granule neuronal cultures from Prnp
0/0 

mouse or of the hydrophobic domain deletion mutant, Δ[113–133], PrPΔHD in human SH-SY5Y 

cells and against the excitotoxic stress of glutamate, but opposing roles had also been observed in 
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other experimental settings (contrary to wild type PrP, Sho sensitized cells against some drugs 

and provoked large inward ionic currents, similarly to toxic PrP mutants). Intriguingly also, while 

both proteins are abundantly expressed in the brain, they display both overlapping and 

complementary localizations in certain areas. Sho is a natively unstructured protein, similar to the 

N-terminal half of PrP
C
, although with little sequence similarity. Both proteins (and Dpl) are 

GPI-anchored and are known to reside in the outer leaflet of the plasma membrane in the so 

called membrane “lipid-rafts”. Cellular membrane rafts are known as specialized microdomains 

enriched in cholesterol, gangliosides, sphingomyelin and acylated proteins related to a variety of 

signalling processes, and had typically been isolated and characterized using the detergent-based 

isolation protocols. PrP
C’

s association with the membrane rafts is reported to be required for its 

proper folding as well as for its conversion to the TSE-related isoform. However, how 

exclusively are these largely and fully unstructured proteins, PrP and Sho, respectively, confined 

to rafts and/or how they maintain their proper fold through their normal biology remains to be 

uncovered. 

The major aims of the studies presented in this Thesis are the following. First, we set 

forward to test the membrane microdomain preference of Sho and PrP in N2a stable transgenic 

mouse neuroblastoma cells expressing the proteins, using a non-detergent based OptiPrep density 

gradient fractionation method, which avoids eventual artefacts encounterable during the classical, 

detergent-based raft isolation methods.  Secondly, our aim is to test whether calnexin (CNX), a 

reported binding partner of PrP would be shared by Sho as well, and whether these proteins 

interact with CNX preferentially in rafts or non-rafts. Thirdly, after studying PrP
C
’s protective 

role against transition metal induced toxicity in hippocampus-derived mouse ZW and Zpl cells 

(not presented in the Thesis) and using similar copper-treatment on the transgenic N2a cells, we 

set forward to study if PrP
C
’s microdomain localization changes in response to copper treatment.  

The most important results and findings of the presented work are the following. By constructing 

plasmids to encode for a fluorescent protein tagged mouse mPrP (PrP-EGFP-GPI(mPrP)) or mSho 

(Sho-EYFP-GPI(mSho)) or their corresponding control proteins EGFP- GPI(mPrP) or EYFP-

GPI(mSho), respectively,  and by transfecting these separately into N2a cells, four stable transgenic 

N2a cell populations had been developed, named as: PrP-EGFP cells, Sho-EYFP cells, EGFP-

cells and EYFP-cells, respectively. The adequate expression levels of the transgenes in the 

developed cells, as well as the correct localization and glycosylation, i.e., as expected for GPI-
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anchored proteins and for the natively complex glycosylated PrP and Sho, was confirmed by 

microscopy and Western blotting combined with PNGase-F treatment. By using these cells and a 

non-detergent based continuous OptiPrep density gradient fractionation method, we report that 

while prion and Shadoo proteins occupy raft-type membrane fractions, a significant proportion of 

them are present in the transferrin receptor-marked, non-raft membrane domains. Further, 

additional two stable transgenic cell populations, expressing Sho with an additional FLAG-tag 

(Sho-EYFP-FLAG cells) and a corresponding control (EYFP-FLAG cells) were developed by 

constructing and transfecting N2a cells with plasmids encoding for Sho-EYFP-FLAG-STREP-

GPI(Sho) and EYFP-FLAG-STREP-GPI(Sho) fusion proteins, respectively, in order to permit co-

immunoprecipitation studies in case of Sho. Using these and the PrP-EGFP cells and transfecting 

them transiently to also express a red fluorescent protein tagged CNX, colocalization of both Sho 

and PrP with CNX could be detected by live cell confocal imaging.  Next, using co-

immunoprecipitation by FLAG for Sho-expressing cells, in parallel with pull- down assay by Ni-

NTA beads in case of the PrP-EGFP cells employing the Ni-binding of the OR region of the PrP, 

co-immunoprecipitation and the pull-down of the chaperone CNX could be demonstrated for 

both Sho and PrP in the total cell lysates. This indicates their binding to CNX. Interestingly, this 

interaction could be detected also in both type of membrane domains, rafts and non-rafts, for both 

Sho and PrP. Furthermore, we could not observe relocation of PrP from rafts to non-rafts upon 

copper-treatment of these N2a cells, in line with a lack of the rescue effect of PrP observed upon 

the copper- and other transition metal treatments of Zpl (Prnp
0/0

) cells when PrP was 

reintroduced into the cells.  

Overall, our results demonstrate that the GPI-anchored Sho and PrP have similar 

preference for membrane microdomain fractions and interestingly, they display a dual raft/ non-

raft distribution. This possibly reflects a loose raft confinement and may serve their 

multifunctional roles. We report that calnexin is a binding partner of both Sho and PrP 

irrespective of their localization to raft- or non-raft type membrane domains. We speculate that 

the unfolded structure of these proteins necessitates chaperone assistance, among which CNX is 

one of the chaperones, for at least a proportion of them at a given time, independent of their 

localization. We also propose that the involvement of PrP in rescuing cells of the toxic effects of 

copper (or the other metals studied) and its relocation to non-rafts as a response to copper-
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treatment may be more complex than its metal-binding and also dependent on the cellular models 

used. 

 

 

ÖSSZEFOGLALÁS 

 

A prionbetegségek vagy fertőző szivacsos agysorvadás (TSE) betegségei, a 

neurodegeneratív betegségek egy végzetes csoportja, amelyeket a sejtekben fellelhető normál 

prionfehérje (PrP
C
) egy abnormális konformációjú izoformája, az úgynevezett scrapie-prion 

(PrP
Sc

) és annak felhalmozódása okoz. A PrP
Sc

 fertőző tulajdonságokkal rendelkezik, és képes az 

egészséges PrP
C
-k hasonló konformációs állapotba való átmenetét indukálni. A 

prionbetegségeknek jelenleg nincs gyógymódja. A több évtizedes intenzív kutatás ellenére sem a 

betegség kialakulásának mechanizmusa, sem a natív egészséges celluláris prion fehérje pontos 

szerepe jelenleg nem ismert. 

A celluláris PrP
C
 egy glikozilfoszfatidilinozitol (GPI) által membránba horgonyzott 

glikoprotein, amely erősen konzervált az emlősfajok között. Leginkább a központi 

idegrendszerben (CNS) de számos különböző szervben is kifejeződik. Eddigi kutatások a PrP
C
 

számára nagyszámú kötőpartnert jelentettek, ami azt jelzi, hogy számos különböző 

sejtfolyamatban vesz részt. Többek között leírták, hogy részt vesz a sejtproliferációban, 

adhézióban, a neurotranszmitter anyagcserében és a perifériás mielin fenntartásában; antioxidáns 

aktivitást és neuroprotektív hatást fejt ki, valamint szerepet játszik a réz és egyéb nyomelemek 

homeosztázisában. Ez utóbbi szerepeket a PrP
C
 réz- (Cu

2+
) és más divalens kationos 

átmenetifémek, például Zn
2+

 és Mn
2+

 megkötő képességének tulajdonították, amit főként az 

erősen konzervált oktapeptid ismétlődő régiója (OR) által fejt ki. Beszámoltak arról is, hogy a 

fémkötés befolyásolja a PrP
C
 hajtogatódását és sejtbeni mozgását (mint például réz-hatására 

kiváltódó klatrin-függő internalizációja), és azt feltételezték, hogy a betegségekkel is 

összefüggésbe hozható. Bár a PrP
C
 fémkötése jól dokumentált és jellemzett, nincs konszenzus a 

pontos szerepét illetően sem a PrP
C
 sejten belüli normál fiziológiájában, sem a TSE-k 

kialakulásában. 

A közelmúltban két fehérjét is azonosítottak a prionfehérje paralógjaként, és ezek a prion 

fehérje mellett, a prionfehérje-család tagjait alkotják: a Doppel (Dpl) és az újabban felfedezett 
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Shadoo (Sho) fehérje. Míg a Dpl herespecifikus és toxikus, ha ektopikusan expresszálódik a 

központi idegrendszerben, a Sho leginkább a központi idegrendszerben expresszálódik, és más 

szervekben is jelen van, úgy mint a PrP
C
. Funkciója jelenleg a legkevésbé ismert a prioncsalád 

tagjai közül. Érdekes módon, arról számoltak be, hogy a Sho a vad típusú prionfehérjével (PrP) 

megegyezően, bizonyos neuroprotektív hatásokat fejt ki (mint a Dpl vagy a Shmerling-mutáns 

Δ[32–121]PrP toxikus hatásai ellen Prnp
0/0

 egérből származó primer kisagy granulátum 

neuronkultúrákban, vagy a hidrofób domén deléciós mutánssal Δ[113–133], PrPΔHD szemben 

humán SH-SY5Y sejtekben, vagy a glutamát okozta excitotoxikus stresszel szemben). Viszont, 

ellentétes szerepeket is megfigyeltek más kísérleti körülmények között (a vad típusú PrP-vel, 

ellentétben, Sho expressziója érzékennyé tette a sejteket egyes gyógyszerekkel szemben, és 

magas befelé irányuló ionáramot váltott ki, hasonlóan a toxikus PrP mutánsokhoz). Érdekes az is, 

hogy bár mindkét fehérje bőségesen expresszált az agyban, bizonyos területeken mind átfedő, 

mind komplementer lokalizációt mutatnak ki a kettőre. A Sho, hasonlóan a PrP
C
 N-terminális 

feléhez, egy natívan rendezetlen fehérje, bár csekély szekvenciahasonlósággal bírnak. Mindkét 

fehérje (és a Dpl) GPI-horgony által membránhoz kötött, és mint ilyen fehérjékről általában 

tudott, a plazmamembrán külső féltekében találhatóak, az úgynevezett membrán „lipid-

raftokban” vagy tutajokban. A sejtmembrán tutajok koleszterinben, gangliozidokban, 

szfingomielinben és acilezett fehérjékben dúsúlt speciális mikrodoménekként ismertek, amelyek 

különféle jelátviteli folyamatokhoz kapcsolódnak, és melyeket jellemzően detergens-alapú 

izolációs protokollokkal izoláltak/-nak és jellemezték őket. A jelentések szerint a PrP
C
 membrán 

tutajokban való jelenléte szükséges a megfelelő hajtogatódásához, valamint a TSE-hez kapcsolt 

izoformává való átalakulásához. Azonban, hogy a nagyrészt- vagy teljesen strukturálatlan PrP és 

Sho, fehérjék lokalizációja mennyire korlátozódik a membrán tutajokra, és/vagy hogyan tartják 

meg a megfelelő konformációjukat a normál biológiájuk során, még nem tisztázott. 

A dolgozatban bemutatott vizsgálatok fő céljai a következők. Először, a Sho és PrP 

membrán mikrodomén preferenciájának tesztelését tűzzük ki célul, a fehérjéket expresszáló N2a 

stabil transzgenikus egér neuroblasztóma sejtekben, egy nem-detergens alapú OptiPrep 

sűrűséggradiens frakcionálási módszerrel, amely elkerüli a klasszikus, detergens-alapú raft-

izolálási  módszereknél esetlegesen előforduló artefaktumok létrejöttét. Másodszor, célunk annak 

tesztelése, hogy a calnexint (CNX), a PrP egyik jelentett kötőpartnere, a Sho is köti-e? Valamint, 

hogy a PrP és Sho, a CNX-szel vajon prefernciálisan, a raftokban vagy a nem-raft típusú 
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membránokban, kötődik-e? Harmadszor, miután megvizsgáltuk a PrP
C
 átmenetifém-indukált 

toxicitással szembeni védő szerepét hippokampuszból származó egér ZW és Zpl sejtekben (a 

tézisben nem bemutatott), és hasonló réz-kezelést alkalmazunk a transzgenikus N2a sejteken, 

tanulmányozzuk, hogy megváltozik-e a PrP
C
 mikrodomain lokalizációja, válaszul a rézkezelésre? 

A munka legfontosabb eredményei és megállapításai a következők. Fuoreszcens fehérje-

tag-elt PrP-t, Sho-t és ezek kontroll fehérjéit kódoló plazmidokat létrehozva és N2a sejtek 

transzfekciójával négy stabil transzgenikus N2a sejtpopulációt hoztunk létre. Ezek rendre az 

EGFP-vel jelölt prion fehérjét (PrP-EGFP sejtek), annak kontroll, EGFP-GPI(PrP), fehérjéjét 

(EGFP-sejtek), az EYFP-vel jelölt Sho-t (Sho-EYFP sejtek), vagy annak kontroll EYFP-GPI(Sho) 

fehérjéjét expresszálják (EYFP-sejtek). A kifejlesztett sejtek megfelelő expressziós szinten és 

megfelelően, azaz, a GPI-horgonyzott fehérjéktől valamint a komplex-glikolizált natív PrP és 

Sho-tól elvárt módon lokalizált és glikozilált fehérjéket expresszálnak, melyeket konfokális 

mikroszkópia, valamint, Western blot és PNGase-F enzimemésztéssel igazoltunk.. E sejteket 

használva és egy nem-detergens alapú OptiPrep folytonos-sűrűséggradiens frakcionálási módszer 

alkalmazásával kimutatjuk, hogy míg a PrP és a Sho fehérjék raft-típusú membránfrakciókat 

foglalnak el, jelentős részük jelen van a transzferrin receptorral jelölt, nem-raft típusú membrán 

doménekben. Továbbá, két másik stabil N2a transzgenikus sejtpopulációt is létrehoztunk: egy a 

Sho-t további FLAG-taggel expresszáló- (Sho-EYFP-FLAG sejtek) és az ennek megfelelő 

kontroll (EYFP-FLAG sejtek) sejtpopulációt, hogy lehetővé tegyük koimmunprecipitációs 

vizsgálatok végzését Sho esetén. Ezekhez, rendre a következő fúziós fehérjéket kódoló 

plazmidokat készítettük: Sho-EYFP-FLAG-STREP-GPI(Sho) és EYFP-FLAG-STREP-GPI(Sho). E 

két sejtpopulációt, valamint, a PrP-EGFP és kontrollja sejteket felhasználva és átmenetileg 

transzfektálva egy vörös fluoreszcens fehérje-taggelt CNX-t kódoló plazmiddal, élő-sejt 

konfokális mikroszkópiával kimutattuk, hogy mind a Sho, mind a PrP kolokalizál CNX-szel. Ezt 

követően, a Sho-t expresszáló sejtek FLAG általi ko-immunoprecipitációjával és párhuzamosan 

Ni-NTA pull-down esszével PrP-EGFP sejtek esetében (ahol a PrP OR régiójának Ni-kötődését 

használjuk ki), a CNX chaperon precipitációja  mind Sho, mind PrP esetében kimutatható a teljes 

sejtlizátumban. Ez a PrP és Sho CNX-hez való kötődését jelzi. Érdekes, hogy a kölcsönhatás 

mindkét fajta membránban, raft- és nem-raftokban kimutatható volt, mind Sho, mind PrP 

esetében. Végezetül, a PrP mentőhatásának hiányát észleltük réz- és egyéb átmenetifém-kezelés 

során Zpl (Prnp
0/0

) sejtekben, a PrP visszajuttatása mellett, valamint, a PrP-t kifejező 
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transzgenikus N2a sejtekben rézkezelés hatására nem volt megfigyelhető a PrP raft- és nem-raft 

disztribúciója között különbség.  

Összefoglalva, eredményeink azt mutatják, hogy a GPI-vel horgonyzott Sho és PrP ugyan 

jelen van a raftokban, de érdekes módon kettős, raft- és nem-raft eloszlást mutat. Ez valószínűleg 

a gyenge kötődést tükrözi a raftokhoz, és a két fehérje sok-funkciós szerepét támogatja. Jelentjük, 

továbbá, hogy a calnexin mind a Sho, mind a PrP kötőpartnere, függetlenül attól, hogy a tutaj- 

vagy nem tutaj típusú membrándoménekben lokalizálódnak. Feltételezéseink szerint ezeknek a 

fehérjéknek (adott időben legalább egy hányadnak) a rendezetlen szerkezete szükségessé tesz 

dajka-fehérjekötődést, domén-lokalizációjuktól függetlenül, amelyek között a CNX az egyik. Azt 

javasoljuk, továbbá, hogy a PrP mentő szerepe réz vagy a vizsgált többi fém toxikus hatásaival 

szemben, vagy rézkezelésre adott válaszként való átrendeződése raft és nem-raft között, 

komplexebb folyamat az egyszerű fémkötés képességétől, és a használt modellrendszertől is 

függhet. 
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1. INTRODUCTION 

 

Transmissible spongiform encephalopathies (TSEs), also called prion diseases, are 

signature members of conformational diseases or protein misfolding diseases, a category of 

diseases characterized by protein misfolding and aggregation. Apart of TSEs other major 

neurodegenerative diseases that fall into this category, such as Huntington diseases, Alzheimer’s 

disease, amyotrophic lateral sclerosis, Parkinson’s disease and motor neuron disease
1
. These 

diseases are commonly associated to specific intrinsically disordered proteins ,with remarkably 

flexible structures, able to adopt many intermediate states of conformations, and usually form 

amyloidal self-assemblies during the evolution of the disease
2,3

.  

 

1.1 Transmissible spongiform encephalopathies or prion diseases  

Prion diseases or TSEs represent a class of incurable neurodegenerative diseases that are 

infectious and occur in humans and animals. These diseases are characterised by 

neurodegeneration, synaptic and dendrite loss and neuronal death and in later stages by the 

spongiform appearance of the brain tissue or gray matter, ultimately leading to death (Figure 1)
4
. 

Prion diseases are believed to be caused by “prions” a term that was created based on the 

observation that the infectious material in these diseases is made of nucleic acid-free 

“proteinaceous infectious particle” which was abbreviated as “prion”
5,6

. It was found that at the 

core of this material stands one protein only, the protein called prion protein (PrP), which was the 

only protein identified in the infectious prion particles. Prions are remarkably infectious and 

cause a group of invariably fatal neurodegenerative diseases. These diseases may originate as 

genetically inherited or acquired through iatrogenic transmission or consumption of infectious 

material.  
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Figure 1. Comparison of mammalian normal and prion infected brain with TSE characterised by 

synaptic and dendrite loss, spongiform degeneration, brain inflammation and neuronal death. 

  and (Adapted from: Soto C Satani N, 2011
4
) 

 

Creutzfeldt-Jakob disease (CJD) is the most well-known of the human TSEs, it affects 

about one in every one million people each year. Other human prion diseases include kuru, 

Gerstmann-Sträussler-Sheinker disease (GSSD) and fatal familial insomnia (FFI) as summarised 

in Table 1
7
. Prion diseases in animals include scrapie in sheep and goat; bovine spongiform 

encephalopathy (BSE), also known as “mad cow diseases” in cattle, chronic wasting disease 

(CWD) in deer and elk
5
, or camel spongiform encephalopathy (CSE)

8
 in camel, just to name a 

few among many. The first animal spongiform encephalopathy described was the scrapie of 

sheep, which was reported to had been transmitted by contact with infectious fluids and/or 

ingestion of infected material through feed
9
. The symptoms of prion diseases generally include 

behavioural and movement disturbances, dementia, astrogliosis, degeneration of CNS tissues and 

absence of immunological responses, where all these symptoms are rapidly progressive and fatal, 

being incurable at present
5
.  
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PRION DISEASE MODE PATHOGENESIS 

CJD, Sporadic Unknown Spontaneous conversion of PrP
C
 to PrP

Sc
 or 

Somatic mutation 

CJD, Familial Inherited PRNP gene mutation 

CJD, Iatrogenic Transmitted Infection from prion contaminated growth 

hormones, duramatter, corneal transplants, 

surgical procedures etc. 

CJD, variant Transmitted Infection from BSE prions  

KURU Transmitted Infection from ritualistic cannibalism 

GSSD Inherited PRNP gene mutation 

FFI Inherited PRNP gene mutation 

     Table 1: Human prion diseases and their aetiology. (Adapted from: Macalister GO and 

Buckley RJ, 2002
7
) 

Prion diseases are diagnosed only at a late stage, mostly because neither the mechanism of 

developing disease nor the exact role of native protein is known. There is currently no treatment 

that can halt progression of any of the prion diseases.   

1.2 Protein-only hypothesis of prion propagation 

The historical background of TSEs started from description of scrapie in 1732. Initially 

the TSE agent was thought to be a slow virus and it was assumed that the agent is part of the 

receptor for virus, under the “Unconventional virus hypothesis”
10,11

 Later, after Alper and co-

workers (1967) stated that the infectious agent is devoid of nucleic acids and resistant to UV 

radiation, J.S Griffith and co-workers (1967) proposed the “protein–only” hypothesis for the 

mechanism of the disease, according to which the infectious agent consists of a modified or self-

replicating protein
12,13

. In 1982, Stanley B. Prusiner formulated the currently valid “prion 

hypothesis” stating that the proteinaceous infectious particle or “prion”, resistant to most 

procedure that modify nucleic acids, stands the basis of the disease
5,6

 where the protein ascribed 

to this particle is none other than a conformationally changed isoform of the normal cellular prion 

protein
5,14

. During prion disease this normal cellular prion protein (PrP
C
) converts to disease-

associated conformer, which is called also as scrapie prion (PrP
Sc

) with different physicochemical 
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properties, as listed in Table 2, and accumulation of this insoluble isoform that are protein 

aggregates, form intra- and extra-cellular deposits, leading to neurotoxicity and 

neurodegeneration
15

.  

PrP
C
 PrP

Sc
 

Normal cellular prion protein Scrapie prion protein (the disease related 

isoform) 

Gene PRNP (short arm of 

chromosome 22) 

Reproduced by binding to PrP
C
 and  

 stimulating conversion of PrP
C 

to PrP
Sc

 

Rich in alpha helix structures Rich in beta pleated sheets 

Soluble protein Insoluble protein aggregate 

Proteinase K sensitive Proteinase K resistant 

Does not form aggregates Forms aggregates 

                                    Table 2: Biochemical properties of PrP
C 

and PrP
Sc

. 

 

According to protein only hypothesis, two mechanisms had been proposed to explain the 

conformational conversion of PrP
C
 to PrP

Sc
: (a) The template-assisted model postulates that an 

interaction between the pathogenic PrP
Sc

 and endogenous PrP
C
 is sufficient to cause template-

driven formation of more PrP
Sc16

; (b) The seeding or nucleation-polymerization model postulates 

that PrP
C 

and PrP
Sc

 are in a reversible thermodynamic equilibrium and only if several monomeric 

PrP
Sc

 molecules bind to form a highly ordered seed, then further monomeric PrP
Sc

 are recruited 

and eventually aggregate to amyloids
17

. Despite many studies, the exact mechanism of 

conversion of PrP
C
 to PrP

Sc 
or the disease related isoform is still elusive

5,18,19
. Furthermore, since 

a prion–like mechanism is common to the other conformational neurodegenerative diseases as 

well,
20,21

 understanding the details of the mechanism and the function of the proteins involved, 

such as  PrP
C
 along with its family member proteins is of outmost importance. 

 

1.3 The cellular prion protein: structure, biosynthesis and known functions 

PrP
C
, is a sialoglycoprotein, highly and constitutively expressed mainly in the central 

nervous system (CNS) and also in other organs, such as liver, heart, lungs, lymphoid system 

intestinal muscle and testis
22–25

. The three dimensional structure of PrP
C
 shows two structurally 

distinct domains (Figure 2) for the protein: a flexible, unstructured, intrinsically disordered N-
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terminal domain (residues 23-124) comprising about half of the protein, and a structured, 

globular domain (residues 125-228) called C-terminal globular domain. The globular domain is 

composed of three α-helices and two short anti-parallel β-strands and possesses also two 

glycosylation sites (Asn181 and Asn197) and a disulphide bond between Cys179 and Cys214
26,27

. 

The nascent mouse PrP
C
 is of 254 amino acids with an N-terminal signal peptide (aa. 1-22), 

which directs it to the endoplasmic reticulum (ER), and a propeptide (aa. 231-254), which is a 

signal peptide for a C-terminal GPI-anchor attachment. The mature protein sequence (aa. 23-231) 

harbours several important regions at its N-terminal half, among them two regulatory positively 

charged regions, the N-terminal polybasic region and a second basic patch; an octapeptide repeat 

region (OR) between the two polybasic patches that binds copper and divalent cations; a 

hydrophobic domain (HD) responsible for many protein-protein interactions, and overlapping 

with HD, the so called central region (CR) where several disease related mutations occur and 

deletion of which is lethal to the mice. After several post translational modifications in the ER 

and Golgi apparatus (GA), PrP
C
 is routed to the outer leaflet of the plasma membrane (PM), 

especially to specialised lipid-ordered entities called lipid-rafts
28

.  

The explicit function of PrP
C
 is still unknown but studies suggested that it might be a 

pleiotropic protein with multiple functions and it was shown to participate in various cellular 

activities, such as signal transduction, copper homeostasis, cell adhesion, protection from 

apoptotic stimuli and oxidative stress, immunoregulation, neuroprotective signaling and 

neurotoxic pathways 
29–33

.  

Interestingly, even though PrP is a highly conserved protein among mammals, its deletion 

is not lethal to mice
34

 nor causes developmental abnormalities in cattle and goat
35

. This resulted 

in the supposition that there might be another protein which in PrP
C
’s absence it could take over 

PrP’s functions. Despite long-term studies, there are still challenging questions to untangle 

related to the physiological function of PrP
C
 and the processes of the disease development: are 

there any additional factor or factors contributing to the pathophysiological developments? Thus, 

a better understanding of the details of the normal biology of the cellular prion protein is 

important, as well as to evaluate the roles of the other members of the prion-family proteins, in 

normal biology as well as TSE pathogenesis.  
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1.4 The prion protein as a copper binding protein 

One, if not the most obvious, characteristic of PrP
C
 is linked to the presence of an OR 

region in its sequence, which confers the ability to the protein to bind divalent cations. Due to 

this, the most straightforward proposition for the PrP
C
’s functions is a role as a transition metal-

binding protein
36–38

. It is known that metal imbalance occurs in prion disease and metal ions such 

as copper (Cu
2+)

, manganese (Mn
2+

) and zinc (Zn
2+

) play an important role in prion 

pathogenesis
39,40

. Studies demonstrated that PrP binds Cu
2+

, Zn
2+

, Ni
2+

, Fe
2+

 and Mn
2+

, among 

which it has a high affinity specifically for Cu
2+

 ions
41

. Copper binding occurs not only at the OR 

region, but at two other sites on the protein as well, which are populated by Cu
2+

 in function of its 

ambient concentration, adding up to six copper molecules that PrP
C
 can hold at a time, in vivo 

36,42
. Cu

2+
 binding is also reported to affect the folding and structure of PrP, inducing 

conformational changes as well as conversion to PK-resistant species and PrP
Sc43–45

.  

Although PrP
C
 is able to bind transition metal ions it is much less clear which of these 

interactions are related to PrP
C
’s physiological functions. The physiological importance of Cu

2+
 

binding to the OR region may be inferred from the studies reporting Cu
2+

 induced internalization 

and shedding of PrP
C46–48

. The internalized PrP
C 

constitutively cycles between the plasma 

membrane and endocytic compartment via clathrin coated pits-dependent pathway
49–51

 and PrP
C
 

had been proposed to be involved in copper sequestration and uptake and maintaining Cu
2+

 and 

other metals’ homeostasis, however, whether it in fact does transport these metals is not 

clear
33,52,53

. Furthermore, it is plausible that Cu
2+

 or Zn
2+

 binding to PrP
C
, which causes 

endocytosis is a signal for antioxidative defense
33,53

. PrP’s antioxidant functions have also been 

documented in several instances and oxidative stimuli, and a protection against transition metal 

induced toxicity, exerted by PrP or its fragments had been reported by a few studies
54–56

. 

However, the mechanisms by which these effects are achieved are not clear at present.  

 

1.5 The members of the prion-family proteins 

The human prion gene locus consists of four genes, the PRNP encoding for the prion 

protein, the PRND (downstream of prion protein–like gene) encoding for Doppel (Dpl), PRNT 

(prion protein testis specific gene) encoding the Prt protein, and a novel gene SPRN (shadow of 

the prion protein gene), which encodes the Shadoo (Sho) protein
57

. All four genes demonstrate 

low sequence homology, implying that although they may be evolutionarily related, they may be 
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functionally distinct
58

. Unlike PrP
C
 and Sho, which are mostly expressed in the CNS, Dpl and Prt 

are testis specific. The least known among them, Prt, is in many cases considered as being a 

pseudogene, it is not present in all vertebrates, and it is predicted to be a soluble protein with the 

most distant structure from the other three proteins that are the so far well-recognized members of 

the prion-family proteins. PrP
C
, Sho and Dpl are all GPI-anchored proteins. The structure of Dpl 

is similar to the C-terminal part of PrPC: git is lobular with three alpha helixes and two beta sheets 

possessing also two glycosylation sites and with two disulphide bonds (compared to one for PrP) 

(Figure 2) and shows 25% sequence identity to PrP
C59,60

. Several lines of evidence argue against 

the involvement of Dpl in prion disease
61,62

.  

1.6 Shadoo protein, the “Shadow of prion protein” 

The SPRN gene, encoding the PrP
C
 paralogue Sho, had been first discovered in silico in 

2003 and it was termed as the Shadow of prion protein precursor, and the protein as “Shadow of 

prion protein” or Shadoo (the Japanese word for shadow). The gene is located on the 

chromosome 7 in mouse (chromosome 10 in humans) and it was found to be highly conserved in 

all vertebrates from fish to mammals
63

. Sho is mostly expressed in the CNS, especially in the 

brain, with highest expression in hippocampus and cerebellum
64

. Sho is also expressed in other 

organs including kidney, lungs, liver, pancreas, prostate, testicle and ovary
65,66

. The secondary 

structure of Sho is similar to the intrinsically disordered N-terminal part of PrP
C
, fully 

unstructured. The amino acid sequence of Sho possesses characteristic segments, such as starting 

from the N-terminal, a signal peptide sequence, which directs the protein to the ER, a basic repeat 

region rich in arginine and glycine, which then is followed by a central hydrophobic domain 

(HD), a C-terminal region with a single glycosylation site, and finally a terminal signal peptide 

for a GPI anchor attachment. (Figure 2). Sho appears to lack secondary structures in its C-

terminal region, unlike to PrP, possibly due to lack of cysteine residues hence, disulfide bridges 

in Sho, as well as the region analogous to the α-helical domain present in PrP
C
 is too short in Sho 

to accommodate three α-helical structures
67

. 
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Figure 2: Domain structures of the prion-family member proteins. Schematic representation 

of PrP
C
: in the N-terminal domain the octapeptide repeat region (Octarepeat region), the 

hydrophobic domain (HD) and in the C-terminal domain, the two beta strands (β) and three alpha 

helix (α) with the two glycosylation sites (CHO) and at the C-terminal the GPI signal peptide 

sequence (GPI) anchoring the protein to the membrane. Schematic representation of Shadoo: N-

terminal arginine-glycine rich region (Basic repeat region), central hydrophobic region (HD) and 

one glycosylation site (CHO) with GPI signal peptide sequence (GPI) at the C-terminus 

anchoring the protein to membrane. Schematic representation of Doppel: three, C-terminal alpha 

helices (α) and two beta strands (β), two glycosylation sites (CHO) and a GPI signal peptide 

sequence (GPI) anchoring the protein to membrane, are shown. (Adapted from: Daude N and 

Westaway D, 2011
65

)  

 

Sho as a glycoprotein is synthesised in the secretary pathway and is attached to the 

external leaflet of the plasma membrane via a GPI-anchor
68

. Sho is also present in nucleus 

besides ER and GA
69,70

. Recently, it was demonstrated that the ER signal peptide of Sho can 

mediate an alternative targeting of Sho to the mitochondria, a process that is governed by  

structural features in its intrinsically disorder elements; and that the GPI anchor signal peptide is 

sufficient to promote efficient ER import of the protein
71

. The physiological functions of newly 

discovered protein Sho, are less characterized in comparison to PrP
C
 and Dpl. Howbeit, Sho 
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proved to be essential for the CNS development in zebrafish in gain and loss of function 

experiments
63,72

.  

 

1.6.1 Structural similarities and differences between Sho and PrP
C
 

  Apart of the similarities in linear domain alignment of Sho and PrP
C
, the two proteins 

have low sequence homology. The most similar domain in the sequence is HD region possessed 

by the two proteins, and the HD of Sho has a middle stretch of hydrophobic amino acids with 

44% sequence similarity with the HD region of PrP
C
, this being the only homologous sequence of 

the two proteins. Similarly to PrP
C
, Sho also possesses an endoproteolitic cleavage site near to its 

GPI anchor. Contrary to PrP
C
, Sho has (i) an N-terminal repeat region composed of “RGG” boxes 

or (RXXX)8 motifs, which does not resemble the histidine-containing octapeptide repeats of 

PrP
C69,73

, the octapeptide repeat region of PrP
C
 binds copper, triggering copper-mediated protein 

dimerization, however, involvement of Sho’s tetra-repeat region in metal binding or induced 

dimerization is unknown, (ii) the HD region of Sho harbours “GxxxG” motifs, whereas the 

analogous HD region of PrP harbours palindromic sequence of  AGAAAAGA and (iii) Sho’s C-

terminal region is not known to possess any secondary structure, whereas PrP is familiar for three 

α-helices
57,63,67,69,73

. Additionally, unlike the C-terminal of PrP
C
 where two glycosylation sites are 

present, Sho has only one glycosylation site. In terms of folding and aggregation, however, Sho 

was also reported to have an ability to refold in vitro into an amyloid-like form as well as to be 

able to form PK-resistant aggregates in cells
67,74–76

.  

1.6.2 Functional similarities and differences between Sho and PrP
C
 

The exact biological functions of Sho are not yet uncovered. While both PrP and Sho are 

expressed at highest levels in the CNS, interestingly, the complementary expression of the two 

proteins were also observed in certain areas, such as in hippocampus and cerebellum and/or 

within the same type of neurons: in hippocampal pyramidal cells Sho was intensely detected in 

the cell bodies, but it was observed to be absent in axonal process, while PrP appeared primarily 

abundant in axonal projections of the pyramidal cells and presented low expression in cell bodies. 

Sho was detected in Purkinje cells where PrP is absent
64,77

. Other studies reported that contrary to 

PrP
C
, Sho expression is low in cerebellar granular neurons and high in PrP

C
-deficient dendritic 

processes
64

. Sho had also been found in nuclei of the cells and it was shown to bind DNA and 

RNA with its N-terminal arginine rich region
69,73,78–80

.  
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Sho and PrP
C
 are reported to play roles in embryonic development and tissue formation 

32,81
, and their expression overlaps in the trophoblastic development

82
. It has been suggested that 

Sho probably participates in the overlapping embryonic pathways with PrP
C
 as the Sprn mRNA 

knockdown in the Prnp
0/0

 mice proved lethal
82

. However, its absence in Sprn
0/0

 or in double-

knockout Sprn
0/0

-Prnp
0/0

 mice proved otherwise, resulting in no dramatic phenotypes
83,84

, and 

rendering Sho’s cellular role also puzzling.  

Interestingly, during prion infection levels of Sho in the brain decrease in several 

experimental rodent models and sheep
64,85,86

, as well as a study reported the simultaneous 

occurrence of specific mutations in the SPRN gene in CJD-patients
87

, suggesting its involvement 

in the prion disease process. In addition, Sho on its own demonstrated ability to form fibrils in 

model membranes
88

 and amyloid-like aggregates in cell membranes
67

 and recombinant Sho 

increased PrP conversion rate in cell culture setting when administered to the cell media prior 

infection with scrapie brain homogenate
89

. Moreover, yeast two-hybrid studies and also native 

crosslinking and immunoprecipitation in mouse neuroblastoma cells, reported that Sho can 

interact with PrP, indicative also of that they may occupy the same environment in vivo
89–91

.  

However, the significance of this interaction to the evolution of prion pathology remains 

unknown. On the other hand Sho’s its overexpression did not influence prion replication kinetics 

in transgenic mice
92

 and altogether Sho did not prove to have direct involvement in propagating 

PrP
Sc 86,92,93

. Taking together, the mechanisms governing Sho’s involvement in the TSE infected 

brains remains unclear.  

In several experimental settings expression of Sho manifested neuroprotective activities 

similar to the wild type PrP: its expression prevented neuronal cell death induced by the 

expression of Dpl or the toxic PrPΔHD or the highly toxic Schmerling mutant PrPΔCR
64,67,94,95

. 

In addition, ShoΔHD mutant did not acquire neurotoxic potential, but lost the stress-protective 

activity, contradictory to PrPΔHD mutant, which is toxic
94

. Moreover, like PrP
C
, Sho also 

protects cells against physiological stressors such as excitotoxin glutamate
94

. On the other hand, 

opposing roles for Sho and wild type PrP had also been reported: expression of Sho caused drug 

hypersensitivity in certain type of cells, while expression of wild-type PrP rescued cells against 

the effect of the same drugs
96

. Also, Sho induces large spontaneous ionic currents similarly to the 

toxic PrP mutant associated with familial human prion diseases, whereas expression of wild type 

PrP rescues the same cells against these effects
97

. Altogether, these demonstrate that while Sho 
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and PrP may act similarly then may undertake opposing roles as well depending on the 

experimental setting and the process studied, and more data are required to understand their exact 

relation and interplay. 

 

1.7 Role of lipid rafts in the biology of prion and Shadoo proteins and disease  

Lipid rafts had been reported to play vital role in various neurodegenerative diseases such 

as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, multiple sclerosis and 

epilepsy
98–101

. The association of GPI anchored proteins, as it is also PrP
C
 and Sho, with lipid 

rafts is well documented and was inferred to be also instrumental in the pathogenesis of PrP
Sc

 and 

prion diseases
102,103

. The segregation of certain lipids into raft-like domains in lipid-membranes, 

composed of lipid-only mixtures, has long been observed in several experimental settings
104,105

. 

The existence of similar segregations in the multi component cellular membranes could not 

directly be observed in situ (in lack of appropriate techniques), but had been proven by several 

indirect methods, based on which a consensus definition for cell membrane lipid rafts was 

formulated. This defines membrane rafts as being the heterogeneous, dynamic, cholesterol and 

sphingolipid-enriched membrane nanodomains (10–200 nm) that have potential to form 

microscopic domains (>300 nm), which dissociate and associate rapidly, and form functional 

clusters (induced by protein–protein and protein–lipid interactions) by confining specific proteins 

together to perform specific functions (Figure 3), hence, they regulate cellular processes
106,107

. 

The definition of rafts has been influenced, in large part, by the development of methodologies 

available for their investigation. Various techniques and tools had been used to study membrane 

domains and rafts such as the separation and density-gradient flotation of detergent resistant 

membranes, antibody patching and immunofluorescence microscopy, immunoelectron 

microscopy, chemical crosslinking, single fluorophore tracking microscopy, photonic force 

microscopy and fluorescence resonance energy
105,106

. The most widely used methods to gain 

insights of membrane rafts, specifically of their composition, is their isolation through detergent-

based membrane fractionation protocols. In these protocols the membrane rafts are considered as 

being the detergent-resistant membrane fractions, or DRMs, floating on top of the sucrose 

gradients
28,108

. The association of PrP
C
 to lipid rafts was also studied by this kind of isolation 

techniques, which revealed that PrP
C
-s raft localization is mediated not only by its GPI-anchor 
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but also by the N-terminal region of its ectodomain, possibly by the charged polybasic patches, 

through which PrP can establish various molecular interactions
102,109,110

. 

 

 

 Figure 3: Schematic presentation of cell membrane lipid raft and non-raft domains (Adapted 

from: El-Sayed A and Harashima H, 2013
111

). 

 

Lipid rafts are known as to be involved in various aspects of PrP’s metabolism
112

. Not 

only PrP
C
 but also PrP

Sc
 is reported to be enriched in the lipid raft fractions that are resistant to 

detergent extraction and float in the low-density region of the gradients in detergent-based 

fractionation protocols
28,113

. PrP
C
 and PrP

Sc
’s association with lipid rafts is reported to be crucial 

for PrP’s folding and it is a proposed conversion sites of PrP
C
 to a PrP

Sc
 form, although the exact 

mechanism of conversion is not known to-date
28,114–118

. In this regard presumed roles of rafts, as 

depicted by Figure 4, are that they could act as trafficking vehicle or meeting place for 

conversion or contain factors responsible for prion propagation. Internalization of PrP
C
 was 

observed to occur also by caveolae, that is in a raft dependent manner, which indicates that the 

localisation of PrP
C
 to lipid rafts may be important for maintaining the cellular homeostasis of 

PrP
C119–121

. PrP
C’

s association with lipid rafts in the ER was shown to stabilize its 

conformation
122

. Furthermore, Taylor and co-workers demonstrated that upon copper exposure a 

significant proportion of PrP
C
 present in lipid rafts exits the rafts and relocates to non-rafts in the 

plasma membrane and proceeds to undergo a clathrin dependent endocytosis, arguing for an 

effect of copper on PrP’s membrane microdomain partitioning
123,124

. Exchanging of PrP
C
’s GPI-
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anchor with a non-raft type transmembrane protein domain prevented its conversion to PrP
Sc

 

highlighting that the binding of PrP
C
 to membrane-rafts has importance in prion 

conversion
102,115,125

. Additionally, disruption of rafts during early stage of PrP
C
 biosynthesis 

caused the protein to misfold, suggesting a functional role for rafts in maintaining the proper 

folding of PrP
C122

. These studies support that association
 
of PrP

C 
to membrane rafts is important 

not only for its conformational conversion, but also for the normal biology of the prion protein
126

.  

 

 

Figure 4: Different possible roles for rafts in prion conversion. (a) Rafts could be the vehicle 

of prion transport; (b) Rafts could contain the factors (protein X or lipid chaperones); (c) Rafts 

could be a platform on which PrP
C
 accumulation occurs and lead to prion propagation by 

promoting encounter between PrP
C 

and PrP
Sc

(i) or alternatively, coalescence of two specific prion 

rafts could initiate prion conversion(ii); (d) Specific raft domains could be involved in stabilizing 

the conformation of PrP
C
 so that, when PrP

C
 exits the rafts, it is misfolded and can interact better 

with PrP
Sc

 to undergo transconformation (Adapted from: Campana V and co-workers, 2005
114

). 

 

On the other hand, the importance of the association of Sho to lipid rafts in the conversion 

process of PrP
C
 to PrP

Sc 
is not known. Whilst similarly to PrP, Sho in found in lipid rafts 

(according to isolations using detergent-based methods) and its raft localization proved to be 

crucial for its folding, as an accumulation of a PK-resistant form and an increase of an 
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unglycosylated form of Sho in the ER was reported upon lipid raft-disruption
76

. Interestingly, the 

same authors also found that a percentage of Sho is, contrary to PrP, in a partially PK-resistant 

and aggregated state already at natural conditions in cells. In addition, studies also demonstrated 

that Sho binds to anionic lipid vesicles (in model membranes), forms amyloid-aggregates and 

undergoes fribillization under physiological conditions, but this is not verified yet in in vivo
67

. 

Puig and co-workers showed that the GPI anchor signal sequences play a potential role in the GPI 

anchor composition, consequently may control the subcellular localisation of proteins in vivo
127

. 

Furthermore, Brügger and co-workers demonstrated that PrP
C
 and another GPI anchored protein 

Thy-1 are found in separate microdomains, they traffic very differently and show distinctive 

differences in their resistance to detergent solubilization and membrane-domain partitioning, 

emphasizing the significance of GPI anchor in localization of proteins
128

. Bate and co-workers 

reported that the sailic acid in GPI anchor composition of PrP
C
, which is unusual among the 

mammalian GPIs, regulates the PrP-mediated cell signaling and plays a role in the induction of 

neurodegeneration
129,130

. A presence of sailic acid in GPI anchor of Sho is not been reported until 

now. These studies suggest that although the core of GPI anchors is conserved, variable glycan 

side chains and lipid moieties could localise the proteins to similar or different membrane 

microdomains. Characterizing exact localization of Sho especially in membrane microdomain in 

comparison to PrP
C
 is pivotal to identify the mechanisms if any that underlie prion formation. 

 

1.8 The role of endoplasmic reticulum in prion protein and Shadoo biology and diseases 

Endoplasmic reticulum stress associated with protein misfolding, is emerging as being a 

driving factor in the most common neurodegenerative diseases including Alzheimer’s disease, 

Parkinson’s disease and amyotrophic lateral sclerosis
131–133

. In prion diseases, the ER plays a 

significant role as well
134–136

. One of the proposed routes for conformational conversion of PrP
C
 

is the retrograde transfer of PrP
Sc

 to GA and/or ER, where it binds to the newly synthesized PrP
C
 

precursor protein triggering the formation of PrP
Sc49,137,138

. The cellular factors involved in 

folding/misfolding of PrP
C
, and the initial steps that trigger prion related diseases, are still 

undefined. Studies showed that different toxic PrP mutants localized principally to the ER. In 

parallel, in familial forms of CJD, PrP
C
-mutants are retained in the ER by chaperones, emphasize 

the significance of chaperones in prion diseases
138–142

. Furthermore, in CJD patients, misfolded 

prion aggregation lead to upregulation of the chaperones and folding enzymes caspase-12 and 
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ERp57. These facilitate the proper folding of proteins in association also with calnexin (CNX) 

and play a key role in the proper formation of disulfide bonds
143–147

. At the same time, studies 

demonstrated that the overexpression of quality control proteins (ERp57 and VIP36) reduced 

prion conversion in prion-infected cells. Native crosslinking studies aimed to delineate an 

interactome for prion paralogs and using the three prion-family proteins as baits also indicated 

that PrP
C
 and its mammalian paralogs pull-down various proteins including ER resident proteins, 

including CNX and calreticulin (CRT). Although the nature of the method did not permit testing 

of direct interactions, this endorsed the importance of chaperones, which also play hitherto role in 

conversion to PrP
Sc 90,148,149

. 

Both ER-chaperones, CNX and CRT, are known to assist in the correct glycosylation and 

folding, as well as, in the quality control of nascent glycoproteins in the early secretory pathway. 

They were reported to act together in a concerted manner and together also with ERp57, which in 

turn forms complexes with both CRT and CNX in the process
150

. While CRT is a soluble 

chaperone of the ER lumen and known to assist in correct folding of glycoproteins preventing 

their aggregation, it also has other than chaperoning functions: acts as a calcium-storage protein, 

affecting many other cellular functions, and correspondingly, it can also be found localized to 

other cellular compartments, such as cytoplasm and nucleus where primarily serves this latter 

function
151

. Calreticulin is a paralog of calnexin, which on the other hand is a transmembrane 

protein, it is reported only to have chaperoning functions, and typically assists the nascent N-

glycosylated proteins as soon as they enter the ER lumen
151

, involving primarily its luminal 

domain, which exerts a dual binding activity: its lectin-like globular subdomain binds monovalent 

glycans on intermediate-glycosylated and unfolded substrate proteins and with an extended arm-

like domain can bind to polypeptide chains of substrate and/or other proteins, as for example to 

the ERp57
150

. Calnexin is proposed to repeatedly bind and releases the same substrate while the 

nascent protein samples its folding space and undergoes repeated re-glycosylation in presence of 

CTR and ERp57. Retention of incomplete or incorrectly folded substrate proteins by CNX and 

CTR protects cells from their toxicity and also a prolonged retention regulates the degradation 

pathway of misfolded proteins
151,152

. 

Wang and co-workers reported that PrP interacts with CNX in vitro and by this inhibits 

thermal aggregation of PrP. The same work also showed that and PrP immunoprecipitated CNX 

in cellulo in cultured 293T cells and also in SK-N-SH cells where prevented the cytotoxicity of 
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PrP expression, draws attention towards the prominence of CNX in reduction of neurotoxicity of 

PrP
153

. On the other hand, Pepe and co-workers, demonstrated that mature and unglycosylated 

forms of Sho co-immunoprecipitated with the other ER-chaperone, CRT, in GT1 and human 

neuroblastoma SH-SY5Y cells
76

. However, the interaction of CNX with PrP in the specialized 

membrane microdomains, where the conformational conversion of PrP
C
 proposed to occur, is 

unknown. Furthermore, whether CNX interacts with Sho, as PrP, and in which membrane 

microdomains such interaction would be preferred is also not known. 

 

 

2. AIMS OF THE STUDIES 

 

The main objective of the presented studies is to reveal more information on the 

properties of the prion-family proteins, prion and Shadoo, with special focus on their localization 

and distribution to specific membrane microdomains of raft and non-rafts. Beside their 

distribution, we aim to study their binding with the ER-chaperone protein calnexin within these 

domains, as well as to test the protective effects of PrP against transition metal toxicity and 

specifically its membrane domain re-distribution if any, in response to copper treatment. In line 

with the goals, we proposed the following aims: 

1. To compare the membrane microdomain partitioning of prion and Shadoo proteins by 

using a non-detergent-based fractionation method and N2a transgenic cells expressing the 

proteins.  

Specific aims:  

1.1 To establish N2a stable transgenic cells suitable for the studies, which express the Sho or PrP 

proteins in fusion with a fluorescent protein tag, as well as, corresponding control cells, in order 

to be able to monitor the proteins by confocal fluorescence microscopy.   

1.2 To compare the distribution of PrP and Sho in the isolated membrane microdomain fractions 

of the developed stable transgenic cells, using a detergent-free, OptiPrep density-gradient 

fractionation method.  

 

2. To test whether calnexin, is a binding partner of both PrP and Sho and whether the 

interaction is specific to the type of membrane-domain the proteins reside in. 
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Specific aims:  

2.1 To develop transgenic Sho-expressing and corresponding control, transgenic N2a cells, where 

a FLAG tag is inserted in addition to the fluorescent protein, in fusion with Sho, to allow for 

performing co-immunoprecipitation assays.   

2.2 To compare the partition of FLAG-tagged and non-FLAG-tagged Sho in the membrane 

microdomains of the cells developed, using the non-detergent, density-gradient fractionation 

method.  

2.3 To study the localizations of Sho and PrP with respect to the localization of calnexin by using 

live-cell imaging and immunocytochemistry combined with confocal microscopy of the 

transgenic cells developed.  

2.4 To test, whether PrP and Sho interact with calnexin,  and furthermore, if such an interaction is 

observed, whether it is specific to the type of the membrane domain the proteins occupy, using 

anti-FLAG co-immunoprecipitation and Ni-NTA bead pull-down assay in the transgenic cells 

developed.  

 

3. To study the effect of copper treatment on the membrane domain localization of PrP. 

Specific aims:  

3.1. To test the protective effects of PrP against transition metal induced toxicity using mouse 

hippocampus-derived wild type ZW(Prnp
+/+

) and PrP knock-out Zpl(Prnp
0/0

) cells without and 

with reintroduction of PrP gene (part not presented in details in the Thesis). 

3.2. Based on the experiments at aim 3.1., to test the effect of the presence of Cu
2+

 on the 

distribution of PrP in the membrane fractions of the transgenic N2a cells developed above.   

  

 

3. MATERIALS AND METHODS 

 

3.1 Materials, chemicals and reagents 

Cell culture media, supplements and reagents, such as Dulbecco’s modified Eagle 

medium high glucose (4.5 g/l) with glutamine and sodium pyruvate (DMEM, 41966-029), fetal 

bovine serum (10500-064), GlutaMAX
TM

(100X) (35050-038), Penicillin-Streptomycin 

(15070063), TrypLE Express Enzyme (12605-028), G418 Geneticin (10131.019); TurboFect 
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transfection reagent (R0531); Amplex® Red Cholesterol assay kit (A12216) and CellLight™ 

Golgi-RFP, BacMam 2.0 (C10593) reagent are purchased from Thermo Fisher Scientific. The 

100 mm cell culture dishes, Orange Scientific Tissue Culture Dish, surface treated (4450300N) 

are purchased from Orange Scientific. 8-well covered microscopic glass bottomed plates are 

obtained from Nunc, Lab-Tek II. Protease inhibitor cocktail (P2714), Calpain inhibitor-I 

(A6185), Pepstatin (P4265), OptiPrep density gradient medium (D1556), sucrose (S9378), bovine 

serum albumin (A7906), sodium azide (S2002), Tween®20 (P7949), 4′,6-diamidino-2 

phenylindole HCl (DAPI) (D8417), TritonX-100 (T9284), Anti-flag®M2 affinity gel beads 

(A220) are purchased from Merck/Sigma Aldrich. Paraformaldehyde (16005) purchased from 

Riedel-dehain. RC-DC protein assay kit is purchased from BioRad (500-0121). ProSieve® 

QuadColor™ protein marker (00193837) is purchased from Lonza. PNGase F (P0704S) is 

obtained from New England Biolabs. Immobilon®-P Transfer membrane, pore size: 0.45 μm 

(IPV00010) and chemiluminiscence HRP substrate (WBKLS0500) are from Merck/Millipore.    

3.2 Antibodies 

Primary antibodies: the monoclonal anti-Prion antibody SAF-32 (A03202) is purchased from 

SPIbio; the anti-Shadoo polyclonal SRRN antibody (C-terminal) (AP4754b) is from Abgent; the 

Living Colors® EGFP monoclonal antibody (632569) is from Clontech; polyclonal anti-Calnexin 

antibody (ab10286) and anti-Nuclear Pore Complex polyclonal antibody (NPC) (ab73291) are 

purchased from Abcam; the Flotillin-1 antibody (610820) is from BD Transduction; anti-

Transferrin receptor antibody (TfRC) (SAB4200398) and the monoclonal ANTI-FLAG® M2-

Peroxidase (HRP) Clone M2 antibody (A8592) are purchased from Merck/Sigma Aldrich. 

Secondary antibodies: anti-Rabbit IgG (whole molecule)-Peroxidase (A9169) and the anti-mouse 

IgG(Fab specific)–Peroxidase (A3682) produced in goat are from Merck/Sigma Aldrich. The 

polyclonal goat anti-rabbit IgG (H+L) secondary antibody Alexa Fluor® 568 conjugate (A11011) 

and the polyclonal goat anti-mouse IgG (H+L) secondary antibody Alexa Fluor® 488 conjugate 

(A10667) are from Thermo Fisher Scientific.  

 

3.3 Cells Neuro-2a (N2a) mouse neuroblastoma cells were purchased from American Type 

Culture Collection (ATCC) (CCL-131
TM

).  
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3.4 DNA-plasmids used 

To generate cells transiently expressing a red fluorescent protein-tagged calnexin, the 

plasmid pCMV3-C-OFPSpark (MG53126-ACR) purchased from Sino Biological was used, 

which encodes for mouse calnexin with C-terminal OFPSpark-tag on a CMV promoter. For 

generation of N2a stable transgenic cells expressing fluorescent fusion protein tagged prion and 

Shadoo proteins (named as PrP-EGFP- and Sho-EYFP cells) and their control cells (EGFP- and 

EYFP cells) expressing only fluorescent protein fusion tag, the following plasmids were used. 

For mPrP-EGFP fusion protein and its control protein, EGFP-GPI(mPrP), the plasmids labelled as 

p_mPrP-EGFP-GPI(mPrP) and p_SS(mPrP)-EGFP-GPI(mPrP), respectively (APPENDIX-I, 

Figure A1 and A2), were engineered in which the enhanced green fluorescent protein’s coding 

DNA sequence (CDS) was used as fusion tag to mPrP, inserted in between the PrP protein's C-

terminus and its GPI-signal peptide coding sequence, whereas, for the control protein a similar 

vector backbone was used in which the EGFP CDS cassette was flanked by the ER-targeting- and 

the GPI-signal sequences of mPrP. For generation of Shadoo expressing N2a (Sho-EYFP cells) 

and its control cells (EYFP cells), the plasmids developed by our group in an earlier work
69

 were 

used. These were developed similarly to PrP-plasmids, but an EYFP cassette was used instead of 

EGFP cassette, flanked by the ER-targeting- and the GPI-signal sequences of Sho. These 

plasmids were also used further, as parental constructs, to develop two additional plasmids, 

p_mSho-EYFP-FLAG-GPI(mSho) and p_SS(mSho)-EYFP-FLAG-GPI(mSho) (APPENDIX-I, 

Figure A3 and A4) where a FLAG-Strep-TagII CDS was additionally inserted in between the 

EYFP CDS and the GPI-signal sequence of Sho, in the respective parental constructs. These 

plasmids were used to generate the N2a stable transgenic Sho-EYFP-FLAG and its control, 

EYFP-FLAG cells. Two other plasmids with the DNA sequences reported earlier
96

 were used to 

develop the stable transgenic N2a/PrP(+EGFP) and its control N2a(+EGFP) cells, which express 

untagged PrP and soluble EGFP (simultaneously, but not in fusion) and only soluble EGFP, 

respectively.  

 

3.5 Cell culturing 

Cells were cultured in Dulbecco’s modified Eagle medium with high glucose (4.5 g/l) 

(DMEM) supplemented with 10% heat inactivated fetal bovine serum, 1% Penicillin-

Streptomycin and 1% GlutaMAX at 37 °C in humidified atmosphere with 5% CO2. Cells were 
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passaged regularly at 1:10 ratio after every two days. For storage, cells were frozen in growth 

media with 10% DMSO. 

3.6 Establishment of stable transgenic cell populations 

N2a PrP(+EGFP)- and N2a(EGFP) cells: N2a cells overexpressing untagged mouse PrP along 

with soluble EGFP (N2a/PrP(+EGFP)) and its control cells expressing only soluble EGFP 

(N2a(EGFP)) established by transfecting N2a cells with EGFP and PrP and only-EGFP encoding 

pSB transposon vectors with TurboFect transfection reagent using Sleeping Beauty gene delivery 

system described in Nyeste and co-workers (2016)
96

. After two weeks of post transfection, cells 

expressing stable transgene were separated from non-transfected cells using fluorescence-

activated cell sorting (FACS). 

PrP-EGFP-, Sho-EYFP-, Sho-FLAG-EYFP- and their respective EGFP-, EYFP- and 

EYFP-FLAG- control cells: N2a stable transgenic PrP-EGFP, Sho-EYFP, Sho-FLAG-EYFP 

and their control cells EGFP-, EYFP- and EYFP-FLAG were made by transfecting N2a cells with 

plasmids containing respective protein with fluorescent fusion tags. Transfections were carried 

out using TurboFect transfection reagent as indicated by manufacturer. Briefly, N2a cells plated 

on 8-well chambered cover glass bottomed plate, a day before the transfection to reach 50-60% 

confluence. 0.25 μg of plasmid DNA and 0.5 μl TurboFect were mixed in 20 μl DMEM and 

incubated for 20 min at room temperature (RT), prior to its addition to the cells. Media with 

transfection mixture was removed from the cells after 6 h and replaced with fresh growth media 

and cultured for additional 12 h. Growth media with 500 μM geneticin added to the cells 

maintained for two days followed by transferring cells to 60 mm cell culture dish. Cells were 

grown under antibiotic selection was exchanged with fresh growth media alternate days for ten 

days prior to transfer to 100 mm Petri dish to obtain well separated single individual colonies. 

Individual colonies were hand-picked under fluorescence microscope and cultured until it 

reached confluence in 100 mm Petri dish. GFP positive cells were additionally sorted using BD 

FACSJazz fluorescence-activated cell sorter instrument (BD, Franklin Lakes, NJ, USA). Mixed 

populations were made by mixing individual colonies in equal ratios and maintained in growth 

media. 
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3.7 Confocal microscopy 

Fluoview FV1000 (Olympus Life Science Europa GmbH, Hamburg, Germany) confocal 

laser scanning microscope was used to image the live cells (presented on Figure 6, 8, 14). The 

specific settings used were as follow: UPLSAPO 20x (N.A. 0.75) objective, with applying 4.0 

μs/pixel sampling speed and sequential, unidirectional scanning mode. For DAPI, EGFP/EYFP 

and RFP used excitation lasers of 405 nm, 488 nm and 543 nm with emission filters of 425-475 

nm, 500-530 nm, LP560, respectively. 

VisiScope CSU-W1 spinning disk confocal microscope (Visitron Systems GmbH, 

Puchheim, Germany) was used to image live and fixed cells (presented on Figure15 and 16). 

Specific settings used were as follows: 100x oil immersion objective and excitation lasers of 405 

nm for DAPI, 488 nm for EGFP/EYFP or Alexa Fluor 488- and 543 nm for RFP or Alexa Fluor 

568- labelled antibodies were used, and the corresponding fluorescence signals were detected by 

using the emission filters of 425-475 nm, 500-550 nm and 570-640 nm, respectively. 

 

3.8 Transient transfection of cells  

For transient overexpression of calnexin, 24 h prior to transfection, 3.5x10^4 cells/well 

were seeded on 8-well coverslip glass bottom plates in 250 μl of complete DMEM. Mixed the 

plasmid-DNA (0.38 μg/well) and Turbofect transfection reagent (0.6 μl/well) in serum-free 

DMEM and incubated for 20 min at RT followed by its addition on top of the cells. After 48 to 

72 h after transfection, cells were imaged using VisiScope CSU-W1 spinning disk confocal 

microscope. 

 

3.9 Golgi apparatus labeling  

Respective transgenic- and parental N2a cells were labelled for Golgi apparatus using 

CellLight™ Golgi-RFP, BacMam 2.0 reagent as according to manufacturer's protocol. Briefly, 24 

h prior to addition of the reagent, 0.4x10^5 cells were plated on 8-well chambered cover glass-

bottomed plates. Next day, 12 μl of reagent mixed with growth media to give a PPC (particles per 

cell) value of 30 for the final concentration of reagent, was added to the cells followed by 

overnight incubation in CO2 incubator at 37 °C. Labelled cells were imaged using a Fluoview 

FV1000 confocal laser scanning microscope. 
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3.10 Immunocytochemistry  

At 24 hours prior to the experiment, PrP-EGFP- and Sho-EYFP-FLAG cells along with 

their controls cells were seeded on an 8-well covered glass bottomed plate, such that they reach 

80%-90% confluence at the time of the experiment. Cells were washed with phosphate-buffered 

saline (PBS) and were fixed using 4% paraformaldehyde (PFA) for 7 min at RT followed by PBS 

washes and permeabilization with 0.1% Triton X-100 (dissolved in PBS) for 7 min at RT. After 

permeabilization, the Triton X-100 was removed from the cells by washing the cells with PBS, 

after which the cells were blocked by adding blocking solution (1% BSA in PBS) for 1 h at RT. 

Primary antibodies against prion, Shadoo (anti-GFP for PrP-EGFP- and Sho-EYFP-FLAG cells) 

and calnexin (polyclonal anti-calnexin for cells) at 1:200 dilution in blocking solution was added 

and the cells were incubated at 4 °C, overnight. Next day, the primary antibodies were removed 

and cells were washed using blocking solution, which was followed by addition of the 

corresponding Alexa fluor conjugated secondary antibodies, as follows: for prion protein and 

Shadoo primary antibodies, anti-mouse Alexa fluor A488 (green emitting) and for calnexin anti-

rabbit Alexa fluor A568 (red emitting) secondary antibodies were added, each at 1:300 dilution in 

blocking solution for 1 h at 37 °C. The unbound secondary antibodies were washed off from the 

cells by PBS and the cell nuclei were stained by 100 ng/ml of DAPI for 5 min at 37 °C. Cells 

were washed with PBS to remove the excess DAPI the cells were kept in PBS to record the 

images of the fluorescent signals using VisiScope CSU-W1 spinning disk confocal microscope.  

 

3.11 Extraction of total cell lysates  

Cells grown on one 100 mm Petri dish were washed with ice-cold PBS (137 mM NaCl, 

2.7 mM KCl, 6 mM Na2HPO4.2H2O, 1.4 mM KH2PO4, pH 7.4), scraped in PBS and pelleted at 

500 x g for 5 min. To the pellet 1 ml cold lysis buffer (50 mM Tris–HCl pH 7.4, 150 mM NaCl, 1 

mM EDTA, 1% Triton X-100, 1 mM phenylmethyl sulfonyl fluoride and protease inhibitor 

cocktail) was added, resuspended pellet and kept on a rocker for 30 min at 4 ºC to extract the 

proteins. The concentration of protein determined using the RC-DC protein assay kit according to 

the manufacturer's instructions. 
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3.12 Detergent-free separation of membrane-rafts 

Prior to membrane-rafts isolation, the population of cells were examined under 

microscope to ensure that 90% of cells express the fluorescent protein. Cells were seeded at 

1x10^6 cells per one 100 mm Petri dish, in total of ten dishes. Membrane-rafts isolation was 

performed using the detergent-free, OptiPrep density gradient method developed by Macdonald 

and Pike, 2005
154

 as follows.  All procedures were performed at 4 ºC. The cells grown on Petri 

dishes for 24-36 h, up to ~80% confluency, were washed with cold PBS, were scraped from the 

dishes into 2 ml of Buffer A (20 mM Tris-HCl, pH 7.8, 250 mM Sucrose, 1 mM CaCl2 and 1 mM 

MgCl2) and were centrifuged at 250 x g for 2 min to collect the pellet. Cell pellets were 

resuspended in 1 ml of ice cold-Buffer A containing protease inhibitors at final concentrations of 

0.2 mM aminoethylbenzenesulfonyl fluoride, 1 µg/ml aprotinin, 10 µM bestatin, 3 µM E-64, 10 

µg/ml leupeptin, 2 µM pepstatin, and 50 µg/ml calpain inhibitor I, and sheared through 18G × 

1.5ʺ needle 30 times. The lysate was centrifuged 250 x g for 2 min and the first post nuclear 

supernatant was collected and transferred to fresh tubes. The pellets were lysed again in a similar 

way and the resultant second post nuclear supernatant was merged with the first. DC protein 

assay kit was used to assess the total protein concentration of the combined sample. For 

separation of membrane microdomains, 5 mg of total protein from each cell type was taken and 

mixed with Base buffer (50% OptiPrep density gradient medium in 20 mM Tris-HCl, pH 7.8, 250 

mM sucrose) to give a final concentration of 25% OptiPrep in volume of 4 ml and placed in 

bottom of 12 ml ultracentrifuge tube. In the ultracentrifuge tubes, an 8 ml continuous gradient of 

0–20% OptiPrep in Base buffer was laid on top of 25% OptiPrep-sample solutions. The gradients 

centrifuged for 90 min at 52000 x g in Sorvall ultracentrifuge (Sorvall WX 80+ Ultracentrifuge, 

Thermo Fisher Scientific, USA) at 4 
o
C using a TH641 rotor. From each tube commencing from 

top to bottom of the gradient 18-fractions of 0.67 ml volume were collected, and subjected to 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western 

blot analysis of selected proteins using equal amounts of proteins from each fraction. A blank 

(only Buffer A without protein sample) density gradient was performed in parallel to measure 

density of OptiPrep gradient corresponding to each fraction. The density of each gradient fraction 

was calculated by measuring the absorbance of OptiPrep at 340 nm with a Nanodrop-1000 13 

spectrophotometer. Raft-type membrane fractions were identified from non-raft type fractions 

based on Persaud-Sawin and co-workers (2009)
155

 by monitoring the total protein- and 
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cholesterol contents of fractions and by detection of raft resident protein Flottlin-1 and non-raft 

resident protein, transferrin receptor protein (TfRC) using Western blot.  

 

3.13 PNGase F treatment 

The post nuclear samples of PrP-EGFP-, Sho-EYFP- and parental cells obtained as 

mentioned under the section Detergent-free separation of membrane-rafts, were used to 

perform PNGase F treatment. Total protein concentrations of the samples were measured using 

RC-DC protein assay kit. Samples of 20 μg total proteins were subjected to deglycosylation using 

PNGase F (Peptide-N-Glycosidase F) enzyme as follows. Two parallel aliquots of sample were 

denatured at 100 ºC for 10 min, after which to one of the samples 1500 units of PNGase F 

enzyme was added (+ samples), while from the other this was omitted (-, control samples) and 

samples were incubated at 37 ºC for 2 h. The degree of deglycosylation of the proteins in the 

processed samples was assessed by performing SDS-PAGE and Western blotting. 

3.14 Copper treatment of cells 

Stable transgenic PrP-EGFP- and EGFP cells were seeded at 1x10^6 cells per 100 mm 

diameter Petri plates using in total ten plates. After ~24 h when cells reached 80-90% confluency, 

the cells were washed once each with PBS and then by OptiMEM-1 media supplemented by 1% 

GlutaMAX. CuSO4 at 500 µM concentration was mixed with glycine in OptiMEM-1 media 

supplemented by 1% GlutaMAX at 1:4 copper to glycine molar ratio and the mixture was 

incubated for 1 h at RT. Next, this incubated mixture of copper-glycine was added to the cells 

and cells were incubated for 30 min at 37 °C in CO2 incubator. In parallel, as negative control, 

only OptiMEM-1 media supplemented by 1% GlutaMAX, without copper-glycine mixture, was 

added to another set of cells, which were incubated similarly. After the treatment, membrane-

rafts were separated from cells as mentioned in the section Detergent-free separation of 

membrane-rafts (Materials and methods), and the distribution of various proteins along the 

gradient fractions were assessed by Western blotting.  

3.15 Western blotting 

Total cell lysate (4 µg total proteins/sample) or separated membrane fractions were used 

for Western blotting. In case of the membrane fractions, an aliquot of 10 µl from each gradient 

fraction (1 through 18) was denatured in 2.5 µl of 5x SDS gel loading buffer and loaded on to 
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8%, 10% or 12% SDS-polyacrylamide gels (PA), depending on the size of the protein of interest. 

Gradient samples from fractions #1 to #18 were loaded in parallel on two separate gels with the 

same percentages (fractions #1 to #12 on one gel and fractions #13 to #18 on the second gel) and 

SDS-PAGE was run for 60 min at 150V. The two gels with resolved proteins were electro-blotted 

side by side onto a single methanol-activated Immobilon®–P PVDF transfer membrane (with 

samples from fractions 1 to 18 aligned on blot) in cold transfer buffer (25 mM Tris, 192 mM 

glycine and 20% methanol pH 7.4) for 1 h at constant current (400 mA). The blotted membrane 

was blocked for 1 h at RT in blocking buffer (5% non-fat milk in PBS in presence of 0.05% 

Tween-20) and was washed by three washes of PBS with 0.05% Tween-20 (PBST) each for 5 

min, and was incubated overnight at 4 
o
C with the appropriate primary antibodies. The primary 

antibodies used were as follows: anti-prion SAF-32 (1:3000) for prion protein, anti-shadoo SPRN 

(1:4000) for Sho, anti-GFP (1:4000) for EGFP and EYFP, anti-Flotillin-1 (1:4000) for Flottilin-1 

used to indicate rafts, anti-transferrin TfRC (1:4000) for transferrin receptor protein as non-raft, 

anti-Calnexin (1:4000) for calnexin which is abundant in the endoplasmic reticulum, anti-nuclear 

pore complex NPC (1:4000) for the nuclear pore complex protein as nuclear membrane marker. 

After incubation with primary antibody followed by four washes with PBST (5 min each wash) to 

remove unbound antibodies, blots were incubated with the corresponding horseradish peroxidase-

conjugated secondary antibodies in blocking buffer for 2 h at RT, at a dilution of 1:60000. After 

secondary antibody incubations, blots were washed for five times (5 min each time) with PBST 

to remove the unbound secondary antibodies and chemiluminescent HRP substrate was added to 

detect the protein bands, which were visualised on X-ray films. 

3.16 Cholesterol determination  

Amplex® Red Cholesterol assay kit was used to measure the total cholesterol in gradient 

fractions by following the protocol as suggested by the manufacturer. Briefly, 50 μl of even 

numbered gradient fraction samples (fraction number: 2, 6, 8, 10, 12, 14, 16), cholesterol 

reference standards, positive controls (hydrogen peroxide) and negative control (only buffer) 

were placed separately in each well of 96-well flat-bottomed plate. Next, 50 μl of Amplex Red 

reagent/HRP/cholesterol oxidase/cholesterol esterase working solution [300 μM Amplex Red 

reagent, 2 U/ml HRP and cholesterol oxidase, 0.2 U/ml cholesterol esterase] was mixed with each 

sample in the 96-well  plate and incubated for 30 min at 37 ºC protected from light. After 30 min, 

fluorescence was measured using 565 nm excitation and 580 nm emission wavelengths in a 
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Fluoroskan Ascent FL Microplate Fluorometer and Luminometer (Thermo Fisher Scientific) 

microplate reader. 

 

3.17 Ni-NTA bead pull-down assay  

Either total cell lysates of stable transgenic PrP-EGFP-, EGFP- and parental cells or each 

gradient fraction of PrP-EGFP cells were used in pull-down experiments, where the prion protein 

was pulled with Ni-NTA beads in the assay. Samples of 1 mg of protein from total cell lysates or 

50 µl of each gradient sample were incubated with 30 µl of pre-equilibrated Ni-NTA beads in 1 

ml Tris-Sucrose buffer (20 mM Tris-HCl, pH7.8 and 250 mM sucrose) at 4 °C for overnight with 

end-over-end rotation. Next, centrifuged the beads at 14000 rpm for 1 min and washed with Tris-

sucrose buffer containing 0.25% Triton X-100 for 5-times. The beads were boiled with SDS-

sample loading buffer for 5 min, and were subjected to SDS-PAGE followed by Western blotting 

for prion protein (SAF-32 and anti-GFP) and calnexin (anti-CNX antibody) protein. 

 

3.18 Co-immunoprecipitation  

Either total cell lysates or fractionated samples of Sho-EYFP-FLAG- and EYFP-FLAG 

cells were pooled separately as raft- and non-raft fractions based on the distribution of raft 

resident protein Flotillin-1 and non-raft resident protein, transferrin receptor, along the density 

gradient as detected by Western blotting. 1 mg of total cell lysate or separately pooled raft or 

non-raft fractions were subjected to co-immunoprecipitation with anti-FLAG beads. 30 µl anti-

flag affinity beads were incubated with or without sample (negative control) in 5 ml incubation 

buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl and 1% Triton X-100) at 4 ºC for overnight with 

end-over-end rotation in order to pull FLAG tagged proteins along with their binding partners. 

Pelleted beads were washed 5-times with wash buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl 

and 0.25% Triton X-100) and were boiled in SDS-sample loading buffer for performing SDS-

PAGE followed by Western blotting for Sho (α-Sho and α-GFP) and calnexin (α-CNX).  
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4. RESULTS 

 

4.1 The study of the membrane-domain localization of prion and Shadoo proteins  

4.1.1 N2a stable transgenic cells developed for the studies and their characterization.  

To study the membrane microdomain localization of the two prion-family proteins, 

Shadoo and prion, we chose mouse neuroblastoma Neuro-2a (N2a) cells. These cells are well 

characterized and broadly used as a cellular model system in the study of physiology of cellular 

and the pathological prion protein
90,156

. N2a cells possess detectable amounts of endogenous PrP 

but not Sho; at least the endogenous Shadoo expression cannot be detected in these cells with the 

currently available shadoo antibodies
70,86,96,97,157

. To compare Sho and PrP, we generated N2a 

cells stably expressing either Sho or PrP in fusion with a fluorescent protein (EYFP for Sho and 

EGFP for PrP) tag by using the plasmid constructs described in the Materials and methods 

section for PrP (for the plasmid Map see Appendix-I, Figure A1) and earlier by our group for 

Sho
69

. We named these generated cells populations as Sho-EYFP- and PrP-EGFP cells, 

respectively. We similarly generated also control cells, by using corresponding control plasmids 

for the PrP construct (Appendix-I, Figure A2) and for Sho
69

. These plasmids were developed 

similarly, but by using this time –only the coding sequence (CDS) of the respective protein’s 

fluorescent protein tag, flanked by the ER-targeting and the GPI-signal sequences of Sho or PrP. 

The schematic of DNA constructs used are represented in Figure 5. 

 

Figure 5: Shadoo and prion protein DNA-constructs used in the studies. Schematics of the 

DNA constructs used with the major sequence elements are depicted that code for as follows. 

SS(Sho)/SS(PrP): N-terminal signal peptide of Sho or PrP; EYFP/EGFP: yellow fluorescent 

protein or green fluorescent protein, GPI(Sho)/GPI(PrP): propeptide of Sho or PrP leading to 

glycosylphosphatidylinositol anchor attachment. 
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Thus, the N2a cell populations stably expressing fluorescent proteins only (EYFP-GPI(Sho) 

and EGFP-GPI(PrP)) were developed and termed as EYFP- and EGFP cells, respectively. 

 

4.1.2 Subcellular localization and expression of the transgenes, fluorescent protein-tagged prion 

protein and Shadoo and of their control proteins, in the stable transgenic cells developed.   

To test whether Sho and PrP fluorescent fusion protein constructs expressed and localized 

as expected in Sho-EYFP- and PrP-EGFP cells, the proteins were visualized in live-cells using 

confocal microscopy (Figure 6). We found that both proteins with fluorescent tags, Sho-EYFP-

GPI(Sho) (Figure 6A, a-d) and PrP-EGFP-GPI(PrP) (Figure 6A, e-h) are predominantly localized to 

the plasma membrane and also to the perinuclear region where they appear as intense fluorescent 

patches on one side of nuclei in the cytoplasm in Sho-EYFP- or in PrP-EGFP cells. Treating the 

cells with the Golgi apparatus fluorescent marker CellLight™ Golgi-RFP (Figure 6A, c,g,k), the 

characteristic patches of the Sho or PrP could be identified as GA, demonstrating the localization 

of Sho (merged picture, Figure 6A, d) or PrP proteins (merged pictures, Figure 6A, h) to the GA. 

FACS analysis of the N2a cells expressing Sho and PrP proteins tagged with fluorescent proteins, 

indicate that more than 97% of the cell populations used for the experiments were expressing the 

respective proteins (Figure 6B).  
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Figure 6: Subcellular localization of fluorescent fusion protein tagged Shadoo and prion 

protein in N2a Sho-EYFP- and PrP-EGFP cells. (A) Representative confocal microscopy 

images of the stable transgenic N2a Sho-EYFP- and PrP-EGFP cells overexpressing Sho-EYFP-

GPI(Sho) labeled as Shadoo-EYFP (a-d), PrP-EGFP-GPI(PrP) (e-h) proteins labeled as Prion-EGFP 

and of the parental N2a cells (i-l). Fluorescent signals of overexpressed proteins are shown in 
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green. The Golgi apparatus labeled by CellLight™ Golgi-RFP is shown in red. Cells nuclei 

labeled by DAPI are shown in blue. Transmitted light- and DAPI images of the respective cells 

were merged and are shown in the first column. All fluorescent channels merged are shown in the 

last column. Scale bar: 10 µm. (B) Percentage of N2a cells overexpressing Sho-EYFP-GPI(Sho) 

and PrP-EGFP-GPI(PrP) in stable transgenic Sho-EYFP- and PrP-EGFP cell populations. 

 

Total cell lysates of Sho-EYFP- and PrP-EGFP cells were analysed for expression of 

overexpressed Sho and PrP by Western blotting and using the antibodies α-Sho and α-GFP for 

Sho- and α-PrP and α-GFP for PrP to detect the protein constructs. Western blot analysis 

confirmed that both Sho and PrP are appearing at their expected molecular weights corresponding 

to their sizes as fusion proteins, ~45-49 kDa for Sho and ~60-70 kDa for PrP, detected with 

respective antibodies (Figure 7). In Sho-EYFP cells, two bands within the expected molecular 

weight range of Sho-EYFP-GPI(Sho) (~45-49 kDa) are detected by α-Sho or α-GFP antibodies 

(Figure 7A, lane 4-5), which are not present in parental cells (Figure 7A, lane 1-2). This indicates 

that two forms of Sho are present, since these two bands are visualized by α-GFP as well. Since 

there are no unambiguously excellent α-Sho antibodies available, cross reactive bands were 

commonly produced on the blots of various other cells by anti-Sho antibodies
64,70,96,97,157

. Since 

Sho and PrP possess one and two N-glycosylation sites, respectively, they may exist as a mixture 

of proteins with different states of glycosylation, hence, with different molecular weights. 

Therefore, on an SDS gel these populations will appear as different proteins bands. When Sho-

EYFP- and PrP-EGFP samples are treated with PNGase F (an enzyme that removes complex N-

glycans) to test if the overexpressed proteins had complex N-glycosylations; a small shift in both 

forms of Sho bands can be been observed by α-Sho or α-GFP demonstrating their identity as Sho-

bands as well as evidence that both forms are glycosylated forms of Sho (Figure 7A, lane 6). This 

result is in line with earlier findings, and the two bands observed for Sho in our N2a cells may 

correspond to the two glycosylated forms of Sho identified by Pepe and co-workers in GT1 

cells
76

. In PrP-EGFP cells, the different glycosylated forms of PrP, expected at molecular weight 

range of ~60-70 kDa for the overexpressed EGFP tagged PrP, are not well separated in the 

untreated sample (Figure 7B, lane 6). However, in response to enzyme treatment, similarly to 

Sho, a small shift is observed for the PrP-band, as detected by both α-PrP and α-GFP, indicating 

that PrP-EGFP fusion protein is also glycosylated. Contrary, in parental N2a cells, multiple forms 

of the glycosylated endogenous PrP
C
 are well detected and are appearing at apparent molecular 
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weights in the range of 26-42 kDa (Figure 7C, lanes 1-2). These bands, upon deglycosylation by 

PNGase F shifted to form a single band  (Figure 7C, lanes 3) as also commonly observed
122,158

 

 

Figure 7: Expression of overexpressed Shadoo, Sho-EYFP-GPI(Sho), PrP-EGFP-GPI(PrP) and 

endogenous prion proteins in N2a cells. Western blots of the total cell lysates of control (0), 

PNGase F treated (+) and untreated (-) samples of Sho-EYFP (A) and PrP-EGFP (B) cells, both 

side-by-side to parental N2a cells, and of parental N2a (C) cells. The expression of Sho is tested 

by α-Sho and α-GFP and of PrP by α-PrP and α-GFP antibodies. “Arrow-head symbol” on panel-

A indicates the corresponding band for Shadoo. β-actin is used as loading control.    

 

In parallel to PrP-EGFP- and Sho-EYFP cells, we also examined the localisation of the 

control proteins (EGFP-GPI(PrP) and EYFP-GPI(Sho)) in the control cells (EGFP- and EYFP cells) 
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which were established as controls for PrP-EGFP- and Sho-EYFP cells, respectively, by using 

confocal microscopy (Figure 8).  

 

Figure 8: Subcellular localization and expression of the control proteins in the control, 

EGFP- and EYFP cells. (A) EGFP-(upper panel) and EYFP(lower panel) cells expressing only 

fluorescent proteins tags with GPI anchor signal sequences of Sho and PrP, respectively, but 

without the protein of interest. Fluorescent images of cells are acquired with 60X oil immersion 

objective of Fluoview FV1000 laser scanning confocal microscope. Scale bars: 10 µm. Western 

blots of the total cell lysates isolated from EGFP- (B) and EYFP (C) cells detected by α-GFP to 

confirm the expression of fluorescent proteins tags. Total cell lysate of parental N2a cells are 

used as control. β-actin is used as loading control.   

   

As can be seen, both control proteins, localize to PM and ER (Figure 8A), similar to Sho 

and PrP in Sho-EYFP- and PrP-EGFP cells. Western blots of total cell lysates of EGFP- and 

EYFP cells (Figure 8B, C) demonstrated the expression of control proteins at expected molecular 

weight approximately 30 kDa with α-GFP which is not present in the parental cell. 
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4.1.3 Characterization of the membrane density-gradient fractions of N2a cells, obtained by 

using a non-detergent-based cell-fractionation method.    

Most of GPI anchored proteins, similar to PrP and Sho, tend to reside in the specialized 

portions of PM called lipid-rafts or membrane microdomains. Knowing that functionally different 

GPI anchored proteins are reported to be organized in different domains in neuronal cells
159

 and 

also since PrP and Sho are reported to participate in both identical and divergent processes, we 

set forward to investigate the two proteins membrane microdomain partitioning in the established 

stable transgenic N2a cells. 

For this purpose N2a stable transgenic PrP-EGFP and Sho-EYFP cells along with their 

respective controls, EGFP-and EYFP cells were used, and membrane rafts were isolated from 

total post-nuclear fractions of cell lysates. To examine the distribution of PrP and Sho and to 

avoid any artefacts caused by detergents into protein partitioning, we chose the non-detergent 

based OptiPrep continuous density gradient method described by Macdonald and Pike
154

. In this 

method, detergent-free membrane rafts were separated from non-rafts based on their buoyancy 

along density gradient and shown to yield pure rafts. To confirm the characteristic densities of 

gradient fractions within our experimental setup, density of each fraction measured using their 

corresponding blank (Buffer A without protein sample) OptiPrep continuous density gradient 

fractions centrifuged in parallel with the samples and calculated their absorbance values (Figure 

9). The density values of collected fractions increased from 0.944 g/ml (top of the gradient) to 

1.356 g/ml (bottom of the gradient). The mean densities and standard errors of fractions separated 

on different times (three independent blank density gradients) show the consistency between the 

gradients and fraction densities. 
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Figure 9: Mean densities of OptiPrep-Sucrose gradient fractions. Buffer-A along with the 

enzymes, but without any cell-sample, was loaded at the bottom of the centrifuge tube, and a 

continuous OptiPrep density-gradient was layered on top (in a similar manner as for the 

membrane-containing samples) of the samples. After centrifugation, fractions are collected in the 

same way as for membrane-samples. Densities of the fractions are presented in function of the 

fraction numbers, and are calculated as described in Materials and Methods. Error bars represent 

the standard deviation of three separate gradients processed on different days. 

 

We used the criteria proposed by Persaud-Sawin and co-workers,
155

 to determine which 

gradient fractions best reflected “true-rafts”, i.e fractions that possess (a) low protein content, (b) 

high cholesterol content, (c) show presence of raft resident protein Flotillin-1 and (d) absence of 

non-raft resident protein, transferrin receptor, are considered as raft fractions. We divided the 

gradient fractions into three density groups to analysis of protein distribution easier: low-dense 

(fraction number 1 through 7), mid-dense (fraction number 8 through 12) and high-dense 

(fraction number 13 through 18) fractions. The total protein profiles (Figure 10, green lines) 

across gradient fractions of N2a stable transgenic Sho-EYFP-, PrP-EGFP (Figure 10A) and 

controls, EYFP- and EGFP (Figure 10B) cells show relatively very-less protein quantities in low-

dense fractions (fraction number 2 through 6) and low protein quantities in mid-dense fractions 

(fraction number 8 through 10) while bulk of proteins is being found at the high-dense fractions 

(fraction number 12 through 16).  
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Figure 10: Total protein and cholesterol distribution in various OptiPrep density gradient 

fractions of the different cell types. Distribution of total protein (green lines) and cholesterol 

(purple lines) in the fractions collected from top to bottom across the OptiPrep continuous density 

gradient of N2a stable transgenic Sho-EYFP-,PrP-EGFP- (A) and in controls, EYFP- and EGFP 

(B) cells. 

 

When total cholesterol levels (Figure 10, purple lines) are measured in same gradient 

fractions of the four cell populations, the highest levels of cholesterol are observed in the low-

dense fraction (fraction number 4), where the protein level is relatively low, compared to mid-

dense fractions (fraction numbers 8 through 10) and then declined in high-dense fractions. In 

order to distinguish the distribution of membrane rafts and non-rafts along gradient fractions we 

tested the distributions of Flottilin-1 (raft-resident) and transferrin receptor (TfRC) (non-raft 

marker) by Western blot with corresponding antibodies. In general, Flotillin-1 distributed in all 

low- to high-dense fractions from fraction numbers 1 through 18 and non-raft marker, TfRC is 

shown in high-dense fractions from fraction numbers 12 through 18. Taking altogether, in our 

experimental setup, in general, the criteria proposed by Persaud-Sawin and co-workers
155

 for 

“true rafts” are followed by low- and mid-dense fractions from fraction numbers 1 through 11. 
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4.1.4 Membrane microdomain localization of the fluorescent protein tagged, untagged and 

endogenous PrP.  

To visualize the distribution of PrP in the OptiPrep density gradient fractionated samples 

of fluorescent protein tagged prion protein (PrP-EGFP) and its control (EGFP) cells, we 

performed Western blot analysis, using various antibodies for specific marker proteins. We found 

that, in PrP-EGFP and EGFP cells, Flotillin-1, raft resident protein distributed over all types of 

dense-fractions from fraction numbers 1 to 18 (Figure 11). This indicates its varied intracellular 

distribution in the cellular compartments being present in various rafts with different buoyant 

properties
124,154,160,161

. In PrP-EGFP cells, overexpressed fluorescent tagged prion protein 

distributed across all types of dense-fractions from fraction number 1 through 18 detected by 

anti-prion SAF-32 and anti-GFP antibodies (Figure 11A) following similar pattern of distribution 

to Flotillin-1. Distribution of overexpressed control protein, EGFP-GPI(PrP) in EGFP cells show 

similar distribution as in PrP-EGFP cells across gradient fractions as monitored by α-GFP (Figure 

11B). The typical non-raft plasma membrane marker protein, TfRC, which was excluded from 

lipid rafts
162

 is seen only in high-dense fractions from fraction number 12 through 18 in both PrP-

EGFP and its EGFP cells indicating that these fractions are being non-raft fractions. Probing the 

fractions for calnexin (CNX), show its distribution from low- through high-dense fractions, being 

more abundant in the high-dense fractions in both cell types. The nuclear pore complex protein 

(NPC), chosen as nuclear membrane marker protein distribute in the high-dense fractions across 

fractions 12 through 18, well separated from the major lipid-raft fraction number 1 through 10 in 

samples corresponding to both cell types: PrP-EGFP and EGFP cells, indicate the low density 

fractions as free from nuclear envelope contamination.  
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Figure 11: Distribution of various proteins across the gradient fractions of N2a stable 

transgenic PrP-EGFP and its control, EGFP cells. A, B) Representative Western blots of 

selected proteins along the gradient fractions obtained from PrP-EGFP (A), EGFP (B) cells. 

Fractionated samples collected from top to bottom of the centrifuge tubes are numbered 1 

through 18. Samples are immunoblotted for the proteins by using the antibodies as indicated: for 

PrP by α-GFP and α-PrP; for Flotillin-1 by α-Flot-1; for transferrin receptor protein by α- TfRC; for 

calnexin by α-CNX; for nuclear fore complex protein by α-NPC. Protein molecular weight ladder is 

marked on the side of the blots. 

 

To test whether the addition of the fluorescent protein tag had any influence on the 

distribution/behaviour of the prion protein along the OptiPrep density gradient fractions we also 

examined N2a stable transgenic cells expressing untagged PrP (and simultaneously a soluble 

EGFP, for transfection monitoring purposes), notated as Na2/PrP(+EGFP) cells, as well as, 

parental, non-transfected N2a cells, and monitored the distribution of PrP the same set of selected 

proteins along the density gradient fractions (Figure 12).  
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Figure 12: Distribution of selected proteins across the gradient fractions of untagged-prion 

protein overexpressing- and parental N2a cells. A, B) Transgenic N2a cells overexpressing 

prion protein without any fluorescent fusion tag and at the same time a soluble EGFP, N2a/PrP 

(+EGFP) cells (A) and parental N2a cells (B)  fractionated on OptiPrep density gradient and the 

Western blots of the fractions are shown. The distribution of selected proteins along gradient 

fractions is tested as shown. α-PrP is used to detect the prion protein, α-Flot-1, α-TfRC, α-CNX, 

α-NPC used to detect Flotillin-1, transferrin receptor protein (TfRC), calnexin (CNX) and the 

nuclear pore complex protein (NPC), respectively. M: protein molecular weight ladder.    

                      

Separating membrane microdomains from post nuclear supernatants of N2a/PrP(+EGFP)- 

(Figure 12A) and parental N2a (Figure 12B) cells similarly as in case of the tagged-PrP and 

immunoblotting the gradient fractions for the same selected marker proteins we found that in all 

three cells, PrP and the selected proteins distribute similarly between membrane raft and non-raft 
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fractions. Importantly, PrP shows similar distribution pattern irrespective of whether it is 

expressed as tagged by the fluorescent fusion protein in the PrP-EGFP cells, or expressed as 

untagged in PrP(+EGFP) cells- or when it is endogenous and tested in parental N2a cells. PrP 

detected by α-PrP is present from fraction number 1 through 18 in parallel with raft the resident 

protein Flottilin-1 shown by α-Flot-1. Non-raft protein, transferrin receptor shown by α-TfRC is 

seen typically only from fraction numbers 12 to 18 in repeated experiments, leaving by this a 

wide range where it is absent (fraction 1 through 11), which may be qualifying as a true rafts 

based on the raft criteria of Persaud-Sawin and co-workers
155

. Calnexin and NPC proteins are 

detected from fraction numbers- 1 through 18 and 12 through 18, respectively, by their respective 

antibodies. All the marker proteins along with PrP distribution pattern indicate that neither 

fluorescent protein (EGFP) tag nor the overexpression of proteins affect the natural distribution 

of PrP in membrane microdomains.  

 

4.1.5 Shadoo exhibits a similar preference for membrane microdomain localization like PrP. 

Next, we examined the distribution of Sho by fractionating N2a stable transgenic shadoo-

overexpressing- (Sho-EYFP) and its control (EYFP) cells in similar manner (and also tested in 

parallel) as to PrP-EGFP and its control cells, probing for Sho along with the same other selected 

proteins by Western blotting (Figure 13). As expected, Flotillin-1 distribution is observed from 

fraction number 1 throughout the low-dense to highly dense fractions in both Sho-EYFP and its 

control cells, as before in PrP expressing cells. The transferrin receptor in case of Sho-EYFP- and 

EYFP cells is detected from somewhat lower densities, from about the mid-dense fraction 

number 10-11, while populating as expected the high-dense fractions down to 18
th

. Shadoo, by α-

Sho and α-GFP, shows distribution from the low dense fractions #2 through 7, although relatively 

lower amounts, and it is mostly seen in the mid- and high dense fractions (from 7-8 through 18) 

of Sho-EYFP cells (Figure 13A). In both Sho-EYFP- and EYFP cells, CNX is detected from 

fraction numbers 3 through 18 by α-CNX; and low- to mid-dense fractions are free from NPC 

protein, which is detected only in high-dense fractions from fraction numbers 13-18 by α-NPC. 

The distribution of the control protein EYFP-GPI(Sho) across gradient fractions of EYFP cells, is 

detected from fraction number 3 by α-GFP (Figure 13B), similar to the fluorescent protein tagged 

PrP (PrP-EGFP-GPI(PrP)) and its control protein (EGFP-GPI(PrP)) in their respective cells (Figure 

11). 
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Figure 13: Distribution of various proteins across the gradient fractions of transgenic cells 

Sho-EYFP- and its control, EYFP cells. A, B) Representative Western blots of the selected 

proteins along gradient fractions of fluorescent protein tagged Shadoo-and its control fluorescent 

protein overexpressing transgenic cells. Fractions collected from top to bottom of the centrifuge 

tubes corresponding to Sho-EYFP (A) and EYFP (B) cells are numbered and loaded on SDS-

PAGE as indicated on the bottom of the figures. Samples are immunoblotted for the following 

proteins with the respective antibodies as indicated: for Shadoo by α-Sho, and α-YFP; for 

Flotillin-1 by α-Flot-1; for transferrin receptor protein by α-TfRC; for calnexin by α-CNX; for 

nuclear pore complex protein by α-NPC. Protein molecular weight ladder is marked on the side 

of the blots. 

 

Altogether, the results indicate that both PrP and Sho, like their GPI-anchored fluorescent 

protein tags anchors, partition to the raft type membrane domains. Importantly, the results also 

demonstrate that these proteins are present also as along the non-raft-type membrane fractions.  

 

4.2 The study of the possible interaction of prion and Shadoo proteins with the ER-

chaperone calnexin  

4.2.1 Stable transgenic N2a cells developed for the studies and their characterisation. 

Since both PrP and Sho either possesses a large part or are fully unstructured proteins, it is 

intriguing how these structures are maintained during their biology and lifecycle. Next we found 

intriguing to study whether these proteins similarly bind, and if yes in which of these different 

type of membrane domains, calnexin, an ER-chaperone, which was observed earlier by a single 
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study to bind PrP in when examining total cell lysates of another type of cells such as 293T and 

SK-N-SH cells
153

. Calnexin is being monitored here by us, in parallel to the two prion-family 

proteins, as it is also used as endoplasmic reticulum marker protein. Our results show that 

calnexin appears detectable in both raft and non-raft membrane microdomain fractions of all type 

of N2a cells used here (Figures: 11-13).   

To approach this goal, we aimed to apply pull-down assay and co-immunoprecipitation 

(Co-IP) assay to examine interaction of CNX with the two proteins PrP and Sho, respectively, 

after exploring first the subcellular localisations of CNX, PrP and Sho in our N2a stable 

transgenic cells by microscopy. Specifically for Co-IP assay, we needed to insert a FLAG tag into 

the Sho-EYFP protein construct which would allow performing immunoprecipitation of Sho. 

Therefore, two additional N2a stable transgenic cells had to be generated: one overexpressing 

Sho-EYFP-FLAG fusion protein and the other is its control, expressing only the fluorescent 

protein in fusion with the FLAG-tag, and equipped with the ER targeting- and the GPI-signal 

peptides of Shadoo. We notated these cells as Sho-EYFP-FLAG- and its control, as EYFP-FLAG 

cells. The schematic representation of DNA constructs are shown in Figure 14A.  
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Figure 14: Characterization of the N2a stable transgenic Sho-EYFP-FLAG- and EYFP-

FLAG cells developed. (A) Schematics of the DNA constructs used for developing the 

transgenic cells, encoding the FLAG-tagged Sho protein construct Sho-EYFP-FLAG-GPI(Sho) and 

its corresponding control protein EYFP-FLAG-GPI(Sho). The major sequence elements are 

depicted, coding for as follows. SS(Sho): N-terminal signal peptide of Sho; mSho: mouse Shadoo 

protein; EYFP: enhanced yellow fluorescent protein, FS: FLAG-STREPTAVIDIN-tag sequence; 

GPI(Sho): GPI-anchor attachment signal sequence of Sho. Note: only FLAG-tag is used in the 

experiments presented, therefore, in the naming of cells and proteins only FLAG-tag is 

mentioned. (B) Representative live-cell confocal fluorescence and brightfield images of the stable 

transgenic Sho-EYFP-FLAG- (top panels) and its control, EYFP-FLAG (bottom panels) cells, 

made by transfecting N2a cells with plasmids encoding for the protein constructs on (A). Images 

are taken using 60x oil immersion objective of the Fluoview FV1000 confocal laser scanning 

microscope. Signals from EYFP are shown in green. Scale bar: 10 µm. (C) Expression of 

transgenes analyzed by Western blotting of total cell lysates of Sho-EYFP-FLAG and the EYFP-

FLAG cells, antibodies used are as indicated on the figure, probing for Shadoo (α-Sho), EYFP 

(α-GFP), FLAG (α-FLAG) and calnexin (α-CNX). β-actin is used as loading control and probed 

by α-β-actin.  

 

The subcellular localization and expressions of FLAG-tagged Sho and its control protein 

in Sho-EFYP-FLAG and EFYP-FLAG cells, respectively, are shown in Figure 14B,C. Confocal 

microscopy confirmed that, similar to non-FLAG-tagged Sho (Sho-EYFP) and its control (EYFP) 

cells in Sho-EFYP-FLAG and EFYP-FLAG cells, the overexpressed FLAG tagged Sho proteins 

predominantly localise to PM and GA (Figure 14B). Western blot analysis confirmed the 

presence of the overexpressed proteins, which are being detected at their expected molecular 

weights (Figure 14C). 

 

4.2.2 Immunocytochemical analysis of the localisation of Shadoo, prion protein and calnexin in 

the transgenic N2a cells.   

The subcellular localizations of PrP, Sho and CNX proteins were analysed in the 

established N2a stable transgenic Sho-EYFP-FLAG-, PrP-EGFP- and in their respective controls, 

EYFP-FLAG- and EGFP cells by immunocytochemistry combined with confocal microscopy 

(Figure 15).  
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Figure 15: Subcellular localization of the Shadoo, prion and calnexin proteins detected by 

immunocytochemistry in transgenic Shadoo- and prion protein overexpressing and their 

respective control cells. Immunocytochemistry and confocal microscopy images of N2a stable 

transgenic fluorescent protein-FLAG tagged Shadoo, Sho-EYFP-FLAG (a-d) and fluorescent 

protein tagged prion protein, PrP-EGFP (e-h) cells (A) and their respective control cells noted as 

EYFP-FLAG (a-d) and EGFP (e-h) (B). Cells are fixed, permeabilised and immunoprobed with 

α-GFP (b, f) and α-CNX (c, g) prior staining with secondary antibodies anti-mouse-Alexa 488 

(green) for α-GFP (b, f) and anti-rabbit-Alexa 568 (red) for α-CNX (c, g). Nuclei (a, e) are 

counter labeled with DAPI (blue). Merged images (d, h) of the blue, green and red channels are 

shown in the last column, colocalization of Sho or PrP with CNX is indicated by yellow color 

pixels. Insets correspond to the areas marked by the magnifying glass symbols; arrows indicate 

Golgi apparatus and arrowheads mark the examples of colocalization regions. Scale bar: 10 μm.    

 

After fixing and permeabilising the cells, same antibodies were used for detection of Sho 

and PrP (α-GFP combined with Alexa 488 secondary antibody, green), Sho (b) and PrP (f) are 
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seen to be localize to the same compartments as the plasma membrane and Golgi apparatus -

where they form intense fluorescent patches and to endoplasmic reticulum membranes (Figure 

15A). The endogenous calnexin detected by α-CNX combined with Alexa 568 secondary 

antibody (red) localised to the ER membrane network, being absent from the PM and GA in all 

cells used (Figure 15, c, g). Importantly, calnexin colocalized with Sho and PrP in ER membranes 

in Sho-EYFP-FLAG and PrP-EGFP cells, specifically their co-localization with CNX indicated 

by yellow pixels is observed in the nuclear membrane, ER tubular structures and also in ER 

membrane sheets (Figure 15A, merged images d, h). However, non-colocalized fluorescence with 

CNX is also observed. In control cells, CNX show partial colocalization with EYFP-FLAG-

GPI(Sho) or EGFP-GPI(Sho) proteins, this being confined to the ER membranes, leaving out GA and 

PM (Figure 15B, merged pictures d, h). Similar images with the same settings were recorded also 

without primary antibody and with secondary antibody staining to check for background and 

there was negligible signal from the nonspecific binding of secondary antibodies to the cells, 

which would mask the evaluation of the images (data not shown). 

 

4.2.3 Shadoo and prion protein co-localize with calnexin in the endoplasmic reticulum 

compartments of the live transgenic N2a cells. 

We opted for a more in-depth analysis using live-cell imaging of the cells to look for 

prion, Shadoo and calnexin protein localizations, because the immunocytochemistry procedure 

may not preserve fine features of the cellular structures due to the nature of the experimental 

procedure. To accomplish this, we transiently transfected Sho-EFYP-FLAG, PrP-EGFP along 

with their controls EYFP-FLAG and EGFP cells with a plasmid coding for mouse calnexin 

tagged by a red-fluorescent protein (CNX-RFP) (Figure 16).  
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Figure 16: Live cell analysis of co-localization of Shadoo, prion protein and calnexin in the 

ER membranes. Live cell analysis of subcellular localization of Shadoo (green), prion protein 

(green) and calnexin (red) (A) in N2a stable transgenic Sho-EYFP-FLAG (A, a-c), or PrP-EGFP 

(A, d-f) and in parental N2a (A, g-i) cells transiently transfected to expressed calnexin-RFP and 

also of their respective control proteins (B) in the control EYFP-FLAG (B, a-c) and EGFP (B, d-

f) cells transiently transfected to expressed calnexin-RFP (B, b,e). Images are acquired with 100x 

oil immersion objective on a VisiScope CSU-W1 spinning disk confocal microscope. Yellow 
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color in the merged images represents co-localization of PrP and Sho with CNX (arrow heads). 

Split images show two different fields of view. Insets correspond to the regions of magnifying 

glass symbol. Scale bars: 10 µm.  

 

When visualising the cells under VisiScope CSU-W1 spinning disk confocal microscope 

using 100x oil immersion objective, similar overall localizations of Sho, PrP and CNX to the 

specific cellular organelles are found as in the case of immunostaining (Figure 16A). The fine ER 

localisation of the fluorescent tagged proteins Sho and PrP to both perinuclear and peripheral ER 

networks, including both tubular and sheet-like ER cisternae, can now be well seen with this 

technique, given that the ER fine-structures are much better resolved. The localization of CNX 

appears to be overlapping with both Shadoo (a-c) and prion protein (d-f) in all ER membrane 

structures, pronouncedly being colocalized with these proteins in the tubular type ER structures 

(Figure 12A). Sho, in Sho-EYFP-FLAG cells, localizes abundantly to the nuclear membrane and is 

present in the tubular- and the smooth-ER-sheets, and colocalizes with CNX in these compartments. 

PrP’s localization to nuclear membrane is less intense compared to Sho, but also shows co-

localization here with the CNX. The control proteins, EYFP-FLAG-GPI(Sho) and EGFP-GPI(PrP) in 

the control EGFP and EYFP-FLAG cells, respectively, show intense localisation to PM, GA and 

a homogeneous intracellular pattern, without pronounced appearance in the tubular ER-

structures. When EYFP-FLAG- and EGFP cells are transfected by CNX-RFP, CNX shows a 

similar pattern as in the other cells  marking the fine, tubular ER-structures partially overlapping 

with control proteins and excluded from PM and GA (Figure 16B). 

These results indicate that the two prion-family proteins, Shadoo and prion protein behave 

in a similar way in respect to their localisation with CNX, both proteins being co-localised 

specifically in the endoplasmic reticulum with calnexin. 

 

4.2.4 Prion protein pulls down calnexin both in raft- and non-raft-type membrane fractions. 

Finding high degree of colocalization between PrP and Sho with CNX in our N2a stable 

transgenic cells, we set forward to investigate their possible interactions.  

Initially, using total cell lysates of prion protein overexpressing PrP-EGFP, its control 

EGFP- and parental N2a cells, a Ni-NTA bead pull-down experiment was performed (taking 

advantage of the integral histidines in PrP, which bind nickel) to check for any interaction of PrP 
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with CNX (Figure 17). The bead pulled samples (Bead eluates) along with their respective total 

cell lysates (cell lysates) were subjected to Western blotting against PrP and CNX proteins using 

α-PrP and α-GFP for prion protein and α-CNX for calnexin. The results demonstrate the presence 

of CNX in the bead eluates of both PrP overexpressing and parental N2a cell samples as detected 

by α-CNX (lanes 2-3), although a very faint band in the control sample from EGFP cells 

corresponding to CNX is also observed (lane 4), which is in line with the prion protein being 

endogenously expressed in N2a cells, from which the transgenic cells were generated (seen on 

the blots with anti-prion antibody), and that they may also pull CNX beside overexpressed prion 

protein construct. Overall, these results indicate that prion protein, either endogenous or 

overexpressed with EGFP-tag, does interact with calnexin. 

 

Figure 17: Interaction of prion and calnexin proteins tested in the total cell lysates of prion 

protein overexpressing and its control cells. Representative Western blots of total cell lysates 

of PrP-EGFP, EGFP and parental N2a cells pulled by Ni-NTA beads (Bead eluates) and probed 

in parallel with the input cell lysates (Cell lysates) for prion and calnexin, using the antibodies α-

PrP and α-GFP for prion and α-CNX for calnexin. β-actin is used as loading control. Empty 

beads treated similarly but without sample are used as negative controls (bead); the positions of 

the molecular weight markers are indicated on the left side of the blots.  
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As a next goal we set forward to examine, if there is any specificity in the interaction of 

PrP and CNX depending on the type of membrane microdomains the proteins reside in. 

Therefore, we proceeded for non-detergent based isolation of membrane microdomains from the 

PrP-EGFP cells to look for the interaction within the individual fractions. Performing Western 

blot to characterize the fractions, we found that Flotillin-1 distributes in low- to high dense 

fractions, while transferrin receptor appears from only mid (fraction number 11) to high dense 

fractions with their respective antibodies. PrP and CNX are present along the same gradient 

fractions, from low- to high dense fractions (numbers 4 through 18) as detected by α-PrP and α-

CNX (Figure 18A). This distribution pattern is also similar to as we found earlier for these cells 

(Figure 11A). 

 

 

Figure 18: Prion protein interacts with calnexin in the membrane rafts and non-rafts as 

assessed by Ni-NTA pull-down assay. (A) Fractionated samples of PrP-EGFP cells are probed 

for the transferrin receptor (non-raft protein), Flottilin-1 (raft protein), prion and calnexin proteins 
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using the antibodies α-TfRC, α-Flot-1, α-PrP and α-CNX, respectively. (B) The corresponding 

fractionated samples are pulled by Ni-NTA beads and probed for prion and calnexin proteins 

with respective antibodies. Molecular weight markers are represented on left side of the blots. 

Raft and non-raft regions are marked on top of the blots. 

 

To assess the interaction of PrP and CNX along the gradient fractions, we set forward to 

separately subject each collected fraction to Ni-NTA bead pull-down assay (to pull PrP) after 

which to test the bead-eluates (Bead eluates) for the presence of CNX, by α-CNX, in the same 

manner as followed with the total cell lysates (Figure 17). Western blot analysis of Ni-NTA pull-

down eluates revealed that CNX is pulled by PrP in low- to high dense fractions, from fraction 

number 5 through 18, as identified by α-PrP and α-CNX (Figure 18B). Gradient fractions from 

fraction number 5 to 11 are considered as membrane rafts based on the presence of Flotillin-1 and 

fraction numbers 12 through 18 are considered as non-raft membranes based on the presence of 

transferrin receptor protein.  

 

This result shows that PrP bind with CNX in both membrane rafts (fractions number 5 

through 11) and non-rafts (fractions number 12 through 18). 

  

4.2.5 Calnexin co-immunoprecipitates with Shadoo in total cell lysates  

As a next goal we set forward to analyse whether Shadoo could also interact with calnexin 

or not, similarly as PrP, which proved to bind with CNX. First, the total cell lysates of FLAG-

tagged Shadoo overexpressing Sho-EYFP-FLAG cells, in parallel to its control, EYFP-FLAG- 

and parental N2a cells, were tested. These cells were subjected to co-immunoprecipitation assay 

using anti-FLAG beads to precipitate Sho and to look for the presence and CNX in the 

precipitates by Western blotting (Figure 19).   
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Figure 19: Calnexin is a binding partner of Shadoo. Co-immunoprecipitation of Shadoo and 

calnexin from the total cell lysates of Sho-EYFP-FLAG- and its control, EYFP-FLAG cells (A) 

and parental N2a cells (B) using anti-FLAG beads. The bead eluates (labeled as anti-FLAG bead 

eluates) in parallel to cell lysate samples (cell lysate) are tested by Western blot using three 

antibodies for the Shadoo-fusion protein construct: α-Sho, α-GFP and α-FLAG,  and α-CNX for 

calnexin as marked on the figures. Molecular weight markers are indicated on the left side of the 

blots.    

 

As seen on the blots, the presence and absence of Shadoo in bead-eluate of Sho-EYFP-

FLAG-, EYFP-FLAG- and parental N2a cells is confirmed by α-Sho, α-GFP, α-FLAG. In the 

anti-FLAG bead eluates of Sho-EYFP-FLAG samples, calnexin is detected by α-CNX but not in 

its control, EYFP-FLAG cells (Figure 19A, lanes1-2) or parental N2a cells (Figure 19B). The 

input total cell lysates are also loaded to the gels as controls and are positive for α-Sho, α-GFP, α-

FLAG and α-CNX, as expected, showing that the proteins are present in the input samples. It is 

of note that endogenous level of Sho expression, contrary to prion protein, was undetectable in 

these cells. These results indicate that the overexpressed FLAG-tagged Shadoo protein interacts 

with calnexin, which is well detectable in the total cell lysates of the cells. 
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4.2.6 Calnexin co-immunoprecipitates with Shadoo both in the raft- and non-raft-type membrane 

fractions  

After finding that CNX co-immunoprecipitated with Sho in the total cell lysates of the 

transgenic Sho-EYFP-FLAG cells, indicating that they are the binding partners, it was 

straightforward and also intriguing to look for their possible binding in the isolated membrane 

fractions as well, similarly as in the case of PrP.  

First, using the same procedure of non-detergent based OptiPrep density gradient method 

as earlier for Sho-EYFP, PrP-EGFP and their respective control cells, the raft- and non-raft 

membranes were separated from the post nuclear supernatants of Sho-EYFP-FLAG and EYFP-

FLAG cells. The collected fractions from the two cells were Western blotted (Figure 20A) in a 

manner that for each protein to be monitored, the corresponding SDS-gels from the two cells 

were cut, and placed one below the other to be able to transfer them to the same PVDF membrane 

that would undergo the same antibody treatments. To indicate this, the separation between the 

SDS-gels are marked on the blots as dashed lines and to each half the corresponding cell is 

labelled on the side as “Sho-Y-F” for the Sho-EYFP-FLAG cells and as “Y-F” for the EYFP-

FLAG cells. The membranes are blotted for the presence of Flottilin-1 (α-Flot-1), TfRC (α-

TfRC), to discern raft and non-raft fractions and for calnexin (α-CNX), the Sho-YFP-FLAG 

fusion protein (α-Sho, α-FLAG and α-GFP) and the control EYFP-FLAG-GPI(Sho) fusion protein 

(α-FLAG and α-GFP). 
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Figure 20: Shadoo interacted with the calnexin in both raft and non-raft type membrane 

fractions. (A) The fractions collected from the OptiPrep density-gradient-fractionation of Sho-

EYFP-FLAG-(labeled as Sho-Y-F) and its control EYFP-FLAG (labeled as Y-F) cells are 

transferred on to same blot one above the other and are probed by Western blotting for presence 

of the proteins as marked: for Shadoo by using antibodies α-Sho, α-FLAG, α-GFP; for calnexin, 

α-CNX and for raft- and non-raft proteins Flotillin-1 and transferrin receptor protein by α-Flot-1 

and α-TfRC. (B) Shadoo and calnexin proteins co-immunoprecipitated in fractionated samples of 

Sho-EYFP-FLAG and EYFP-FLAG cells. Equal quantities of pooled fractions belonging to 

either raft- (labeled as R) or non-raft (labeled as NR) regions (as on panel A) are loaded to anti-

FLAG beads from both Sho-EYFP-FLAG- and EYFP-FLAG cells. The bead-pulled proteins 

(anti-FLAG bead eluates) tested by Western blot for the presence of Shadoo (Shadoo, FLAG and 

GFP, using α-Sho, α-FLAG, α-GFP respectively) and for calnexin protein using α-CNX. Empty 

beads treated similarly but without sample (Only bead) used as negative control, molecular 

weight ladder is on the left side. 
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The raft resident protein, Flotillin-1 can be observed from fraction number 4 through 18, 

whereas the non-raft resident protein, transferrin receptor protein from fraction number 12 

through 18. These patterns of distribution are similar in case of Sho-EYFP-FLAG and its control, 

EYFP-FLAG cells. Therefore, the fractions 1 through 11 were considered as “raft fractions” and 

from the fraction numbers 12 through 18 as “non-raft” fractions for both types of the cells. 

Noteworthy that such distribution of raft and non-raft proteins along the gradient fractions is 

analogous to the non-FLAG tagged Sho expressing and its control (Sho-EYFP and EYFP, 

respectively) cells as well, indicating that the new newly developed cells with the FLAG-tagged 

proteins have the same characteristics in terms of the separation patterns of raft- and non-raft 

domains using this separation protocol. Sho is detected from fraction #5 by α-GFP and from #9 

by α-Sho and by α-FLAG throughout fraction 18, indicating its presence in both raft and non-raft 

type membrane fractions, similarly as found in case of Sho-EYFP cells. Calnexin is detected 

from fraction number #4 through 18 by α-CNX. In order to look for interaction of Sho and CNX 

in the two types of membrane microdomains, because the detection of Sho by α-Sho and α-FLAG 

in the raft-fractions specifically in the upper #1 through 9 fractions is harder due to the fainter 

signals, we considered it to be feasible to pool all raft-fractions, as well as, separately all non-raft 

fractions, before performing co-immunoprecipitation. Therefore, based on the distribution of the 

Flottilin-1 (#4 through 18) and of the non-raft resident protein transferrin receptor from fraction 

number 12 to 18, we pooled the fractions # 1 to 10 as being the sample corresponding to raft-

fractions, and fractions #11 to 18 as corresponding to non-raft fractions. Next, equal total protein 

amounts from the pooled rafts and non-rafts of Sho-EYFP-FLAG, as well as from EYFP-FLAG 

cells, were subjected to anti-FLAG beads to immunoprecipitate the FLAG-tagged proteins. The 

bead-eluates were analysed for the presence of CNX and the FLAG-tagged proteins by Western 

blotting with corresponding antibodies (Figure 20B). To look for the proteins of interest, after 

transferring of the protein from the gel to the PVDF membrane, the membrane was cut into two 

halves at about the level 60-72 kDa, and one part was probed of Shadoo (by α-Sho, α-FLAG, α-

GFP) and the other half for calnexin (by α-CNX). We found that both Shadoo and calnexin are 

present in both raft and non-raft membrane fractions of Sho-EYFP-FLAG cells (lanes2-3). More 

calnexin can be seen in the non-raft sample, which can be due to distribution of this protein being 

more in the mid- and high-density fractions as compared to low dense fractions. In control EYFP-

FLAG cells, the control proteins are immunoprecipitated by α-FLAG and α-GFP where CNX is 
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absent indicating the presence of the control protein and absence of co-precipitated calnexin 

(lanes 4-5). The experiments were repeated at-least for four times and it was found that in case of 

these raft fractionated samples the detectable calnexin signal with Sho overexpressing cells was 

generally not strong (as on Figure-20B), hence, considered careful evaluation against control cell 

and over different exposures. Taking together, both total cell lysates and fractionated samples 

indicate an interaction between Shadoo and calnexin, similarly as in the case of the prion protein 

and this binding can be detected in both the lipid- raft and non-lipid raft membrane environments.  

 

4.3 The study of the effect of copper treatment on the PrP membrane domain localization in 

N2a cells. 

Studies suggest that upon exposure of cells to certain metal ions and/or due to metal 

induced stress, proteins may shed and/or change their localization across cellular organelles and 

can traffic between different types of membrane microdomains of the cells, phenomena that had 

also been reported for PrP in certain experimental settings and also in the context its protective 

abilities against metal-ion induced cytotoxicity
46–48,124,163,164

.  

During our studies, first we set forward to test PrP-s ability to rescue cells against the 

cytotoxic effects of transition metals, using mouse hippocampal cells derived from wild type and 

PrP KO mice, ZW(Prnp
+/+

) and Zpl(Prnp
0/0

) respectively, as model system. In these experiments, 

we applied treatments by various concentrations of four transition metals known to bind PrP, 

testing toxicities of Cu
2+

, Zn
2+

, Mo
2+

 and Co
2+

 and assessed general parameters of cellular 

toxicity, such as morphological changes and overall viability changes measured by two assays: 

alamarBlue-assay and propidium iodide-based dye exclusion assay. Interestingly, our results 

reveal that while the PrP expressing cells are more resistant to the toxic effects of these metals, 

reintroduction of PrP into the PrP-null cells does not protect the cells against the toxicity of any 

of these metals. This allowed us to conclude that even if PrP
C
 has an effect on the complex 

pathways of metal toxicity, it is likely not a robust, general effect, that is discernible in all type of 

cells. We published these results
165

, but do not intend to present them in more detail in the present 

thesis. However, after these studies on mouse hippocampal ZW and Zpl cells, we also found that 

when exposed to different doses of metals, specifically with copper, N2a cells show similar 

morphological changes as the prion expressing ZW cells, at the same concentrations, typically of 

500 µM which is the concentration where majority of the cells show morphological changes but 
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are still alive. Next, applying the same method of copper-treatment used for ZW and Zpl cells, we 

set forward to analyse PrP’s localisation in the membrane microdomains of the N2a stable 

transgenic prion overexpressing PrP-EGFP cells characterized above, upon exposure to 500 µM 

CuSO4. We treated PrP-EGFP cells in parallel to its control EGFP cells, with the standardised 

protocol of Cu
+2

-glycine mix as in the case of ZW and Zpl cells (see Materials and Methods) and 

separated the membrane-rafts and non-rafts by using the non-detergent based OptiPrep density 

gradient fractionation method outlined here in the above presented studies and tested the selected 

target and marker proteins along the gradient fractions by Western blot analysis (Figure 21). 

 

Figure 21: Distribution of various proteins across the raft and non-raft type membranes of 

copper treated and untreated PrP-EGFP and its control, EGFP cells. A, B) Representative 

Western blots of selected proteins along the gradient fractions of copper treated and untreated 

PrP-EGFP (A) and EGFP (B) cells. Both types of cells, in parallel, are treated with 500 M 

copper mixed with glycine in OptiMEM media supplemented with GlutaMAX (labeled as 

“treated”) and another set of cells are supplied with only OptiMEM media supplemented with 

GlutaMAX to serve as controls (labeled as “untreated”), for 30 min at 37 ºC in the CO2 incubator. 

Fractionated samples are collected from top to bottom of centrifuge tubes and are loaded on SDS-

PAGE in order of fraction numbers and are immunoblotted for selected proteins by their 

corresponding primary antibodies, as indicated: for Flotillin-1 by α-Flot-1; for transferrin receptor 
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protein by α-TfRC; for PrP by α-GFP and α-PrP; for calnexin by α-CNX. Protein molecular 

weight ladder is marked on the sides of the blots. 

 

In both PrP-EGFP- and EGFP cells and in both copper-treated and untreated conditions, 

raft protein, Flotillin-1 is identified from the low density top fractions, here from number 4 

through 18, the high dense fractions, whereas the non-raft marker transferrin receptor protein is 

detected from fraction numbers 12 through 18, high dense fractions. This is also similar to as we 

found earlier for these cells (Figure 11A and B). This indicates that raft-membranes are present in 

the copper treated cells similarly as in the untreated and the original transgenic cells. In PrP-

EGFP cells, in copper-treated condition PrP is seen from fraction number 3, prominently from 

fraction number 7 through 18 by both α-PrP and α-GFP antibodies (Figure 21A) that is also 

qualitatively similar to its untreated counterpart. In the control, EGFP cells, treated by copper a 

similar distribution is seen for EGFP-GPI(PrP) protein as for PrP-EGFP shown by α-GFP from 

fraction numbers 3 through 18, low- to high dense fractions, in both treated and untreated 

conditions (Figure 21B). In both type of cells, CNX distribution along the gradient fractions is 

seen from fraction numbers 5 through 18 as detected by α-CNX in both copper treated and 

untreated conditions. Overall, after exposure of prion overexpressing cells to copper, we still see 

the presence of PrP in the raft fractions, and did not observe an overall re-localisation of 

fluorescent protein tagged PrP from the raft and non-raft type membrane fractions obtained by 

the non-detergent based continuous OptiPrep density gradient fractionation method. Since the 

concentration of copper in these experiments (500 M) was the highest at which morphological 

changes well detectable in the population, but we could still collect enough viable cells to 

perform the raft-fractionation experiments, we deemed unreasonable to try higher concentrations 

of copper treatment, as well as we did not consider feasible to do more in-depth analysis of 

copper-response at the membrane-domain level.  
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5. DISCUSSION 

 

Following its in silico discovery in 2003
63

, the third prion-family protein, Shadoo, had 

been eagerly researched for its possible functional links to the cellular PrP
C
, for which a 

compensatory prion-like protein, coined “pi” (and a hypothetical ligand coined “Lprp”) was 

anticipated at the time
166

. A protein, which would be capable of overtaking key roles of PrP
C
 

(such as binding to Lprp), specifically in the absence of PrP
C
, hence, explaining for the lack of 

any clear phenotypes detectable in case of Prnp
0/0 

mice. Although the validity of such a “PrP-

Lrp-pi” model had not been resolved and validated experimentally
83

, it initiated a comparative 

framework for the Sho research, which in the past decade indeed uncovered several intriguing 

similarities between Sho and PrP, including common functions, but importantly also, differences 

as well, which together may carry important clues to a better understanding of the prion-biology 

and also indirectly of disease development.  

Interestingly, during prion infection, the levels of Sho in brain decrease in several 

experimental rodent models and sheep
64,85,86

 suggesting an involvement of Sho in prion disease 

process. In addition, Sho on its own demonstrated ability to form fibrils in model membranes
88

 

and amyloid-like aggregates in cell membranes
67

 and recombinant Sho increased PrP conversion 

rate in cell culture setting when administered to cell media prior infection with scrapie brain 

homogenate
89

. Moreover, native crosslinking and immunoprecipitation, studies presented Sho as 

PrP’s interactor, indicative that they may occupy same environment in vivo
90

. However, its 

overexpression did not influence prion replication kinetics in transgenic mice
92

 and altogether 

Sho did not prove to have direct involvement in propagating PrP
Sc 86,92,93

. 

While both PrP and Sho are expressed at highest levels in CNS, the localization of Sho 

had been found to be partially overlapping with PrP- as demonstrated by in-situ hybridization and 

immunohistological studies in the adult wild-type mice brain
64

. Interestingly, complementary 

expression of the two proteins is also observed in certain areas, such as in hippocampus and 

cerebellum and/or within the same type of neurons: in hippocampal pyramidal cells, Sho was 

detected as being intensely expressed in cell bodies, was absent in the axonal processes and again 

intensely present in the apical dendritic processes in stratum radiatum of the hippocampus. PrP on 

the other hand, was found to be primarily abundant in the axonal projections of the pyramidal 

cells with low expression levels in the cell bodies and yielded a specific complementary 
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“negative-staining” image within the molecular layer of the neutrophil for the apical dendritic 

processes stained by Sho. In cerebellar Purkinje cells, Sho was detected in all areas, cell bodies, 

axonal processes and dendritic arborizations within the molecular layer of the cerebellum. While 

PrP is absent in Purkinje cells
64,77

, it is intensely expressed in the granular layer and the 

neutrophil molecular layer, yielding similar “negative staining-effect” for dendritic aborizations 

highly stained by Sho. Contrary to these, a complete colocalization was found for the two 

proteins in the cerebellar cortex neurons
64

. All together these observations also suggest that the 

two wild type proteins are capable to support different and/or similar cellular functions in vivo 

depending on the specific cellular environment and/or condition they are in. 

In the work presented in this thesis, we studied Sho and PrP in the context of their 

localization to membrane micro-domains. As one of the results we demonstrate that while Sho 

and PrP
C
, both being GPI-anchored proteins, reside in membrane microdomains called lipid-rafts 

they similarly display presence in non-raft type membrane fractions as well, when assessed by a 

non-detergent based fractionation method and using transgenic N2a cells expressing these 

proteins.  

Membrane lipid-rafts are currently defined as a small (10–200 nm), heterogeneous, highly 

dynamic, cholesterol- and sphingolipid-enriched domains that compartmentalize the cellular 

processes and can transiently disband or become stabilized to form larger platforms through 

protein-protein and protein-lipid interactions
107

. Their existence had long been controversial, 

owing to the inability to prove their existence directly with the methods currently available, 

mostly due to their transient, dynamic nature and their small size. It has to be mentioned that 

ongoing technological and scientific advances, continue to shape our understanding of rafts and 

of the molecules (for example the actin filaments) that actively participate in regulating the 

formation of cellular membrane-rafts. Nevertheless, several indirect methods in the last decades 

pointed unequivocally to their existence, making them generally accepted as valid
167,168

. Among 

the indirect biochemical approaches, the classical, most frequently used techniques to study rafts 

are the detergent-based (e.g., 1% TritonX-100; CHAPS; Brij 58, 96 and 98; Lubrol; Nonidet P40; 

octylglucoside and others) cell fractionation methods followed by the sucrose density-gradient 

separation to isolate raft and non-raft membrane fractions. These methods led first to isolation of 

the “detergent-resistant membrane fractions” (DRMs), the low-density floating fractions on the 

density-gradient, as raft-type membrane fractions. The compositional characterization of these 
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had largely contributed to our current understanding of membrane rafts in mammalian cells
169,170

. 

This approach had widely been used, including also for the study of prion proteins
64,76,124

. Several 

observations, however, raised concerns over this method, pointing to the ability of detergents to 

cluster lipids and proteins originally not associated with each other into a raft fraction. The high 

variation in the reproducibility of data obtained through this method is also argued to be the 

reason for this experimentally induced clustering effect of detergents
171–173

. Hence, non-

detergent-based methods have been developed
155,174

. Considering these, we opted for using a 

non-detergent-based raft-isolation method, the one improved by Macdonald and Pike in 2005
154

. 

The approach is known to yield high-purity raft separations based on a detergent-free shearing of 

cells in an iso-osmotic environment and divalent cations to maintain stability of rafts and using 

OptiPrep as a continuous density-gradient to fractionate the post-nuclear supernatant in order to 

separate the rafts and non-rafts based on the density flotation. The low-density fractions occupied 

by rafts on this gradient correspond to the densities of rafts obtained by the detergent-based 

sucrose gradient methods
154

. 

The N2a cells generated in this study, stably expressing PrP or Sho in fusion with either a 

fluorescent protein alone or in addition with FLAG tag, at C-terminals preceding their GPI-signal 

peptides, or the untagged protein in case of PrP in one of our cells developed, are correctly 

processed: they are complex glycosylated and GPI-anchored with subcellular localization that are 

similar to each other (Figures 6 and7) and is as expected for secretory proteins, being present at 

the PM, GA and ER, and as reported for PrP and Sho in other studies in various cells
64

. Using the 

non-detergent based OptiPrep density gradient fractionation method to separate raft- and non-

rafts type membrane microdomains and following the criteria of “true-rafts” of Persaud-Sawin 

and co-workers
155

 confirmed that both proteins, PrP and Sho are present in low-dense fractions 

(Figures11-13) that correspond to raft-type membranes, which is in accordance to earlier studies 

using detergent-based
64,76,124

. Interestingly, beside their localization to raft type membranes, we 

show that PrP and Sho is also abundantly detected in denser fractions, where typically the non-

raft marker, transferrin receptor is present and are considered non-raft type fractions (Figures 11-

13 and 20). This is consistent over repeated experiments on different passage number and 

cultures of the cells. For PrP, its presence in non-raft type membranes had been observed in 

previous studies on brain- and N2a cells
159,175

; and this is also in line with raft and caveolae 

dependent- versus independent- clathrin-mediated endocytosis of PrP following its relocation 
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from rafts to non-rafts by its N-terminal polybasic region and/or binding with transferrin receptor, 

non-raft marker protein
124,175

. However, trafficking of Sho between the raft and non-raft type 

membrane microdomains and an underlying process for this is not yet demonstrated. A similar 

possibility to PrP for Sho may be envisaged. Such a proposition may be backed up also by the 

interactome analysis data of the prion-family proteins by Watts and co-workers, showing that 

proteins with oligomannosidic N-glycans such as the transferrin receptor
90,176

, the non-raft 

marker protein used here specifically co-purified with PrP and Sho in N2a neuroblastoma cells as 

well as in wild type mice brain
90

. This indicates that these proteins occupy similar environments 

at leaset at a point in time during their biological activity. Additionally, a temporary residency of 

proteins in rafts as a regulatory mechanism of their biological activity also had been observed for 

other proteins (reviewed in
177

).  

The most striking similarity between PrP and Sho is in their inherently unstructured 

nature, PrP’s N-terminal half, while Sho being fully unstructured. How these proteins maintain 

their proper folds during their lifecycle is not fully understood and it is intriguing in itself. Pepe 

and co-workers
76

 using primary neuronal GT1 and human neuroblastoma SH-SY5Ycells, 

observed that some percentage of Sho, contrary to PrP, was partially in PK-resistant, aggregated 

state already in natural conditions in cells and this amount increased upon disrupting membrane 

rafts by cholesterol depletion, a condition where the partially PK-resistant, partly glycosylated, 

ER-retained forms of PrP also appeared. These authors
76

 also demonstrate that the mature form 

and the unglycosylated form of Sho co-immunoprecipitates with the ER-chaperone calreticulin 

(CRT). CRT’s binding to Sho was also enhanced upon disrupting the membrane rafts. 

Furthermore, one earlier study on PrP, found that another ER-chaperone, calnexin (CNX), could 

bind full length PrP both in vitro, preventing its thermal aggregation, and in vivo, as it Co-IPed 

with PrP
C
 both as endogenous proteins and when co-transfected into either 293T or the human 

neuroblastoma SK-N-SH cells, where its binding also prevented the cytotoxicity of PrP
153

. Based 

on these, we set forward to examine binding of both PrP and Sho to calnexin, using the developed 

transgenic N2a cells expressing the proteins. Our results using immunocytochemistry and live-

cell analysis to visualize the localizations of these proteins in the transgenic cells expressing PrP 

and Sho, demonstrate that PrP and Sho partially colocalize with CNX, being all present in the ER 

but not in the PM and GA (Figure 15 and 16). The ER is a cellular organelle composed of the 

structures nuclear membrane, the tubular ER- and the sheet like cisternae
178–182

. Therefore, we 
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applied live-cell analysis and high magnification spinning-disc confocal microscopy to visualize 

these structures that were not detectable by immunocytochemistry approach (Figure 15). Imaging 

the live cells stably expressing PrP or Sho and transiently expressing a fluorescent-protein-tagged 

calnexin, revealed that in all three ER compartments, Sho and PrP can be found colocalized with 

CNX. When testing the possible interaction between PrP or Sho with CNX in these cell 

populations, first we tested total cell lysates.  

Ni-NTA bead pull-down experiments on the total cell lysates of PrP-EGFP cells 

confirmed presence of CNX (Figure 17), indicating that in these N2a cells CNX is also a binding 

partner of PrP, in line with the earlier observation of Wang and co-workers in 293T and human 

neuroblastoma SK-N-SH cells
153

. Further, we analyzed this interaction in the separated 

membrane raft and non-rafts applying the non-detergent based OptiPrep density gradient method 

for separation and report here that PrP pulled CNX in each type of fraction, raft type (fractions 4 

through 11, Figure 4B) and non-raft type (fractions 12 through 18, Figure 18B). These results 

indicate that at-least a proportion of PrP is found as bound to CNX in both raft and non-raft 

environments. To analyze whether Shadoo would similarly have an interaction with calnexin or 

not, we first developed cells stably expressing FLAG-tagged Sho-EYFP (Sho-EYFP-FLAG cells) 

and its control cells (EYFP-FLAG) and performed immunoprecipitation using anti-FLAG-beads. 

Here we show that Sho co-immunoprecipitated CNX in the total cell lysates of Sho-EYFP-FLAG 

cells (Figure 19A). To see if Sho’s interaction with CNX is preferred in one of the types of 

membrane domains or not, applying the non-detergent based fractionation method similarly as for 

PrP, first we separated the different membrane fractions. Pooling the raft type fractions and 

separately the non-raft type fractions and subjecting the samples to co-immunoprecipitation assay 

using anti-FLAG beads, we reveal that, CNX co-immunoprecipitates with Sho in both types of 

separately pooled rafts and non-raft samples (Figure 20B).  

These results are in line with Sarnataro and co-workers
122

 findings that PrP enriched in 

ER-cholesterol rich, membrane domains in early secretary pathway for correct folding of PrP but 

since sample used for the non-detergent based Optiprep density gradient fractionation is not 

specifically from ER, we assume PrP from both PM and ER compartments of the cells. 

Furthermore, similar to PrP, Sho also present in not only ER but PM cholesterol rich membrane 

domains for correct folding of it. 
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Based on these results, we can say that at least a proportion of both Sho and PrP interacts 

with CNX in these cells and irrespective of their localization to raft or non-raft type membrane 

domains. We propose that the inherently unfolded structures or the domains of these two prion- 

family proteins need chaperone assistance in both raft and non-raft type membranes during their 

lifecycle, and that CNX is being at least one of these chaperones. 

One of the major characteristics of PrP is its ability of binding copper and other divalent 

cations. This is mainly exerted by its octapeptide repeat region, OR, but also of other sites on its 

surface. In line with this, one of the major functions of PrP is refereed to be the regulation of 

transition metal-, specifically copper, homeostasis and diminishing the toxic effects of these 

metals
33,36,38,41,54

. It had also been reported that PrP upon Cu
2+

 binding undergoes clathrin-

dependent endocytosis, which implies that it should leave the rafts
124

. Using mouse hippocampal 

cells derived from wild type and PrP KO mice, ZW(Prnp
+/+

) and Zpl(Prnp
0/0

), respectively, and 

treatment by various divalent transition metals, we revealed that while the PrP expressing cells 

are more resistant to the toxic effect of these metals, reintroduction of PrP into the PrP-null cells, 

did not lead to restoration of their resistance (results not presented in the thesis)
165

. In the work 

presented here, we tested whether by using our set-up of N2a transgenic cells and the non-

detergent based fractionation method, and applying the method of copper-treatment used for ZW 

and Zpl cells, we could observe the relocation of PrP from rafts to non-rafts. We treated PrP-

EGFP in parallel to its control, EGFP cells with standardised concentration of 500 µM Cu
+2

 and 

separated membrane raft and non-rafts. After performing Western blots for the target and the 

marker proteins, however, we could not detect a significant shift in the distribution of PrP along 

the raft-type density fractions. The study reported by Taylor and co-workers,
124

 where re-

localisation of PrP was observed upon Cu
2+

 treatment, contrary to our study, employed a 

detergent-based fractionation of cell membranes, and observed the relocation of PrP from the 

detergent resistant membranes (DRM) to non-DRM fractions. These fractions were isolated using 

1% Triton X-100 detergent-based discontinuous sucrose density gradient (of 40%-5%) method, 

which is differed from ours. Therefore, it may be plausible to argue that the different cellular 

system and/or the use of detergents and a discontinuous gradient-method of isolation could be the 

reason of obtaining different results in our case. Together, these results indicate that the process 

of the rescuing effect of PrP against transition metal toxicity may be more complex than just its 

ability to bind these metals, as well as that either this role and/or its observed trafficking in 
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relation to Cu
2+

 treatment may depend on the experimental system and the isolation procedure 

used, drawing attention to the need of a more careful interpretation of these type of results.  

 

 

6. CONCLUSIONS 

 

The presented work focuses on the study of PrP and Sho in membrane raft- and non-raft 

type fractions isolated from transgenic N2a cells expressing the two proteins. The major findings 

of the studies are the following. We report that beside both prion protein and Shadoo occupying 

raft-type membrane fractions, a significant proportion of them are present in transferrin receptor-

marked non-raft membrane domains. We suggest that their dual raft/non-raft distribution reflects 

their loose confinement to rafts and may support their multifunctional capacities. The presented 

results also reveal that both Sho and PrP
C
 bind with calnexin, an ER chaperone, and that this 

interaction is present in both type of membrane domains. This allows to propose that calnexin is a 

binding partner of both Sho and PrP, and that at least a fraction of these proteins is bound to CNX 

at any given time and independent of their localization to raft-or non-rafts. It may be suggested 

that the unfolded structure of these proteins may necessitate chaperone assistance, among them of 

CNX’s, in certain instances and independent of their presence in rafts or non-raft type membrane 

domains. Furthermore, we could not observe the relocation of PrP from rafts to non-rafts upon 

copper-treatment of these N2a cells, in line with a lack of the rescue effect of PrP observed upon 

the copper- and other transition metal treatments of Zpl (Prnp
0/0

) cells when PrP was 

reintroduced into the cells. Based on these, we propose that the involvement of PrP in 

diminishing the toxic effects of copper (or of the other metals studied) as well as its copper-

induced trafficking, may be more complex processes than merely binding these metals, and/or 

may also be dependent on the cellular models used. 

These results add to our understanding of PrP and Sho’s biology in terms of their 

membrane domain localization characteristics; confirm a new binding partner, CNX, for Sho; 

reveal that the binding with is present for both PrP and Sho in both raft- and non-rafts; and also, 

report that the rescue effect of PrP against transition metal toxicity, as well as its trafficking 

influenced by copper binding is not generally observable, indicating the existence of more 

complex process at place, and/or a possible dependence on the model system used. 
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APPENDIX-I 

DNA-plasmid maps and DNA-sequences of the coding regions of the protein constructs 

used in the studies. 

 

1. Map of the plasmid DNA p_mPrP-EGFP-GPI(mPrP), used for generating the N2a/PrP-

EGFP cells.   

(A) 

 
 

 

(B) 

 
 
GCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGA

CCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTT

TTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGA
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CGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCC

ATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTGGTTTAGTGAACC

GTCAGATCCGCTAGCCACCATGGCGAACCTTGGCTACTGGCTGCTGGCCCTCTTTGTGACTATGTGGAC

TGATGTCGGCCTCTGCAAAAAGCGGCCAAAGCCTGGAGGGTGGAACACCGGTGGAAGCCGGTATCCCG

GGCAGGGAAGCCCTGGAGGCAACCGTTACCCACCTCAGGGTGGCACCTGGGGGCAGCCCCACGGTGGT

GGCTGGGGACAACCCCATGGGGGCAGCTGGGGACAACCTCATGGTGGTAGTTGGGGTCAGCCCCATGG

CGGTGGATGGGGCCAAGGAGGGGGTACCCATAATCAGTGGAACAAGCCCAGCAAACCAAAAACCAAC

CTCAAGCATGTGGCAGGGGCTGCGGCAGCTGGGGCAGTAGTGGGGGGCCTTGGTGGCTACATGCTGGG

GAGCGCCATGAGCAGGCCCATGATCCATTTTGGCAACGACTGGGAGGACCGCTACTACCGTGAAAACA

TGTACCGCTACCCTAACCAAGTGTACTACAGGCCAGTGGATCAGTACAGCAACCAGAACAACTTCGTG

CACGACTGCGTCAATATCACCATCAAGCAGCACACGGTCACCACCACCACCAAGGGGGAGAACTTCAC

CGAGACCGATGTGAAGATGATGGAGCGCGTGGTGGAGCAGATGTGCGTCACCCAGTACCAGAAGGAG

TCCCAGGCCTATTACGACGGGAGAAGATCCAGCGGGCCCGGACCGGTCGCCACCATGGTGAGCAAGG

GCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAG

TTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCAC

CACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAG

CCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGG

AGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGAC

ACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACA

AGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAA

GGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGA

ACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTG

AGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCAC

TCTCGGCATGGACGAGCTGTACAAGTCCGGACTCAGATCTCGAGCTCAAGCTTCGAATTCTAGCAGCA

CCGTGCTTTTCTCCTCCCCTCCTGTCATCCTCCTCATCTCCTTCCTCATCTTCCTGATCGTAGGCTAGCCC

ACCGGATCTAGATAACTGATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAAC

CTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCA

GCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCAT

TCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAACGCGTAAATTGTAAGCGTTAATATTTTGTTA

AAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCT

TATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGT 

____: SS(mPrP), ____: mPrP(23-231);  ____: EGFP;  ____: GPI(mPrP)-signal peptide 

Figure A1. Map of the plasmid DNA p_mPrP-EGFP-GPI(mPrP), used for generating the 

N2a/PrP-EGFP cells. The plasmid is constructed to express the mouse prion protein (mPrP) in 

fusion with EGFP at its C-terminus, upstream of its GPI-signal peptide. (A) Circular map of the 

plasmid, indicating the major features along the DNA sequence, with the top three open reading 

frames marked (thin orange arrows). (B) Horizontal map of the sequence region harbouring the 

fusion protein’s coding sequence, with the major features indicated. The sequence of the plasmid-

DNA segment comprising the coding region of the constructed fusion-protein is given below the 

map. The color-coded features encode for the protein-segments as indicated and as follows: the 

secretion signal of mPrP, SS(mPrP) (cyan); mature mPrP protein, mPrP(23-231) (pink); EGFP 

(green); sequence of the GPI-anchor signal peptide of mPrP, GPI(mPrP-signal peptide (blue). 
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2. Map of the plasmid DNA p_SS(mPrP)-EGFP-GPI(mPrP), used for generation of the 

N2a/EGFP cells.   

(A) 

 

(B) 

 
 

AGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGAC

TTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTA

CGGTGGGAGGTCTATATAAGCAGAGCTGGTTTAGTGAACCGTCAGATCCGCTAGCGC

TACCGGTATCAGTCATCATGGCGAACCTTGGCTACTGGCTGCTGGCCCTCTTTGTGAC

TATGTGGACTGATGTAGGCCTCTGCTTACCGGTCGCCACCATGGTGAGCAAGGGCGA

GGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACG

GCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTG

ACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTG

ACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAG

CACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTC

TTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACAC
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CCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCC

TGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGAC

AAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGG

CAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGT

GCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAA

CGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCT

CGGCATGGACGAGCTGTACAAGTCCGGACTCAGATCTCGAGCTCAAGCTTCGAATTC

TAGCAGCACCGTGCTTTTCTCCTCCCCTCCTGTCATCCTCCTCATCTCCTTCCTCATCT

TCCTGATCGTGGGTGGATCCACCGGATCTAGATAACTGATCATAATCAGCCATACCA

CATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAA

ACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTAC

AAATAAAGCAATAGCATCACAAATTTCACAAATAA 

 

____: SS(mPrP);  ____: EGFP;  ____: GPI(mPrP)-signal peptide 

Figure A2.  Map of the plasmid DNA p_SS(mPrP)-EGFP-GPI(mPrP), used for generation of 

the N2a/EGFP cells. The plasmid is constructed to express the control fusion protein composed 

of EGFP in fusion with the ER signal peptide of mPrP at its N-terminus and with the GPI-signal 

peptide of mPrP at its C-terminus. (A) Circular map of the plasmid, indicating the major features 

along the DNA sequence, with the top three open reading frames marked (thin orange arrows). 

(B) Horizontal map of the region harbouring the fusion protein’s coding sequence, with the major 

features indicated. The sequence of the plasmid-DNA segment comprising the coding region of 

the constructed fusion-protein is given below the map. The color-coded features encode for the 

protein-segments as indicated and as follows: the secretion signal of mPrP, SS(mPrP) (cyan); 

EGFP (green); the sequence of the GPI-anchor signal peptide of mPrP, GPI(mPrP)-signal peptide 

(blue). 
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3. Map of the plasmid DNA p_mSho-EYFP-FLAG-GPI(mSho), used for generating the 

N2a/Sho-EYFP-FLAG cells.  

 

(A) 

 
 
(B) 

 

TAGCAGAGCTGGTTTAGTGACCGTCAGATCCGCTAGCCACCATGAACTGGACTGCTGCCACGTGCTGG

GCTCTGCTGCTGGCCGCCGCCTTCCTCTGTGACAGCTGTTCCGCCAAGGGCGGCCGCGGAGGCGCTCGA

GGCAGTGCCCGGGGGGTGCGCGGAGGTGCACGCGGGGCATCAAGAGTACGCGTAAGGCCGGCGCCCC

GCTACGGCTCCTCTCTGCGCGTGGCGGCTGCAGGGGCAGCAGCAGGGGCTGCAGCGGGTGTGGCTGCG

GGCCTTGCTACCGGCTCTGGCTGGAGGAGGACCTCAGGGCCTGGAGAGCTAGGCCTGGAGGACGATGA
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GAATGGGGCAATGGGAGGCAACGGAACCGACCGAGGAGTCTACAGCTACTGGGCCTGGACTTCCTTAC

CGGTCGCCCATATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTG

GACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCA

AGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCT

TCGGCTACGGCCTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCG

CCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGC

GCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGG

AGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCC

GACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGC

AGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCAC

TACCTGAGCTACCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTTAAGGA

GTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGATGCAGGATTATAAAGATG

ATGATGATAAAGGGTCGGCCGCCAGCTGGAGCCACCCTCAGTTCGAGAAGGGAGGAGGAAGCGGCGG

AGGCAGCGGAGGAGGAAGCTGGAGCCACCCGCAGTTCGAGAAAGGAGCTAGATCAAGATCTCGAGCT

CAAGCTTCGAATTCTGGCTCAGGGTCCGTGCACAGCCCACGTATTTGTCTGCTTCTGGGCGGCACCCTT

GGTGCCCTAGAACTGCTTCGGCCTTAGGGATCCACCGGATCTAGATAACTGATCATAATCAGCCATACC

ACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCNAAACATAAAANNN

NNNNT 

 

____: SS(mSho) ____: mSho(25-122);  ____: EYFP;  ____: FLAG-tag; ____: Strep-tag II; ____: 

GPI(mSho)-signal peptide  

 

Figure A3. Map of the plasmid DNA p_mSho-EYFP-FLAG-GPI(mSho), used for generating 

the N2a/Sho-EYFP-FLAG cells. The plasmid encodes for the expression of mouse Shadoo 

(mSho) protein in fusion with EYFP-, FLAG- and Strep-tag II tags at its C-terminal, upstream of 

its GPI-signal peptide sequence. (A) Circular map of the plasmid, indicating the major features 

along the DNA sequence, with the top three open reading frames (thin orange arrows). (B) 

Horizontal map of the region of Sanger-sequenced region (indicated by the top, red-coloured 

forward and reverse arrows) comprising the coding region of the fusion protein constructed. The 

translated region is indicated by thin orange arrow, below which the major features are indicated 

on the map. The resulting sequence from Sanger-sequencing is shown below the map, with the 

specific features highlighted by colors, as indicated, encoding for as follows: secretion signal of 

mSho, SS(mSho) (cyan); mature mShadoo protein, mSho(25-122) (pink); EYFP (yellow); 

FLAG-tag (green); two Strep-tag II tags (grey) and the sequence of GPI-anchor signal peptide of 

mSho, GPI(mSho)-signal peptide (blue). 
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4. Map of the plasmid DNA p_SS(mSho)-EYFP-FLAG-GPI(mSho), used for generating the 

N2a/EYFP-FLAG cells.  

(A) 

 
(B) 

 
 
TNNNTGNNNNYNNTAGCAGAGCTGGTTTAGTGACCGTCAGATCCGCTAGCCACCATGAACTGGACTGC

TGCCACGTGCTGGGCTCTGCTGCTGGCCGCCGCCTTCCTCTGTGACAGCTGTAGCGCCTTACCGGTCGC

CCATATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCG

ACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGAC

CCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTCGGCTA

CGGCCTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCC

CGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGG

TGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGG

CAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGC

AGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGC

CGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGA
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GCTACCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTTAAGGAGTTCGTG

ACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGATGCAGGATTATAAAGATGATGATGA

TAAAGGGTCGGCCGCCAGCTGGAGCCACCCTCAGTTCGAGAAGGGAGGAGGAAGCGGCGGAGGCAGC

GGAGGAGGAAGCTGGAGCCACTCGCAGTTCGAGAAAGGAGCTAGATCAAGATCTCGAGCTCAAGCTT

CGAATTCTGGCTCAGGGTCCGTGCACAGCCCACGTATTTGTCTGCTTCTGGGCGGCACCCTTGGTGCCC

TAGAACTGCTTCGGCCTTAG 

 

____: SS(mSho);  ____: EYFP;  ____: FLAG-tag; ____: Strep-tag II; ____: GPI(mSho)-signal 

peptide 

Figure A4. Map of the plasmid DNA p_SS(mSho)-EYFP-FLAG-GPI(mSho), used for 

generating the N2a/EYFP-FLAG cells. The plasmid is constructed to express the control protein 

EYFP with the ER signal sequence of mSho and in-fusion with a FLAG- and two Strep-tag II 

tags followed by the GPI-signal peptide of mSho, respectively, at its C-terminus. (A) Circular 

map of the plasmid, indicating the major features along the DNA sequence, with the top three 

open reading frames marked (thin orange arrows). (B) Horizontal map of sequences region 

containing the Sanger-sequenced segments (indicated by the top, red-coloured forward and 

reverse arrows) comprising the coding region of the fusion protein constructed. The translated 

region is indicated by thin orange arrow, below which the major features are indicated. The 

resulting sequence from Sanger-sequencing is shown below the map, with the specific features 

highlighted by colors, as indicated on the figure, encoding for as follows: secretion signal of 

mSho, SS(mSho) (cyan); EYFP (yellow); FLAG-tag (green); two Strep-tag II tags (gray) and the 

sequence of the signal peptide of GPI-anchor of mSho, GPI(mSho)-signal peptide (blue). Note: 

according to the sequencing, the second Strep-Tag II contains a point mutation (dark grey). 


