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affect regulation of the human genome in a more global
manner by creating S/MARs that form chromatin loops,
and by shaping the sequence evolution of LCRs.
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An evolutionary basis for scrapie disease:
identification of a fish prion mRNA
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Infectious prion proteins cause neurodegenerative dis-
ease in mammals owing to the acquisition of an aber-
rant conformation. We cloned a Fugu rubripes gene
that encodes a structurally conserved prion protein, and
found rapid rates of molecular divergence among
prions from different vertebrate classes, along with
molecular stasis within each class. We propose that a
directional trend in the evolution of prion sequence
motifs associated with pathogenesis and infectivity
could account for the origin of scrapie in mammals.

Prion proteins (PrP) are membrane-anchored glyco-
proteins of unknown function, with the unique ability to
change their structure irreversibly from a normal «a-helix-
rich isoform (PrP°) to a pathological B-sheet-rich isoform
known as scrapie (PrP5¢) [1]. This transformation can
occur in an autocatalytic manner or with the aid of a
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hypothetical ‘Protein X’ [2], leading to the accumulation of
insoluble PrPS° aggregates in the brain. These aggre-
gates cause transmissible spongiform encephalopathies
(TSE), a group of lethal, neurodegenerative diseases
described only in mammals (e.g. kuru and Creutzfeldt—
Jacob in humans, scrapie in sheep, and BSE or ‘mad
cow’ disease in cattle) [3]. Transmission of prion
disease between species depends on the degree of
sequence similarity at specific amino acids required for
interaction between the infectious PrPS° and the host’s
PrP® molecules [4,5]. Variability at these sites can
create ‘host barriers’, even between related species
[6—7], although infection between distant species can
also occur after long exposure times [4]. In fact, human
fatalities during the ‘mad cow crisis’ resulted from the
consumption of meat from cows that had been fed
dietary supplements contaminated with sheep PrP°
[8]. Thus, the prion’s success in infecting different host
species along a food chain is an evolutionary puzzle.
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Fig. 1. Characterization of the Fugu prion. (a) The location and relative size of conserved structural features in the PrP polypeptide are shown for representative vertebrates,
based on the structure reported for mammalian prions; domains are represented by different colored boxes; orange triangles, GPl anchor residues; N, glycosylation sites;
S-S disulfide bridges. An additional hydrophobic domain unique to the fish prion is indicated immediately downstream of the repetitive region. Protein domains were pre-
dicted using SwissPDB 3.7b2, as well as DAS and HMMTOP methods (http://www.sbc.su.se/~miklos/DAS and http://www.enzim.hu/hmmtop). (b) Ribbon diagram showing
the conservation of tertiary structure at the C-terminal region of human and Fugu PrPs. Secondary and tertiary protein structures were modeled using the ProModll pro-
gram at the SWISS-MODEL Automated Protein Modeling Server (http://www.expasy.org/swissmod/SWISS-MODEL.html), based upon hamster (1QLZA.pdb), bovine
(1DXOA.pdb), syrian hamster (1B10A.pdb) and mouse (1AG2.pdb) Protein Data Bank (pdb) structure files. (c) PCR amplification of PrP*®" from Fugu genomic and cDNA,
using primers Furu-PrPx461-5'for: 5-CAT GAT GGG GAG GTT GTG TG-3' and Furu-PrPx461-3'rev: 5-GGG GCT GAT GGA TGT CAC T-3, at an annealing temperature of

60°C. Transcripts were additionally confirmed by RACE PCR (not shown).

A novel fish prion

Genes encoding homologous prion proteins have been
reported in all tetrapod groups, but not in lower’ vertebrates
or invertebrates [9]. To gain an evolutionary perspective on
the origin, structure and function of prions, we searched
genome databases for related loci. Using low stringency
searches, we identified a 332-kilobase (kb) contig in the
genome of the Japanese pufferfish Fugu rubripes
(JGI_Scaffold_96, +v3.0), containing a prion-like
sequence. After correcting a sequencing mistake in
the database record, which split the gene over two
different reading frames, we confirmed that a single
mRNA is transcribed from this locus by PCR amplify-
ing and sequencing the corresponding open reading
frame (ORF) from brain and liver ¢cDNA (Fig. 1c).

We also identified a 1.3-kb partial sequence
(FS_contig_38492) in another pufferfish genome (Tetra-
odon nigroviridis). The two DNA sequences are 85%
identical, and they constitute a novel fish PrP locus
present in at least two genera of the family Tetraodontidae
(pufferfish). We could not find any sequence or structural
homologues in invertebrate databases, but we did identify
a partial genomic sequence in the Urochordate Ciona
intestinalis (Sea squirt, JGI_clone_LQW13995) that is
very similar to known prion N termini, suggesting that the
PrP gene probably originated at least at the base of the
chordate lineage. Phylogenetic analysis of the globular
domain in representative vertebrates shows marked
clustering of the sequences according to taxonomic classes,
where Fugu PrP is the most divergent and basal to all other

sequences (Fig. 2). Within avian and mammalian classes,
the globular domains are highly conserved (>90%) and
apparently subject to strong negative selection (low K./Kg
ratios of ~0.1).
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Fig. 2. Phylogenetic relationships among vertebrate prions were examined using
parsimony and distance methods in PAUP v4.0d64" [19] and MEGA [20]. The neigh-
bor-joining tree is based on genetic distances between amino acid sequences of
globular domains. Numbers at the internodes are bootstrap confidence values (1000
replications). The horizontal scale bar indicates genetic distance. Taxa known to
develop prion disease are shown in red. The sequence of Fugu PrP*®' cDNA was
deposited in GenBank (accession number AF531159). For the original Fugu contig
sequences see http:/genome.jgi-psf.org/fugu6/fugu6.home.html and [21]. All other
prion-related sequences were identified at http://aluminum.jgi-psf.org/prod/bin/
blast.fugub.cgi, http:/www.genoscope.cns.fr/proxy/cgi-bin/recherche_kicy.cgi, and
http://www.jgi.doe.gov/programs/ciona/ciona_mainpage.html.
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Fig. 3. Molecular evolutionary trends in prion domains. (a) Phylogram indicating the evolution in length, number and sequence variability of the N-terminal amino acid
repeats in representative vertebrate prions. A comparative alignment of the internal repeats within a single prion sequence is shown for each individual species. The basic
tetrapeptide unit shared by all vertebrate classes is highlighted in bold. (b) Patterns of amino acid variability at selected A and C type residues. Numbering is based on the

mouse sequence. Dashes indicate deleted sites.

Sequence versus 3D structural similarities

Although 3D structure data are available only for some
mammalian prion proteins [9], analysis of primary amino
acid sequences indicates strong structural conservation
within mammalian and avian classes alike (Fig. 1a). Each
PrP has a highly flexible N terminus [10] and a stable
C terminus with the potentially pathogenic globular domain
[11]. Paradoxically, inter-group comparisons among mam-
malian, avian, reptile and amphibian polypeptides reveal a
sharp decrease in sequence identity, without loss of
structural similarity. Therefore, homology between dis-
tantly related prion proteins cannot be proposed based
solely on sequence similarity, without the use of a minimum
set of structural landmarks. Accordingly, although the 461
aa fish prion polypeptide (Fugu PrP*!) reported here is only
22% similar in primary sequence to mammalian prions, it
contains the characteristic N-terminal repetitive stretch, a
hydrophobic motif and a C-terminal globular domain
(Fig. 1b). Moreover, 3D structural modelling predicts strong
conservation of tertiary structure between Fugu PrP*¢! and
human PrP (Fig. 1b).

Recently Suzuki et al. reported a ‘prion-like protein’ of
only 180 aa in Fugu (PrP'®°), which shows neither primary
sequence nor structural similarity to any known prions [12].
Although it possesses a hydrophobic motif and an
unrelated repetitive stretch, these elements are not in
the same order as other PrPs (Fig. 1a) and it lacks the
expected a-helix-rich globular domain at the C terminus.
Thus, structural evidence points to Fugu PrP*!, and not
PrP'®°, as the evolutionary homologue of tetrapod prion
proteins. Because the genomic environments around both
Fugu PrP*! and PrP!®° seem to have undergone multiple
chromosomal rearrangements (not shown), we could not

establish consistent orthologous relationships between
their corresponding scaffolds and any mammalian syntenic
groups. Neither could we detect linkage of fish PrP to a
second prion gene (PRND), as occurs in mammals.

Molecular evolution and pathogenesis
Because the main structural domains of PrP genes are well
conserved, it is possible to infer some of the changes that
took place between lineages, despite the divergence
between the primary sequences. These changes can, in
turn, reveal functional evolutionary trends related to
certain aspects of prion pathogenesis. For instance, the
repetitive N-terminal domain within each vertebrate class
contains a distinctive default number of degenerate
repeats that share the same tetrapeptide as a basic unit
(Fig. 3a). From fish to human, the repeat units within one
molecule have reduced in degeneracy, possibly by gene
conversion and homogenization, and have increased their
size in discrete steps, reaching a maximum of eight amino
acids in mammals (Fig. 3a). These mammalian ‘octa-
repeats’ (actually, two adjacent tetrapeptides) are crucial
for self-assembly and aggregation of scrapie proteins, and
they provide normal prions with the ability to bind copper
ions [10,13—15]. Interestingly, the N-terminal domain of
Fugu PrP*®! is exceptionally rich in repeats (23 in total),
with high levels of sequence degeneracy and ranging in
size from 4 to 17 aa. Although the precise aggregation and
copper-binding properties of non-mammalian PrPs remain
to be examined, it is noteworthy that scrapie pathogen-
icity, which depends largely on the prion’s ability to self-
aggregate [16—18], has been observed only in animals with
octarepeats at their PrP® N termini (i.e. mammals).
Comparative analysis of the more conserved C-terminal
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domain is equally informative. ‘A-type’ and ‘C-type’
protein—protein interaction sites have been implicated
in the transformation of prions across species by mediating
binding of PrP® to Protein X or PrP5, respectively [2—7].
Of nine A-type residues, only one (position 215) is
conserved in all vertebrate groups, whereas the remaining
eight show variability patterns that generally correlate
with vertebrate class groupings (Fig. 3b). Likewise, of all
C-type residues (position 96-167), the first half are
conserved with exception of Fugu and the other half are
specific for each vertebrate group (Fig. 3b). Thus, PrP%s
could fail to convert PrP®s across vertebrate classes
because of molecular incompatibility at specific contact
sites, regardless of self-aggregation properties encoded at
the N-terminal domain.

Together, the evidence presented here links discrete
patterns of prion molecular evolution with important
changes in their pathogenic properties. Particularly,
changes at the N- and C-terminal domains could help
explain why scrapie pathogenesis and transmission seem
exclusive to mammals. Our discovery of a novel prion gene
in fish, and possibly in a Urochordate, places the origin of
prions in a common ancestor of all vertebrates, at least
550 million years ago. Moreover, our comparative analysis
of PrP® amino acid sequences reveals rapid rates of
molecular evolution at the base of the vertebrate radiation
without significant losses in protein structure, followed by
a reduction in the effective substitution rates within each
vertebrate class. The implications of these findings can
now be tested experimentally.
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Functional determinants of transcription factors in
Escherichia coli: protein families and binding sites
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DNA-binding transcription factors regulate the expres-
sion of genes near to where they bind. These factors
can be activators or repressors of transcription, or both.
Thus, a fundamental question is what determines
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whether a transcription factor acts as an activator or a
repressor? Previous research into this question found
that a protein’s regulatory function is determined by
one or more of the following factors: protein—protein
contacts, position of the DNA-binding domain in the
protein primary sequence, altered DNA structure, and
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