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Yeast prions provide a powerful model 
system for examining prion forma-

tion and propagation in vivo. Yeast prion 
formation is driven primarily by amino 
acid composition, not by primary amino 
acid sequence. However, although yeast 
prion domains are consistently gluta-
mine/asparagine-rich, they otherwise 
vary significantly in their compositions. 
Therefore, elucidating the exact compo-
sitional requirements for yeast prion for-
mation has proven challenging. We have 
developed an in vivo method that allows 
for estimation of the prion propensity of 
each amino acid within the context of a 
yeast prion domain.1 Using these values, 
we are able to predict the prion-propen-
sity of various glutamine/asparagine-rich 
yeast domains. These results provide 
insight into the basis for yeast prion 
formation, and may aid in the discov-
ery of additional novel prion domains. 
Additionally, we examined whether 
amino acid composition could drive inter-
actions between heterologous glutamine/
asparagine-rich proteins.2 Although inef-
ficient interactions between yeast prion 
domains have previously been observed, 
we found that one prion protein, Ure2, 
is able to interact with compositionally 
similar domains with unprecedented 
efficiency. This observation, combined 
with the growing number of yeast prions, 
suggests that a broad network of interac-
tions between heterologous glutamine/
asparagine-rich proteins may affect yeast 
prion formation.

The highly-studied yeast prion proteins 
Sup35, Ure2 and Rnq1, which form the 
[PSI+], [URE3] and [PIN+] prions, respec-
tively, each contain a glutamine/asparagine 
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(Q/N) rich domain that drives prion for-
mation.3 Prion formation is thought to 
involve conversion of the soluble proteins 
into an insoluble amyloid form.3 Four 
additional yeast prion proteins containing 
Q/N-rich prion-forming domains have 
recently been discovered, and domains 
with similar Q/N-content are over-repre-
sented in various eukaryotic genomes.4-8 
This suggests that numerous other prion 
proteins may remain to be discovered, 
yet predicting which of these Q/N-rich 
domains is likely to form prions has proven 
difficult.

Randomizing the order of the amino 
acids in either the Sup35 or Ure2 prion 
domains does not block prion forma-
tion, demonstrating that prion formation 
is driven primarily by amino acid com-
position, not primary sequence.9,10 We 
therefore explored two related questions. 
First, can amino acid composition be used 
to accurately predict prion propensity?1 
Second, to what extent can composition-
ally similar Q/N-rich proteins interact 
during prion formation?2

Surprisingly, although composition 
drives yeast prion formation, composi-
tional similarity to known prion domains 
is a poor predictor of prion propensity. In 
addition to high Q/N content, yeast prion 
domains show an under-representation 
of both charged and hydrophobic resi-
dues (Table 1), yet neither the number of 
charged residues nor hydrophobic residues 
differs significantly between Q/N-rich 
domains with and without prion-like 
activity.1,11 Alberti et al. recently identi-
fied the 100 yeast domains with greatest 
compositional similarity to the known 
prion domains, and tested each domain 
in four different assays for prion-like 
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activity.4 This remarkable effort revealed 
numerous new potential prion domains; 
however, there was very little correla-
tion between a domain’s compositional 
similarity to known prion domains and 
its prion-like activity.1,4 The most likely 
explanation for this unexpected finding is 
that because the yeast prion domains are 
likely not optimized for maximum prion 
propensity, some compositional deviations 
will increase prion propensity and some 
will decrease it. However, algorithms that  
predict prion propensity based on compo-
sitional similarity to known prion domains 
are predicated on the assumption that all 
compositional changes will reduce prion 
propensity. Instead, accurate prediction of 
prion propensity requires understanding 
how changes in amino acid composition 
affect prion propensity.

We therefore developed the first 
method to quantify the prion propensity 
of each amino acid within the context of 
a Q/N-rich prion domain (Fig. 1). We 
utilized Sup35-27, a scrambled version of 
Sup35 that forms prions with high effi-
ciency. Using an oligonucleotide-based 
mutagenesis approach, we replaced eight 
consecutive codons within the SUP35-
27 DNA sequence with (NNB)

8
, where 

N represents any of the four nucleotides 
and B represents any nucleotide except 
adenine. This generated a library of 
sequences in which all 20 amino acids 
should be present at each position within 
the mutated region. We then selected for 
the subset of proteins that maintained 
the ability to form prions. By comparing 
the naïve library to the prion-forming 
subset, we were able to determine the 
degree to which each amino acid was 
over- or under-represented among the 
prion-forming clones. These numbers 
were then used to generate a scale rank-
ing the prion-propensity of all 20 amino 
acids (Table 1). Consistent with previous 
bioinformatic and mutational analysis, we 
found that charged residues and prolines 
were strongly under-represented among 
the prion-forming clones.1,11,12 By contrast, 
hydrophobic residues were strongly over-
represented, and no detectable bias was 
seen for or against glutamines and aspara-
gines.1 Similar results were seen at a second 
position, demonstrating that these biases 
were not an artifact of local interactions.

Table 1. Prion propensity, order propensity and prevalence for each amino acid

Amino acid Prion  propensitya Prevalence in prion domainsb Hydrophobicityc

Phenylalanine 0.84 2.5 0.81

Isoleucine 0.81 1.1 1.0

Valine 0.81 1.5 0.97

tyrosine 0.78 7.8 0.36

Methionine 0.67 1.7 0.71

tryptophan 0.67 0 0.40

Cysteine 0.42 0 0.78

Serine 0.13 10.0 0.41

Asparagine 0.080 23.5 0.11

Glutamine 0.069 22.0 0.11

Glycine -0.039 12.9 0.46

Leucine -0.040 2.3 0.92

threonine -0.12 2.1 0.42

Histidine -0.28 0.9 0.14

Alanine -0.40 3.9 0.70

Arganine -0.41 2.5 0.00

Glutamic Acid -0.61 1.5 0.11

Proline -1.20 1.7 0.32

Aspartic Acid -1.28 1.3 0.11

Lysine -1.58 0.7 0.07

aexperimentally determined prion propensity from ref. 1. Prion propensities were calculated as 
the natural log of the fold over/under-representation of the amino acid among prion-forming 
clones relative to the naïve library. bthe average percent prevalence among the Sup35, rnq1 and 
Ure2 prion domains. cFrom ref. 21, rescaled from 0 to 1. this scale is used by FoldIndex to calculate 
intrinsic folding propensity (IF) by the equation IF = 2.785<H> - <R> - 1.151, where <H> is the mean 
hydrophobicity and <R> is average net charge.20

Figure 1. Mutagenesis method. oligonucleotides were designed with a degenerate region, 
flanked by regions complementary to SUP35-27. these degenerate oligonucleotides were used 
to PCr amplify SUP35-27, generating a library of sequences in which eight codons were randomly 
mutated. Using plasmid shuffling, the library was used to replace wild-type Sup35 as the sole copy 
of Sup35 in the cell. Mutants were selected for prion formation by plating on medium lacking  
adenine. Isolates from the naïve library and the prion-forming subset were sequenced to  
determine which amino acids were over/under-represented among the prion-forming isolates.
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A significant question was whether 
mutagenesis results from short eight-
residue segments could be used to pre-
dict prion propensities of entire prion 
domains. To test this, we scanned vari-
ous proteins with a 41-amino-acid win-
dow size, calculating for each window 
prion propensity as the sum of the exper-
imentally determined prion propensities 
for each amino acid in the window, and 
the order propensity using FoldIndex.20 
FoldIndex is a simple algorithm for 
identifying disordered regions based on 
hydrophobicity (using the Kyte/Doolittle 
scale) and net charge.20,21 Strikingly, 
regions with similar predicted prion pro-
pensity to the yeast prion domains are 
common in non-prion proteins; however, 
these regions are consistently predicted to 
be ordered.1 By contrast, for Sup35 and 
Ure2, the prion domains are easily distin-
guishable as regions with positive prion 
propensity and negative FoldIndex order 
propensity (Fig. 2), supporting a role for 
intrinsic disorder in facilitating prion 
formation. Although the prion domains 
for the other yeast prion proteins are not 

surprising that yeast prion domains could 
form prions when they are largely lack-
ing in the most strongly prion-promoting 
residues. We propose that native state 
intrinsic disorder is essential to yeast 
prion formation, and can help explain 
the ability of yeast prion domains to 
form prions despite their relative lack of 
strongly prion-prone amino acids. The 
yeast prion domains are intrinsically 
disordered, and for Sup35, this struc-
tural flexibility seems to be important 
for prion formation.19 The yeast prion 
domains are biased towards residues that 
balance intrinsic disorder and prion-pro-
pensity. For most proteins, amyloid for-
mation must compete with native-state 
structure; in the absence of this competi-
tion, yeast prion domains are able to form 
prions despite relatively modest prion  
propensities. Although hydrophobic resi-
dues have high prion propensity, large 
numbers of hydrophobic residues would 
reduce intrinsic disorder by promoting 
hydrophobic collapse, potentially creat-
ing a stable fold that would compete with 
amyloid formation.

Many of these results can be rational-
ized based on the proposed structure of 
Sup35-27 amyloid fibrils. Amyloid fibrils 
are β-sheet-rich structures in which the 
β-strands are predominantly oriented 
perpendicular to the long axis of the 
fibril. Solid state NMR indicates that for  
Sup35-27, the β-strands adopt an in-
register parallel alignment.13 This in-
register alignment should strongly 
disfavor charged residues due to elec-
trostatic repulsion. Proline residues are 
known β-sheet breakers, so it is not 
surprising that they would also be disfa-
vored. Hydrophobic residues have been 
proposed to drive formation of other in-
register parallel amyloid structures, so 
their high prion-propensities in our assay 
should not be a complete surprise.14

Other aspects of our results are less 
easily explained based on proposed struc-
tures. X-ray diffraction studies of small 
fragments from Sup35 indicated that 
hydrogen bonding of in-register gluta-
mines and asparagines stabilizes prion 
fibers, analogous to the polar zippers 
that have been proposed for poly-Q.15,16 
However, we saw no bias in favor of  
glutamines and asparagines. This lack of 
bias in favor of glutamines and aspara-
gines was particularly surprising based 
on the compositions of known yeast 
prion domains. Although high Q/N 
content is not an absolute requirement 
for a protein to act as a prion in yeast, 
Q/N residues are consistently over-repre-
sented in yeast prion domains (Table 1).11 
Likewise, although we observed a strong 
bias in favor of hydrophobic residues, 
and although tyrosines have been impli-
cated in prion formation and propaga-
tion, hydrophobic residues in general are 
strongly under-represented among yeast 
prion domains (Table 1).1,11,17,18

This raises the question, why is there 
such a large discrepancy between the 
residues that most strongly promote 
prion formation and those that are actu-
ally present in yeast prion domains? The 
simplest explanation is that the composi-
tion of yeast prion domains may reflect 
functions of the domains other than 
prion formation. Bioinformatic analysis 
can reveal what compositional features 
are present in prion domain, but not why 
they are present. Nevertheless, it seems 

Figure 2. Prion propensity maps. Ure2p (A) and Sup35 (B) were scanned using a window size of 41 
amino acids, calculating for each window the average order propensity using FoldIndex and prion 
propensity as the sum of the experimentally determined prion propensities for each amino acid 
across the window. the prion domain (PFD) is shaded.
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When prolines were present in Q/N-rich 
domains with prion-like activity, they 
tended to occur in clusters, while the  
prolines were more likely to be dispersed 
in domains without prion-like activity. 
This is not surprising, as prolines are 
known β-sheet breakers. If multiple pro-
lines are present in single cluster, they will 
disrupt the β-sheet structure at a single 
location; by contrast, the same number of 
prolines dispersed throughout a sequence 
will result in multiple locations where the 
β-sheet structure is disrupted.

Another potential example of the effects 
of primary sequence is seen in Cyc8, the 
only yeast prion protein incorrectly pre-
dicted by our algorithm not to form prions. 
Interestingly, the prion domain contains 
an imperfect (QA)

32
 repeat. Patterns of 

alternating polar and non-polar residues 
are thought to promote amyloid forma-
tion, although alanine has not generally 
been included among the non-polar resi-
dues when considering such patterns.27 
Therefore, this primary sequence element 
may explain why our algorithm, which 
predominantly considers amino acid com-
position, predicts Cyc8 to have relatively 
low prion propensity.

The high level of prediction accu-
racy achieved by our algorithm should 
also facilitate the identification of new 
prion proteins. The large number of yeast 
prion proteins, combined with the preva-
lence of Q/N-rich domains in eukaryotic 
genomes, suggests that similar prion-like 
structural conversions may be common 
in other organisms. However, only two 
prion proteins have been identified outside 
of Saccharomyces cerevisiae—the mam-
malian protein PrP and Podospora anser-
ine protein HET-s—neither of which is  
Q/N-rich. Identification of new prion 
proteins has been hindered by the lack of 
accurate prediction algorithms. In yeast, 
genetic screens and compositional homol-
ogy searches have led to the identification 
of novel prions, but with relatively low  
success rates.4-8 Understanding the com-
positional requirements for prion forma-
tion should improve this success rate, 
allowing for more targeted testing of 
potential prion proteins.

As the list of Q/N-rich yeast prion pro-
teins continues to grow, an obvious ques-
tion will be, how do interactions between 

improve prediction accuracy; likewise, 
other disorder-prediction algorithms 
might be better suited for analyzing 
yeast prions. Nevertheless, the prediction 
accuracy that we have achieved suggests 
that while such changes might modestly 
improve our prediction accuracy, they 
are unlikely to fundamentally change 
our general conclusions about yeast prion 
domains.

Although our results provide an excit-
ing first step towards understanding the 
sequence requirements for prion forma-
tion, numerous questions remain unan-
swered. For Sup35, separate regions of 
the prion domain are required for prion 
formation and prion propagation.24 
Therefore, future experiments will be 
needed to dissect the distinct sequence 
requirements for prion formation versus 
propagation. Likewise, although numer-
ous domains have been identified that can 
drive prion-like activity when inserted in 
the place of the Sup35 prion domain,4,25 
flanking sequences outside of the Sup35 
prion domain affect prion propagation.26 
Therefore, there is no guarantee that such 
domains will be able to act as prions in 
their native contexts. Understanding the 
role of flanking sequences will be critical 
for predicting prion propensity of domains 
within their native contexts. Similarly, 
expression levels and patterns and cellular 
localization likely influence prion forma-
tion and propagation.

The effects of primary sequence on 
prion propensity are also still unclear. The 
dominant effect of amino acid composi-
tion on prion formation has made it diffi-
cult to distinguish the more subtle effects 
of primary sequence. By delineating the 
compositional requirements for prion for-
mation, our work should make it easier 
to identify primary sequence elements 
that affect prion propensity. Specifically, 
examination of outlier proteins not accu-
rately predicted by our composition-based 
algorithm may reveal primary sequence 
features that promote or inhibit prion 
formation.

One such aspect of primary sequence is 
already incorporated into our algorithm. 
In examining the 100 Q/N-rich proteins 
studied by Alberti et al. we discovered a 
subtle, but statistically significant bias 
in the distribution of proline residues.1,4 

as clearly defined, similar disordered and 
prion-prone regions are found in all of the 
yeast prion domains except that of Cyc8. 
By contrast, while Q/N-rich domains with 
low prion-like activity are consistently 
predicted to be disordered, they generally 
have low predicted prion propensity. By 
scoring proteins based on the predicted 
prion propensity of the most prion-prone 
region, we were able to distinguish with 
greater than 90% accuracy between Q/N-
rich domains with and without prion-like 
activity. This is the first time that such 
prediction accuracy has been achieved for 
Q/N-rich domains.

These results provide insight into the 
differences between Q/N-rich and non-
Q/N-rich amyloid proteins. Amyloid 
formation by non-Q/N-rich proteins 
is thought to be driven by short peptide 
stretches.22 Therefore, most amyloid pre-
diction algorithms are designed to look 
for local regions of high prion propen-
sity. However, our algorithm uses a rela-
tively large 41-amino-acid window size. 
When we used a smaller window size, 
our algorithm lost the ability to distin-
guish between Q/N-rich domains with 
and without prion-like activity. Thus, the 
yeast prion domains are characterized by 
extended disordered regions of modest 
prion propensity, not local regions of high 
prion propensity. This explains why many 
amyloid prediction algorithms underesti-
mate the amyloid propensity of the polar 
yeast prion domains.23

An obvious question is whether muta-
genesis data from a single protein can 
really be used to make such broad claims 
about the basis for prion formation by all 
Q/N-rich yeast prion proteins. Similarly, 
FoldIndex is a relatively simple disorder-
prediction algorithm that may not be 
specifically optimized for Q/N-rich pro-
teins. However, these concerns are some-
what allayed by the accurate predictions 
that our algorithm, when combined with 
FoldIndex, is able to make. The fact that 
mutagenesis data from a single Q/N-rich 
protein allows for accurate prediction 
of a broad range of other Q/N-rich pro-
teins suggests that the basic mechanisms 
of prion formation are similar for the 
various Q/N-rich prion domains. There is 
little doubt that a broader data set derived 
from multiple yeast prion domains could 
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prion domain. These results raise the pos-
sibility that such interactions could be 
physiologically relevant, acting as regula-
tors of either beneficial or deleterious amy-
loid formation. Interestingly, not all prion 
proteins appear to be as promiscuous as 
Ure2. Prion formation by Sup35 was not 
significantly affected by overexpression of 
scrambled versions of Sup35. Defining the 
sequence features that allow Ure2 to inter-
act with compositionally similar domains, 
and defining the limits of Ure2’s promis-
cuity, will be critical for determining the 
extent to which similar interactions affect 
the normal physiology of yeast prions and 
mammalian amyloid diseases.

Although it is clear that Ure2 is able to 
promiscuously interact with a broad range 
of compositionally similar proteins, our 
results say nothing about why such inter-
actions occur. These interactions may have 
evolved to positively or negatively regu-
late prion formation. Alternatively, such 
prion-promoting interactions may simply 
be a byproduct of the natural function 
of the Ure2 prion domain. Although the 
exact function of the Ure2 prion domain 
is unknown, regions of intrinsic disor-
der domains are often used to recognize 
multiple binding partners.34 Promiscuous 
prion-promoting interactions may simply 
be an unintended consequence of such 
activity. Therefore, future studies will be 
needed to determine the function, if any, 
of Ure2’s promiscuity. Likewise, although 
our mutagenesis results clearly indicate 
that the compositions of the yeast prion 
domains reflect a balance of intrinsic dis-
order and prion propensity, our studies 
say nothing about why the yeast prion 
domains have evolved this balance. These 
compositional characteristics may have 
evolved for a reason unrelated to prion 
formation. Alternatively, the yeast prion 
domains may have specifically been opti-
mized for the purpose of prion formation.
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