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Abstract We identi¢ed cDNAs coding for homologues to tet-
rapod prion proteins (PrPs) in Atlantic salmon (Salmo salar)
and Japanese pu¡er¢sh (Fugu rubripes), which were termed
‘similar to PrPs’ (stPrPs). Besides signi¢cant sequence homol-
ogies the ¢sh stPrPs display characteristic structural features in
common with tetrapod PrPs. In addition, two stPrPs were
shown to be highly expressed in brain tissue. None of the so
far identi¢ed PrP-homologues of ¢sh resembles doppel. Hence,
the duplication of the PrP gene, which generated doppel, may
have occurred not in ¢sh but later in the tetrapod lineage. The
identi¢cation of ¢sh PrPs provides a basis to address concerns
about a possible susceptibility of ¢sh to prion infections.
+ 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

The prion protein (PrP) is a ubiquitous protein expressed
most prominently in brain tissue [1]. PrPs are intensively
studied because the presence of the normal cellular isoform
of PrP is an absolute requirement for the replication of the
causative agents of transmissible spongiform encephalopathies
(TSEs) [2], which according to the prion hypothesis are es-
sentially composed of a misfolded form of the PrP [1]. Its
physiological role is however still largely unclear. Several
lines of evidence implicate a neuroprotective role for PrP.
PrP binds copper in vivo [3,4] and an associated superoxide
dismutase activity may protect neurons against oxidative
stress [5]. PrP was further shown to transduce neuroprotec-
tive signals by interacting with stress-inducible protein 1 [6].
So far PrPs were identi¢ed in mammals, birds, and amphib-
ians. The characterisation of ¢sh PrPs may promote the cur-
rent understanding of the molecular evolution of PrPs and

may help to elucidate structure/function relationships for
PrPs.
Moreover, in the past, economically grown ¢sh species were

exposed to prions of mammalian origin through feeding with
contaminated meat and bone meal. The identi¢cation of ¢sh
PrPs provides a scienti¢c basis to address concerns about a
possible susceptibility of ¢sh to prion infections.

2. Materials and methods

2.1. Fish DNA and RNA
Fugu DNA and RNA from brain tissue was obtained from the

Human Genome Mapping project Resource Centre. Total RNA was
extracted from the brains and other organs of Atlantic salmon (8^12
cm total body length) using the Trizol reagent (Gibco BRL, Life
Technologies, Grand Island, NY, USA).

2.2. cDNA synthesis and PCR
Total RNA (2.5 Wg) was reverse transcribed using the First strand

cDNA synthesis kit (Amersham Biosciences, Uppsala, Sweden). PCRs
were carried out in a total volume of 50 Wl containing 2.5 U of Taq
polymerase Ampli Taq Gold (Applied Biosystems, Foster City, CA,
USA), 1Ubu¡er II (supplied with the Taq Polymerase), 2.5 mM
MgCl2, 0.2 mM dNTPs and 0.2 WM of each primer.

2.3. RACE PCR
For ampli¢cation of 5P- and 3P-ends of cDNA, RACE PCR was

performed using the Smart RACE cDNA Ampli¢cation Kit (Clon-
tech, Palo Alto, CA, USA) according to the manufacturers instruc-
tions. The gene-speci¢c primers designed for 5P-PCR of fugu stPrP-1
(‘similar to PrPs’) cDNA were: outer gene-speci¢c primer 5P-GTGT-
AACCACCAACCGCACCACCAGG and inner gene-speci¢c primer:
5P-GGCTGAGAACCGGATGGTTTTGATGG. For 3P-PCR the
outer gene-speci¢c primer was 5P-GCAGGTAGATACCCAGGCCA-
GGGAGG and the nested primer 5P-CGGACGGATCTCCTGAAA-
GACAAGGG.
The outer gene-speci¢c primer designed for ampli¢cation of the 5P-

end of Atlantic salmon cDNA was 5P-GCTGGGTACGGGTTGGG-
GTTCCTATT and the nested primer 5P-CGTCTGTGTGTTTGAT-
GTTTTCGGCG.
For ampli¢cation of the 3P-end of salmon the outer gene-speci¢c

primer was 5P-CTGGGGGATATCCAAACCAGAACCCA and the
nested primer 5P-GCCAATCCTGGGGGATTATCCAAACC.

2.4. DNA sequencing analysis
PCR products were cloned using the TOPO TA Cloning kit (Invi-

trogen, Paisley, UK). Sequence analysis was performed on both
strands, following the method by Sanger et al. [7], using the Big
Dye RR Terminator Ampli Taq sequencing Kit (Applied Biosystems,
Foster City, CA, USA) on an automated sequencer (Applied Biosys-
tems 373 A). Several sequencing primers were applied to obtain the
complete sequence information. The sequences have been deposited at
GenBank. The accession numbers are AY141106 (fugu stPrP-1),
AY188583 (fugu stPrP-2), and AY141107 (salmon stPrP).
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2.5. Northern-blot analysis
Total fugu brain RNA and salmon RNA from various organs was

fractionated by agarose gel electrophoresis, transferred to nylon mem-
branes and hybridised with fugu- and salmon PrP-speci¢c hybridisa-
tion probe, respectively. The ¢nal autoradiographies were performed
by exposing XAR-5 ¢lms (Kodak, Chalon-sur-Saone, France) for 2 h.

2.6. Computer assisted analysis
The signal sequence was predicted by using the prediction tool

SignalP V1.1 at http://www.cbs.dtu.dk/services/SignalP/ [8], and puta-
tive GPI-anchor-sites were analysed by using the ‘Big-PI Predictor’ at
http://mendel.imp.univie.ac.at/sat/gpi/gpi_server.html [9].
Alignments were carried out with the Clustal W programme using

the Gonnet algorithms and default settings followed by hand adjust-
ments.

3. Results

The fugu genome database (http://fugu.jgi-psf.org/) was
screened for potential homologues to tetrapod PrPs. Two
closely related candidate sequences were found with signi¢-
cant homologies to tetrapod PrPs, which were subsequently
termed stPrP-1 and -2. The ¢rst candidate stPrP-1 was present
on sca¡old 96 and would code for a putative protein with
signi¢cant homology to tetrapod PrPs. By Northern-blot
analysis of total fugu brain RNA using a fugu stPrP-1-speci¢c
probe a single band of high abundance with a size of approx-
imately 2.7 kb (Fig. 1) was detected.
The predicted amino acid sequence of the fugu stPrP-1 is

450 amino acids (aa) in length and has all features previously
described for members of the PrP protein family [10,11],
namely a signal sequence, two lysine-clusters, a Gly-Pro-rich
region, a hydrophobic region, two cysteine residues poten-
tially involved in the formation of an intramolecular disul¢de
bond, a glycosylation site, and a putative GPI-anchor-site
(Figs. 2 and 3). Furthermore, similar to tetrapod PrPs the
fugu homologue stPrP-1 is a relatively basic protein with a
pI of 9.57.
The stPrP-1 sequence contains only one potential glycosyl-

ation site. However, in the fresh water pu¡er¢sh Tetraodon
nigroviridis, a closely related species, the Contig_38492_1 was

found to represent a part of the Tetraodon stPrP-1 coding
region, corresponding to aa 247^426 of the Fugu rubripes
stPrP-1. In the T. nigroviridis stPrP-1, a second glycosylation
site is located in a similar position to other already known
PrPs, underlining even more strongly the homologies between
stPrP-1 and tetrapod PrPs (Fig. 3).
The other identi¢ed sequence related to tetrapod PrPs

termed stPrP-2 was located on sca¡old 155 and was found
in close vicinity (2 kb distance) to the recently described fugu
prion-like protein coding region [12]. The fugu stPrP-2 cDNA
could code for a protein of 425 aa with a pI of 9.14. However,
by Northern-blot analysis stPrP-2 expression in fugu brain
tissue was below the limit of detection (data not shown).
Thus, the expression of stPrP-2 in fugu tissues requires further
analysis. Otherwise, fugu stPrP-2 is closely related to stPrP-1
(Table 1 and Fig. 3). Besides the sequence homologies struc-
tural features in common for stPrP-2 and tetrapod PrPs are a
signal sequence, a Gly-Pro-rich region, two typically posi-
tioned cysteine residues, potential glycosylation sites, and a
putative GPI-anchor. However, in contrast to stPrP-1 the
part of stPrP-2, which aligns to the highly conserved hydro-
phobic region of tetrapod PrPs, is e¡ectively disrupted by
charged amino acids. Furthermore, stPrP-2 has untypically
three potential N-linked glycosilation sites in its C-terminal
part.
Having identi¢ed the fugu stPrP sequences we performed

database searches for PrP homologues of other ¢sh species.
One Salmo salar EST (GenBank BG934458.1) of 695 nucleo-
tides displayed a signi¢cant homology to both fugu stPrPs.
The sequence information for the salmon stPrP was subse-
quently completed by RACE experiments. The salmon stPrP
is with 605 aa residues even larger than the fugu stPrPs but
displays similarly structural features characteristic for tetra-
pod PrPs including a basic pI of 9.46 (Fig. 3). As to be ex-
pected for a PrP homologue the 3.2 kb salmon stPrP mRNA
was detectable by Northern-blot analysis in all organs exam-
ined but the expression was clearly most prominent in brain
tissue (Fig. 4).

4. Discussion

In summary, we describe the identi¢cation and character-
isation of closely related cDNAs from F. rubripes and S. salar
coding for proteins with signi¢cant homologies to tetrapod
PrPs. In addition, the fugu stPrP-1 and salmon stPrP genes
are shown to be highly expressed in brain tissue. The sequence

Fig. 1. Northern-blot analysis of F. rubripes stPrP-1 expression in
brain tissue. Total RNA (10 Wg), prepared from fugu brain tissue,
was fractionated by agarose gel electrophoresis, transferred to nylon
membranes and hybridised with a 586 bp fugu PrP-speci¢c hybrid-
isation probe.

Fig. 2. Schematic presentation of characteristic structural PrP fea-
tures. Note that the di¡erences in size between ¢sh stPrPs and tetra-
pod PrPs are not re£ected.
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Fig. 3. Alignment of PrP amino acid sequences from di¡erent species. Amino acid positions identical in ¢ve species or more are shaded in grey. Conserved cysteine residues involved in the for-
mation of disul¢de bridges and N-linked glycosilation sites are shaded in red. The N-linked glycosilation sites of fugu stPrP-2 and salmon stPrP are marked in green. No numbering is given for
the deduced T. nigroviridis PrP sequence because it is still incomplete.
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similarities of fugu and salmon stPrPs to tetrapod PrPs and
the conservation of structural features indicates that ¢sh PrPs
may fold in part like tetrapod PrPs.
A striking feature of the fugu and salmon stPrPs is the

length and heterogeneity of the Gly-Pro-rich region, which
resembles the repeat region of mammalian PrPs. It consists
of 201, 141, and 70 aa for the salmon stPrP, the fugu stPrP-1,
and stPrP-2, respectively. In contrast, among tetrapod PrPs
the longest repeat region reported to date is that of turtle with
60 aa, whereas in mammals or birds it extends only over a
region of 32^54 residues and is entirely missing in the African
clawed frog. Histidine residues present in tetrapod PrP repeat
regions, which may be involved in copper binding, are among
the ¢sh stPrPs only found in the Gly-Pro-rich region of
F. rubripes stPrP-2. However, native chicken PrP does not
bind copper despite the histidine residues in its repeat region
[13], which underlines the potential functional diversity of this
PrP domain in di¡erent species.
Suzuki et al. [12] reported recently a cDNA coding for a

putative prion-like protein in F. rubripes. However, in contrast
to fugu stPrP-1 and salmon stPrP reported here the expression
of fugu prion-like mRNA was essentially con¢ned to the eye
and was hardly detectable in the central nervous system or in
any other organ. In addition, the suggested prion-like protein
lacks characteristic key features of PrPs; the lysine clusters,
the glycosylation site(s) and the conserved cysteine-residues
are missing. Moreover, the only repeat (-like) region of this

PrP-like protein is atypically positioned C-terminally of the
hydrophobic region (Fig. 3).
Although we did not investigate the genomic organisation

of the fugu and salmon stPrP genes in detail, our comparison
of cDNA and genomic DNA sequences indicates that the fugu
stPrP-1 coding region is located on a single exon, which is a
feature in common with the fugu prion-like coding region and
mammalian PrP genes. However, some stPrP-1 cDNAs se-
quenced showed the presence of a small in-frame intron of
30 nucleotides in length in the Gly-Pro-rich region, which
could further contribute to the heterogeneity of this domain.
In mammalian genomes the PrP gene tandemly lines with

its duplicate doppel. In contrast the two fugu stPrPs were
found on di¡erent sca¡olds. Because the human and fugu
genome syntenies are highly conserved in limited lengths of
chromosomal segments [14], it seems unlikely that the ances-
tors of stPrP-1 and stPrP-2 evolved directly into the present
forms of PrP and doppel. Interestingly, the stPrP-2 coding
region is located in close vicinity to the fugu prion-like gene
on sca¡old 155. Furthermore, fugu homologues of KIAA0168
(RAS association protein family domain 2) and SLC231A
(solute carrier family 23 member) are present on the same
sca¡old in direct neighbourhood to fugu prion-like and
stPrP-2 but were not found on sca¡old 96, which contains
fugu stPrP-1. Given that in the human genome KIAA0168
and SLC231A are located together with PrP and doppel on
chromosome 20p13 it is tempting to speculate that genetic
rearrangements in this region contributed to the evolution
of tetrapod PrPs and doppel.
Taken together, the F. rubripes genome harbours at least

three elements, stPrP-1, stPrP-2, and fugu prion-like, whose
ancestors have potentially participated in the evolution of
PrPs from ¢sh to tetrapods. In terms of structural relatedness
stPrP-1 comes closest to tetrapod PrPs. In terms of genomic
localisation stPrP-2 and fugu prion-like appear to be more
closely linked to tetrapod PrPs, although both genes are
hardly expressed in brain tissue. None of these so far identi-
¢ed elements resembles doppel (Fig. 2) [15]. Hence, the dupli-
cation of the PrP gene, which generated doppel, may have
occurred not in ¢sh but later in the tetrapod lineage.
An important factor controlling interspecies transmission of

prion infections is the PrP homology between source and re-
cipient species [16,17]. Although the C-terminal part of the
fugu stPrP-1 is surprisingly most closely related to the bovine
and human PrP with 25.0% and 24.8% aa identities (Table 1),
respectively, based on the sequence homology alone, it seems
unlikely that ¢sh could contract a TSE by the uptake of

Fig. 4. Northern-blot analysis of tissue-speci¢c expression of salmon
stPrP. Lane 1, muscle; 2, liver; 3, skin; 4, gills ; 5, kidney; 6,
spleen; 7, heart; 8, brain. Total RNA (10 Wg), prepared from the
indicated tissues, was fractionated by agarose gel electrophoresis,
transferred to nylon membranes and hybridised with a 703 bp sal-
mon PrP-speci¢c hybridisation probe. The lower part of the ¢gure
shows the ethidium bromide-stained gel before the transfer to dem-
onstrate that equal amounts of qualitatively comparable RNAs were
loaded.

Table 1
Amino acid identities (%) for the C-terminal part of tetrapod PrPsa and PrP-related ¢sh proteins

Human Cattle Chicken Turtle Xenopus F. PrP-1 F. PrP-2 S. PrP F.-like

Human ^ 90.8 40.4 41.8 35.5 24.8 21.3 17.7 16.3
Cattle 90.8 ^ 44.4 42.4 36.1 25.0 22.2 18.1 21.4
Chicken 40.4 44.4 ^ 59.3 39.0 17.8 16.0 25.0 21.4
Turtle 41.8 42.4 59.3 ^ 40.7 22.1 20.7 24.1 14.3
Xenopus 35.5 36.1 39.0 40.7 ^ 23.3 17.1 17.3 18.4
F. PrP-1 24.8 25.0 17.8 22.1 23.3 ^ 51.8 68.3 23.5
F. PrP-2 21.3 22.2 16.0 20.7 17.1 51.8 ^ 41.8 16.3
S. PrP 17.7 18.1 25.0 24.1 17.3 68.3 41.8 ^ 19.4
F.-like 16.3 21.4 21.4 14.3 18.4 23.5 16.3 19.4 ^
aCorresponding to aa 90^230 of the human PrP, which form the proteinase K-resistant core of the disease-associated PrP isoform. F= fugu
and S= salmon.
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prions of mammalian origin. However, the multiple factors
responsible for the so-called species barrier are neither fully
investigated nor completely understood. Moreover, the situa-
tion appears to be more complex than previously anticipated
because as shown for F. rubripes ¢sh genomes may code for
more than one protein with homologies to mammalian PrPs.
The fugu and salmon PrP homologues presented in this study
facilitate further analysis of the potential conversion of a PrP
from ¢sh into a disease-associated isoform by mammalian
prions and is likely to accelerate the identi¢cation of PrPs
from further ¢sh species farmed for human consumption.
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