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Prions are transmissible self-replicating alternative states of proteins. Four
prions ([PSI+], [URE3], [RNQ+] and [NU+]) can be inherited cytoplasmi-
cally in Saccharomyces cerevisiae laboratory strains. In the case of [PSI+], there
is increasing evidence that prion formation may engender mechanisms to
uncover hidden genetic variation. Here, we have analysed the evolution of
the prion-determinant (PD) domains across 21 fungi, focusing on composi-
tional biases, repeats and substitution rates. We find evidence for constraint
on all four PD domains, but each domain has its own evolutionary
dynamics. For [PSI+], the Q/N bias is maintained in fungal clades that
diverged one billion years ago, with purifying selection observed within the
Saccharomyces species. The degree of Q/N bias is correlated with the degree
of local homology to prion-associated repeats, which occur rarely in other
proteins (<1% of sequences for the proteomes studied). The evolutionary
conservation of Q/N bias in Sup35p is unusual, with only eight other S.
cerevisiae proteins showing similar, phylogenetically deep patterns of bias
conservation. The [URE3] PD domain is unique to Hemiascomycota; part of
the PD domain shows purifying selection, whereas another part engenders
bias changes between clades. Also, like for Sup35p, the [RNQ+] and [NU+]
PD domains show purifying selection in Saccharomyces species. Addition-
ally, in each proteome, we observe on average several hundred yeast-prion-
like domains, with fewest in fission yeast. Our findings on yeast prion
evolution provide further support for the functional significance of these
molecules.
© 2007 Elsevier Ltd. All rights reserved.
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Introduction

Prions are alternative, propagating, transmissible
states of normal cellular proteins. Prions were
originally defined as the causative agent in mamma-
lian neurodegenerative diseases, including scrapie in
sheep and Creutzfeldt-Jakob disease in humans.1 In
Saccharomyces cerevisiae, prions were first identified
as cytoplasmic elements inherited in a non-Mende-
lian fashion.2–4 There are four known: [PSI+],
[URE3], [NU+] and [RNQ+].2,3,5–7 [PSI+] arises
from the propagation of a misfolded form of
Sup35p, part of the translation termination complex.
Thus, formation of [PSI+] prions reduces the
erminant; LPS, lowest
t-prion-like.
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efficiency of translation termination and increases
levels of nonsense-codon readthrough.3,8,9 Such
readthrough has been demonstrated to be a potential
mechanism to uncover cryptic genetic variation.10,11

[URE3], the prion form of the nitrogen catabolism
protein Ure2p, functions to upregulate poor nitrogen
source usage, even when rich sources are avail-
able.2,4,5 Two other prions, [RNQ+] and [NU+] can
function to allow [PSI+] induction by Sup35p
overexpression.12,13

A defining characteristic of the known yeast prions
is a region with a pronounced bias for glutamine (Q)
and/or asparagine (N) residues.7,14 Mutation of
these residues diminishes or abolishes prion
formation.15,16 Previously, we have shown that, for
three of the prions ([PSI+], [URE3] and [RNQ+]),
Q/N-biased regions defined using a simple binomial
probability algorithm are congruent with prion-
determinant (PD) domains found in experiments.14

For the fourth prion [NU+], the algorithmically
d.
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274 Evolution Analysis of Prion Domains
defined Q/N-biased region coincides with a region
necessary for [NU+] propagation.7 Also, repetitive
sequence motifs in the PD domain are structurally
important in prion formation.17–19 Specifically,
decreasing/increasing the copy number of [PSI+]
prion peptide repeats retards/induces prion forma-
tion.17–19 PD domains for [PSI+] and [URE3] form
β–sheet amyloid fibrils.20,21 Crystallographic data
for a [PSI+] peptide repeat21 indicates stabilization
by polar-zipper side-chain hydrogen bonds amongst
glutamine and asparagine residues, and aromatic π
interactions between tyrosine residues.
There is a growing body of evidence for

conservation of prion-forming ability in yeasts.
Homologues of S. cerevisiae PD domains from other
yeasts can also form prions, either in S. cerevisiae, or
in cells of their own species.22–25 Also, “scrambled”
forms of the Ure2p and Sup35p PD domains that
maintain the amino acid composition, can form
prions in S. cerevisiae, indicating that prion forma-
tion is primarily dependent on the composition
of PD domains.26,27

Here, we survey the evolution of four known
prion-determinant domains from budding yeast,
across 21 diverse fungi. We demonstrate that prion-
associated biases are maintained in fungi that are
estimated to have diverged from each other about
one billion years ago; furthermore, there is evidence
for purifying selection, to varying degrees, on
different prion domains and sub-domains.
Results and Discussion

What are the evolutionary dynamics of PD do-
mains in yeasts and other fungi? Is there evidence of
evolutionary constraint? We hypothesize that there
might be such constraint, and so we examined PD
evolution in two ways: (i) the conservation of the
degree of Q/N compositional bias in the PD do-
mains, using a method previously described, which
calculates the lowest probability sub-sequences
(LPS) within a given sequence;14 and (ii) ratios of
non-synonymous and synonymous codon substitu-
Table 1. Domains in the prion sequences, with analysis of Ka

Name Location of PD A

Sup35p/[PSI+] PD domain 1–123
Sup35p/[PSI+] C-terminal

globular domain
–

Ure2p/[URE3] PD domain 1–65
Ure2p/[URE3] C-terminal

globular domain
–

Rnq1p/[RNQ+] PD domain 153–405
New1p/[NU+] PD domain 1–153

a Start and end points of the domains analysed in the relevant S. ce
used to calculate Ka/Ks, guided by MUSCLE multiple alignments (Su

b Pairwise maximum-likelihood–derived Ka/Ks values were calcula
c For all of the sequences listed for each prion above, branch-specific

package PAML.32 The log likelihood ratio test for selection (Ka/Ks signi
2ΔL for the log likelihood ratio test is tabulated, with the number of
P<0.001).
tion rates (i.e. Ka/Ks values), which is an indicator of
positive selection (if Ka/Ks is significantly >1) or
purifying selection (Ka/Ks<1). We studied the four
known prions (Table 1), and yeast-prion-like biases,
in 21 recently sequenced fungal genomes (Figure 1).

[PSI+]/Sup35p

Firstly, for Sup35p, we examined the degree of
Q/N compositional bias in the PD domain across a
diverse set of fungi, from the Basidiomycota and
Euascomycota, as well as the Hemiascomycota. A
maximum-likelihood phylogenetic tree was calcu-
lated for Sup35p orthologs (Figure 2). This tree gene-
rally follows a reference phylogeny that was derived
for fungi (SupplementaryData, Figure 1). The degree
of compositional bias for glutamine and asparagine
was calculated as described, using the LPSmethod.14

The biases were marked on the tree with binomial P-
values (see the legend to Figure 2 and Methods for
details). For each species, the number of regions in
the proteome that are as biased as the PD domain
homolog is also an indicator of bias maintenance
(Supplementary Data, Table 2). Strikingly, the Q/N
bias is conserved even in the evolutionarily distant
fungal groups Basidiomycota and Euascomycota, with
only about one region in every 100 sequences or so, at
least as biased as the Sup35p PD domain (Figure 2
and Supplementary Data, Table 2). The last common
ancestor with Basidiomycota and Euascomycota has
been estimated using molecular clock analysis to be
∼1 to 1.2 billion years ago.28 The biases are strongest
not in the S. cerevisiae sequence, but in Sup35p from
the other hemi-ascomycetes Candida glabrata, Sac-
charomyces castellii and Candida albicans. The latter
has been shown experimentally to form prions in its
own cells.23

How unusual is Sup35p's maintenance of Q/N
bias in the Basidiomycota and Euascomycota? To check
this, we took the list of S. cerevisiae proteins which
have as much Q/N bias as the Sup35p prion
determinant (totalling 52 sequences). We then
searched for orthologs that maintain a yeast-prion-
like (YPL) region in Basidiomycota and Euascomycota
/Ks

ligned rangea
Mean pairwise
Ka/Ks (+/−s.d.)b 2ΔLc

1–123 0.146 (+/−0.123) 110 (4)
237–685 0.027 (+/−0.015) 434 (4)

7–45 0.024 (+/−0.029) 212 (12)
109–351 0.019 (+/−0.012) 1876 (12)

153–405 0.084 (+/−0.029) 358 (4)
2–153 0.015 (+/−0.012) 142 (6)

revisiae protein sequence; these serve to indicate the subsequences
pplementary Data, Table 4).
ted using PAML32 (see Methods for details).
Ka/Ks values were calculated using maximum likelihood, and the
ficantly < or >1.0) was performed as described.33 The test statistic,
degrees of freedom in parentheses (all results were significant at
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Figure 1. The 21 proteomes analyzed. The reference species tree on which this schematic Figure was based is in
Supplementary Data, Figure 1. Listed for each proteome is: the organism name; the number of ORFs that have yeast-
prion-like Q/N-rich regions (binomial P-value≤1×10−10) for the LPS method and the total number of ORFs. The blocks
of colour separate the clades Basidiomycota, Archaeascomycota, Hemiascomycota and Euascomycota. Additional information
for these proteomes is listed in Supplementary Data, Table 1, with details of the genome sequencing projects given in
Supplementary Data, Table 5.
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(Table 2A). Up to 29% of the 52 sequences maintain a
YPL region in one of these clades (Table 2A).
However, there are only eight other proteins (in
addition to Sup35p), that maintain a YPL region in
both the Basidiomycota and Euascomycota (Table 2B).
Two of these are linked to clathrin assembly; others
are associated with endocytosis and stress tolerance.
The latter is notable from the point of view of the
potential role of any yeast prions in adaptive
evolution. There is growing evidence for such a
role for the [PSI+] prion; in S. cerevisiae cells, [PSI+]
prions cause revelation of phenotypic diversity in
response to an array of different environmental
conditions,11 and this has been linked to nonsense-
codon readthrough in specific instances.10

Since, for [PSI+], variation in copy number of the
prion-associated repeats is linked to the efficiency of
prion propagation,17–19 we also analysed the repeat
structure of Sup35p. We defined a consensus repeat
sequence using the programRadar†29 (seeMethods).
We searched for repeat homologies to this consensus,
using BLASTwith parameters recommended for the
examination of short, nearly exact matches,30 and
found only two other matches in >6000 S. cerevisiae

http://www.ebi.ac.uk/Radar/


Figure 2. An unrooted maximum-likelihood majority rule consensus tree for Sup35p, which yields the [PSI+] prion.
Maximum likelihood trees for protein distance produced using a majority rule consensus approach, based on 1000
bootstrap replicates using the PHYLIP bootseq, proml and consense programs.40 The branches are labelled with their
bootstrap values, with additional labels summarizing bias trends. For each sequence, the following are given: species
name; LPS bias type ({Q}, {N} or {QN}) and P-value. Schematic comments in boxes point out overarching trends. A radial
representation is shown as an inset. A colour-coding in the typeface of the species name is used to indicate the degree
of bias in the prion region: purple for bias P-value≤10−40; blue for 10−30 to 10−39; green, 10−20 to 10−29; orange, 10−10

to 10−19; red >10−10.
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proteins. Furthermore, there are on average only
three other matching open-reading frames (ORFs)
for this repeat in the whole proteomes of any of the
organisms examined (Supplementary Data, Table 6).
Thus, the defined repeat is clearly unusual enough to
be discriminatory of the Sup35 prion sequence. This
discrimination is arguably a further indication of the
functional importance of the repeat structure. Also,
we examined the relationship between the number
of Sup35p repeat homologies detected in orthologs,
and the degree of bias for Q and N. After removing
redundant sequences, we find that the degree of bias
in the Sup35p PD domain is correlated with the
approximate number of prion-associated repeat
homologies (Figure 3(a)). This variation in copy
number of prion-associated repeats may indicate
species-specific variations in efficiency of prion
propagation,17–19 linked to imperfect repeat duplica-
tion in the PD domain. The importance of repeat
duplication is also supported by evolutionary
simulations of the Sup35p PD (Supplementary
Data, Figure 3). If governed by a simple Jukes–
Cantor mutational model, the bias of the Sup35 PD
domain would be unlikely to be maintained in the
Basidiomycota and Euascomycota (P≤0.001; Supple-
mentary Data, Figure 3). We also examined how
changes in the PD domain may be correlated with
changes in the Sup35p globular domain. We found
that change in the degree of Q/N bias is correlated
with the pairwise sequence identity for the align-
ment of the C-terminal Sup35p globular domains
(Supplementary Data, Figure 5). This may be due to
correlated mutation, due to an interaction between
the PD and globular domains.
Selection pressures on coding sequences are

reflected in the ratios of the number of non-synony-
mous substitutions per synonymous site to the
number of synonymous substitutions per synon-
ymous site, termed Ka/Ks. Values significantly <1.0
indicate purifying or negative selection. Here,
calculated Ka/Ks values indicate purifying selection
for both the PD domain and the C-terminal globular
domain of Sup35p in Saccharomyces species (Table 1
and Supplementary Data, Table 3). This is demon-
strated both by the mean pairwise Ka/Ks values
calculated, and the value of 2ΔL, the test statistic for



Table 2. Maintenance of bias for the Sup35p/[PSI+] prion

A. Numbers of ORFs that are as biased as the Sup35/[PSI+] prion determinant in S. cerevisiae, and that maintain their bias in other clades

Species→
Archaeascomycota

(Schizosaccharomyces pombe)

Basidiomycota
(Cryptococcus neoformans,

Ustilago maydis)

Euascomycota
(Neurospora crassa, Magnaporthe grisea,
Fusarium graminareum, Aspergillus
nidulans, Stagnosporum nodorum)

BBH
alignment Masked Not masked Masked Not masked Masked Not masked

ORF
category

Has YPL Total Has YPL Total Has YPL Total Has YPL Total Has YPL Total Has YPL Total

Total=52a 0 8 (15%) 0 20 (38%) 2 (4%) 2 (4%) 10 (19%) 14 (27%) 4 (8%) 6 (12%) 15 (29%) 23 (44%)

B. The nine ORFs that maintain yeast-prion-like bias (P≤10−10) in at least one of the Basidiomycota and the Euascomycota

ORF name
Short
name Description

YDR172W SUP35 Translation termination factor eRF3; makes prion [PSI+]
YGL181W GTS1 Protein also contains a zinc-finger in the N terminus; regulates ultradian rhythm, cell size, cell cycle, lifespan,

sporulation, heat tolerance, and multi-drug transport
YHR161C YAP1801 Protein involved in clathrin cage assembly; binds Pan1p and clathrin; homologous to Yap1802p, member of the

AP180 protein family
YIR006C PAN1 Part of actin cytoskeleton-regulatory complex Pan1p-Sla1p-End3p, associates with actin patches on the cell cortex;

promotes protein-protein interactions essential for endocytosis; previously thought to be a subunit of poly(A)
ribonuclease

YLR206W ENT2 Epsin-like protein required for endocytosis and actin patch assembly and functionally redundant with Ent1p;
contains clathrin-binding motif at C terminus

YMR043W MCM1 Transcription factor involved in cell-type-specific transcription and pheromone response; plays a central role in
the formation of both repressor and activator complexes

YMR047C NUP116 Subunit of the nuclear pore complex (NPC) that is localized to both sides of the pore; contains a repetitive GLFG
motif that interacts with mRNA export factor Mex67p and with karyopherin Kap95p; homologous to Nup100p

YMR173W DDR48 DNA damage-responsive protein, expression is increased in response to heat-shock stress or treatments that
produce DNA lesions

YNL161W CBK1 Serine/threonine protein kinase that regulates cell morphogenesis pathways; involved in cell wall biosynthesis,
apical growth, propermating projectionmorphology, bipolar bud site selection in diploid cells, and cell separation

Each of these ORFs is classed as a YPL in at least one of the Euascomycota and Basidiomycota studied. The standard long and short ORF
names are given, along with a description adapted from text on the Saccharomyces Genome Database website (http://www.
yeastgenome.org).
The total number of orthologs detected in at least one of the species in the clades are tabulated. Orthology was determined using the
standard bi-directional best hits (BBH) approach, using a BLAST e-value of 1×10−4 and requiring alignment to a majority (≥0.5) of either
aligned sequence. These were counted up, with or without masking of the biased regions under consideration, and with or without the
requirement for maintenance of the yeast-prion-like (YPL) Q+N biased region (P≤10−10).

a Total number of ORFs in S. cerevisiae that have a region as biased for Q and/or N as the Sup35 prion determinant.

277Evolution Analysis of Prion Domains
the log likelihood ratio test for selection, for thewhole
set of multiply aligned prion-determinant sequen-
ces.31 The statistic 2ΔL is an indication ofwhether the
examined sequences are evolving under significant
selection (either purifying or diversifying).31 Purify-
ing selection had been previously noted in a pairwise
comparison of Sup35p PD domains from S. cerevisiae
and Saccharomyces paradoxus.32

It is possible that the degree of PD domain
conservation for Sup35p and other prions, is linked
to variation in the conservation of other factors
linked to the efficiency of prion propagation, for
example the chaperone Hsp104.8 However, this
chaperone has orthologs in all of the fungi exam-
ined. Certainly, the lack of conservation of the biases
for three of the PD domains ([RNQ+], [NU+] and
[URE3]) does not correlate with the presence or
absence of this chaperone.

[URE3]/Ure2p

The evolutionary behaviour of the Ure2p PD
domain is markedly different from that of Sup35p,
showing more variation (Figure 4). Unlike for
Sup35p, the Ure2p PD domain is not conserved
outside Hemiascomycota. Its characteristic N bias is
conserved in other close Saccharomyces species, but
switches to a predominant Q bias in the Kluyver-
omyces and Yarrowia lipolytica, and a mingled QN
bias in other parts of the tree (Figure 4). Remarkably,
this bias switch is partitioned chiefly from about
residue 45 onwards in the prion domain (denoted
here as Ure2p-PD45+; see Figure 5), with the first 45
residues under purifying selection (denoted Ure2p-
PD1–45), even where a dramatic overall switch of
bias occurs (Table 1 and Supplmentary Data, Table
3). The equivalent Q-rich PD domain of Kluyver-
omyces lactis has been shown not to form [URE3]
prions heterologously in S. cerevisiae.25 From exam-
ining the branching order of the relevant trees
(Figures 1 and 4), the most parsimonious explana-
tion is that the bias for N arose in the Saccharomyces
lineage, with a Q-rich or Q/N-rich ancestral
domain. The purifying selection on Ure2p-PD1–45,
occurs to similar levels as for the C-terminal
globular domain, throughout the Hemiascomycota

http://www.yeastgenome.org
http://www.yeastgenome.org
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Figure 3. Comparisons of the degree of bias in the
Sup35 prion determinant, local repeat homology and
sequence divergence. The number of prion-associated
homologies in the Sup35p PD domain is correlated with
ln[LPS P-value] for the species studied, with Pearson
r2=0.31 (r2=0.29 if sequences with number or repeat
homologies=0 are excluded; both r2 values have P<0.05).
Parameters for blastp that were recommended for exam-
ination of short, nearly exact matches [-F F -W 2 -M PAM30
-G 9 -E 1 -e 10.0],30 and yielded only two other matches to
the Sup35 repeat consensus in >6000 S. cerevisiae ORFs. To
remove redundancy, Sup35 sequences were discarded that
could align significantly to the S. cerevisiae PD sequence for
Ka/Ks analysis [blastp e-value ≤10−4, identity >50%].
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(Table 1 and Supplementary Data, Table 3). This
purifying selection indicates that there is evolution-
ary pressure against substitutions in the PD domain
sequences, at specific positions. This is seemingly
at odds with experimental work indicating that
scrambled PD domains (with randomized sequences
that maintain the native PD sequence composition)
can form prions also.26,27 However, it is possible
that there is evolutionary pressure to maintain a
specific repertoire of prion strain conformations
that would cause such purifying selection. Even so,
why, in contrast, would the type of PD domain bias
change so substantially across Ure2p-PD45+ from Q
bias, to N bias to mingled QN bias in different
parts of the Ure3p tree? The variety of bias in the
Ure2p-PD45+ region homologs (in one case, in place
of the N bias is a stretch of polyglutamine) is
certainly consistent with the experimental results
on scrambled PD domains.26,27 In light of these
results, it would be interesting to test the prion-
forming ability of hybrid PD domains comprising
different Ure2p-PD1–45 and Ure2p-PD45+ homologs,
from different species. Simply, however, the pur-
ifying selection on Ure2p-PD1–45 may arise because
of other functional roles for the PD domains that
have not been elucidated.

[RNQ+]/Rnq1p

This prion is much less studied, but is able to serve
as [PIN+], the prion required for de novo appearance
of [PSI+], under Sup35p overexpression.6,12 The
Rnq1p PD domain is conserved to only a limited
extent outside of S. cerevisiae (Supplementary Data,
Figure 2(a)). We found orthologs for Rnq1p in only
nine of the 21 species studied, all of them hemi-
ascomycetes. However, Rnq1p does not have a
known, functionally characterized globular domain
beyond the boundaries of the prion determinant;
thus, this orthology detection relies on significant
sequence alignment of residues 1–153 of Rnq1p, a
part of the sequence which may not be functionally
important and thus absent in Rnq1p sequences of
other species. It is also possible that, even if [PSI+]
formation is conserved in other fungi, the identity of
[PIN+] may be more variable.6,12 A high degree of
Q/N bias (P-value<∼1×10−40) arises in Saccharo-
myces species and C. glabrata (Supplementary Data,
Figure 2(a)). Ka/Ks analysis on the part of Rnq1p PD
domain that can be unambiguously aligned indicates
that it is under purifying selection in Saccharomyces
species (Table 1 and Supplementary Data, Table 3).

[NU+]/New1p

[NU+], like [RNQ+], can serve as the [PIN+] prion,
but onlywhen it is itself overexpressed.12,13 Themild
overall Q/N bias is maintained in most of the
Hemiascomycota (Supplementary Data, Figure 2(b)),
through maintenance of a Q/N rich region equiva-
lent to the (NYN)n repeat that was shown to be
necessary for [NU+] prion formation in S. cerevisiae.13

As for Ure2p, the PD domain is absent outside of
Hemiascomycota. Purifying selection is evident for
the segment of the PD domain outside of the (NYN)n
repeat, but only in Saccharomyces species (Table 1 and
Supplementary Data, Table 3).

Codon adaptation index

Codon adaption index (CAI) has been suggested
as an indicator of the evolutionary and functional
significance of a coding sequence. High values of
CAI arise for highly expressed proteins, and low
values for lowly expressed or spurious sequences.33

We compared the CAI values for the four prion
sequences (Supplementary Data, Figure 4) to the
overall CAI distribution of >4000 verified yeast
ORFs (from the Saccharomyces Genome Database‡).
(This was examined previously for Sup35p32). The
four prion sequences have values in the top 95% of
ORFs, either considering thewholeORF sequence, or
shorter sequence truncated at either end of the prion
determinant (Supplementary Data, Figure 4). These
additional values for truncated sequences were
calculated using “CAI Calculator 2”.34 Most verified
yeast ORFs have very low CAI values, i.e. there is
a sharp peak in the overall CAI distribution at
(0.10–0.15) (median=0.15; mean=0.19(±0.14)). Two
of the prions (Sup35p and New1p) occur in the top
20% of CAI values, either for the whole sequence or
just for the prion determinant subsequence (Sup-
plmentary Data, Figure 4), and have thus undergone
some degree of codon choice optimization, presum-
ably linked to relatively high expression levels.

http://www.yeastgenome.org


Figure 5. Purifying selection and bias change in the Ure2p PD domain. An alignment of representative sequences that
indicate the bias switching in part of the Ure2p PD domain (from about residue 45 onwards, denoted Ure2p-PD45+ in the
text). The part of the Ure2p domain that is under purifying selection (denoted Ure2p-PD1–45) is on red. The bias-changing
area is coloured green, blue or purple.

Figure 4. An unrooted maximum-likelihood majority rule consensus tree for Ure2p, which yields the [URE3] prion.
This tree is derived as described in the legend to Figure 2.
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Proteome-wide trends in Q/N biased regions

The search for other prion phenomena is on-going,
with recent evidence reported for multiple further
prions linked toQ/Nbias.35We calculated the number
of “yeast-prion-like” (YPL) domains in the fungal pro-
teomes, as previously for a smaller,morediverse group
of eukaryotes, using somewhat different thresholds.14

Typically, a fungal proteome has several hundred of
these domains, with the exception of a notable relative
scarcity in Schizosaccharomyces pombe (Figure 1), as
notedpreviously.14 Also,with regard toprion bias loss,
this is the only species, out of all the fungi studied that
exhibits substantial loss/degeneration of PD domains
for all four prions. A complete list of these YPL regions
is provided (Supplementary Data, Table 7).
Conclusions

We have shown that each of the known prion
domains has idiosyncratic evolutionary dynamics,
with varying degrees of evolutionary constraint, as
judged from Ka/Ks analysis. Furthermore, the
maintenance of bias in fungal clades that diverged
about one billion years ago, particularly for the
Sup35p PD domain, may be an indicator of
compositional selection, as has been postulated for
protamines;36 however, further work on the neutral
evolution of biased domains would be instructive
for addressing this question more completely. This
maintenance of bias for the Sup35p is shown to be
unusual, with only eight other S. cerevisiae proteins
showing the same, phylogenetically deep pattern of
bias conservation across fungi. The characteristics
maintained in PD domains (Q/N bias and repeats)
are linked to the β–sheet formation that underlies
the prion phenomenon. However, it is also possible
that β–sheet –forming PD domains mediate another
distinct function yet to be elucidated, not directly
related to prion formation per se; indeed, some
Sup35p deletion-mutant phenotypic behaviours
cannot be explained as either [psi-] or [PSI+].11

Our data can be used to home in on further
potential prions.
§http://fungal.genome.duke.edu
‖http://www.ebi.ac.uk/Radar/
Methods

Calculation of compositional bias

Degree of compositional bias for Q and N residues was
calculated using the lowest probability subsequence (LPS)
method.14 Where a better P-value arises for Q+N in
combination (than either Q or N alone), the bias is
considered a mingled QN bias. The LPS method searches
for the lowest probability subsequence in a sequence,
given a reference composition, with the degree of bias
indicated by a binomial P-value. Yeast-prion-like regions
are defined using a P-value threshold of 1×10−10.14

Neither the amount of bias in the prion domains, nor the
total number of yeast-prion-like regions observed, is
correlated with the overall percentage composition of
the proteomes that is Q or N.
Reference phylogeny for fungal genomes

A reference phylogeny for fungal genomes (Supple-
mentary Data, Figure 1) was generated from 60 ortholo-
gous genes in 31 fungal genomes, using gene prediction
software to supplement existing annotations§. Orthologs
were identified by FASTA37 (e-value ≤0.01) using the bi-
directional best hits approach. Pairwise orthologs were
combined into groups using single linkage clustering and
groups with exactly one gene per genome were retained.
MUSCLE multiple alignments38 were concatenated for a
random sample of 60 of these sets. The phylogenetic tree
was constructed using PHYML39 with the WAG substitu-
tion model, and 100 bootstrap replicates. This phylogeny
clusters all of the Saccharomyces clade together (Sacchar-
omyces kluyveri is a Kluyveromyces).

Individual molecular phylogenies

Maximum likelihood PHYLIP v3.6b40 was used to make
maximum-likelihood majority-rule consensus trees based
on MUSCLE multiple alignments38 of orthologous pro-
teins to the S. cerevisiae Sup35p, thatwere collated using the
bi-directional best hits approach, and blastp using e-value
≤10−4.30 In addition to default low-complexity masking,
the entire LPS region defined for Sup35p was masked. If a
proteome was found to be lacking an ortholog in its
proteome set, a tblastn search30 was conducted against the
corresponding genome to insure mis-annotation was not
responsible (two such mis-annotations were detected in
the genomes analysed). Maximum likelihood trees for
protein distance were produced using a majority rule
consensus approach based on 1000 bootstrap replicates
using the PHYLIP bootseq, proml and consense programs.

Ka/Ks calculations

Sets of prion sequence orthologs were analysed for
Ka/Ks: (i) in a pairwise fashion; and (ii) using phyloge-
netics trees. Firstly, MUSCLE38 multiple alignments were
filtered for pairs of sequences that align to each other with
≥70% sequence identity over ≥25 residues. Maximum-
likelihood–derived Ka/Ks values were calculated using
PAML,41 for these sequence pairs. The proteomes whose
PD sequences meet this criterion are as follows: for
Sup35p (S. cerevisiae; S. paradoxus; Saccharomyces mikatae;
Saccharomyces bayanus); for Rnq1p (S. cerevisiae; S. para-
doxus; Saccharomyces kudravzievii; S. bayanus); for New1p
(S. cerevisiae; S. paradoxus; S. kudravzievii; S. bayanus; S.
mikatae); for Ure2p (S. cerevisiae; S. paradoxus; S. kudravzievii;
S. bayanus; S. castellii; S.kluyverii; K. lactis; Eremo-
thecium gossypii). More Ka/Ks details are available in
Supplementary Data, Table 3.
Secondly, branch-specific Ka/Ks values were calculated

for maximum-likelihood–derived trees, with PAML.41 The
log likelihood ratio test for selection (Ka/Ks significantly<
or >1.0) was performed as described,31 through calcula-
tion of the test statistic, 2ΔL.

Definition of consensus Sup35p repeat

We defined a consensus for the prion-associated
repeat sequence in Sup35p using the website of the
program Radar‖,29 with default settings. It was defined

http://fungal.genome.duke.edu
http://fungal.genome.duke.edu
http://www.ebi.ac.uk/Radar/
http://www.ebi.ac.uk/Radar/
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as QGGYQQYNPXGGYQQN. At each position invariant
residues (labelled in bold) and most common residues
(labelled in italics) defined this consensus, with variable
positions labelled X. To find homologies to this consensus,
we used BLASTP, with parameters that have been
recommended for examination of short, nearly exact
matches [-F F -W 2 -M PAM30 -G 9 -E 1 -e 10.0].30 These
parameters yield only two other matches to the Sup35
repeat consensus in >6000 S. cerevisiae ORFs. The number
of matching ORFs to this consensus is no more than 1% of
the whole proteome for the fungi studied (Supplementary
Data, Table 6).
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