Prion, 9:190-199, 2015

© 2015 Taylor & Francis Group, LLC
ISSN: 1933-6896 print / 1933-690X online
DOI: 10.1080/19336896.2015.1044186

Structure-based view on [PSI"] prion properties

Stanislav A Bondarev', Galina A Zhouravleva',
Mikhail V Belousov', and Andrey V Kajava®>**

"Department of Genetics and Biotechnology; St. Petersburg State University;
St. Petersburg, Russia;
2Centre de Recherches de Biochimie Macromoléculaire; CNRS; Université Montpellier;
Montpellier, Cedex 5, France;
3 University ITMO; St. Petersburg, Russia;
“Institut de Biologie Computationnelle; Montpellier, Cedex 5, France

ABSTRACT. Yeast [PSI"] prion is one of the most suitable and well characterized system for the
investigation of the prion phenomenon. However, until recently, the lack of data on the 3D
arrangement of Sup35p prion fibrils hindered progress in this area. The recent arrival in this field of
new experimental techniques led to the parallel and in-register superpleated S-structure as a consensus
model for Sup35p fibrils. Here, we analyzed the effect of amino acid substitutions of the Sup35 protein
through the prism of this structural model. Application of a newly developed computational approach,
called ArchCandy, gives us a better understanding of the effect caused by mutations on the fibril
forming potential of Sup35 protein. This bioinformatics tool can be used for the design of new
mutations with desired modification of prion properties. Thus, we provide examples of how today,
having progress toward elucidation of the structural arrangement of Sup35p fibrils, researchers can
advance more efficiently to a better understanding of prion [PSI"] stability and propagation.
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1. STRUCTURAL ARRANGEMENT
OF Sup35p FIBRILS

The [PSI'] prion is a self-propagating amy-
loid of the release factor, Sup35p, of Saccharo-
myces cerevisiae. Sup35p aggregated into
amyloid fibrils poorly performs its native func-
tion that leads to a decrease of translation ter-
mination efficiency and consequently to a
nonsense suppression phenotype of [PSIT]
yeast cells (for a review see ref. '). Several
[PSI] variants of the same Sup35 protein with
different strength of phenotype, mitotic stabil-
ity, size of aggregates and morphology of the
fibrils are described.>™ The structure of the
Sup35p fibrils affects the properties of [PSI']
variants.*”

The Sup35p consists of 3 distinct domains
(Fig. 1A). The amino-terminal domain (N-
domain) is nonessential for viability or transla-
tion termination ®’ but critical for prion propa-
gation.® This region is uniformly rich in Gln
and Asn residues and contains tandem repeats.”
The carboxy-terminal domain (C-domain),
with a globular structure '°, is required and suf-
ficient for translation termination and cell
viability.‘s’7 The middle domain (M-domain)
that connects the N- and C-domains also has
some influence on [PSI™] propagation.'' The N-
domain alone or together with the M-domain,
and also the full-length Sup35p, assemble into
self-propagating amyloid fibrils.'*'* Thus, the
understanding of the [PSI*] prion properties pri-
marily requires a better appreciation of the fibril
structures formed by the N-domain.

In recent years, there have been major
advances in the study of the structural arrange-
ment of the Sup35p prion fibrils. By negative
staining, cryo-EM and scanning transmission
EM (STEM)), fibrils of full-length Sup35p show
a8-nm-wide backbone surrounded by a 65nm-
wide cloud of globular C-domains connected to
the fibril by the extended M-region.'* In accor-
dance with X-ray and electron diffraction stud-
ies the fibrils have cross-8 structure.>'>!°
Scanning transmission electron microscopy
mass measurements for Sup35p N-fibrils, NM-
fibrils and full-length Sup35p fibrils showed
that filaments have one subunit per 0.47 nm."*
A number of solid-state NMR measurements of
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Sup35p fibrils revealed that they contain
B-strands in a parallel, in-register arrangement
regardless of which appendage is attached to
the prion domain.'”~%°

It is still unclear which part(s) of the Sup35p
N-domain is critical for fibril formation. Muta-
tional analysis of the Sup35 protein (substitu-
tions with proline, insertions of glycine, or
deletions of large fragments) has shown that
only the first half of the N-domain (up to ~60
residues) may be required for the [PSI"] pheno-
type and fibril-formation.>*'2° Solid state
NMR studies detected the structured core
within the first 30 residues.'® The other solid-
state NMR data suggest that almost the entire
N-domain and even a part of the M-domain
have an in-register parallel p-structure.'”*°
The other studies suggested that in addition to
this region, a downstream region (amino acids
110-128) can also be implicated in amyloid
formation.> The discrepancy between the
experimental data in the determination of the
core region of the Sup35p fibrils may be linked
to the polymorphism of the fibril structures.
Sup35p can adopt different fibril structures
depending on [PSI*] variants or “strains”.*>"’

Two types of structural models of the
ARN-region fibrils have been proposed based
on experimental data: a B-helical model '
and a superpleated p-structural model.”® The
disagreement of the B-helical model with in-
register parallel g-strand arrangement detected
by solid state NMR '"° makes this model
unlikely. Current data favor the superpleated
B-structure model (for a review see ref. 3O). In
this structure, each polypeptide chain has a ser-
pentine fold, and successive serpentines are
stacked in register, one on top of the other
(Fig. 1B). This arrangement generates an array
of elongated parallel B-sheets, each composed
of identical strands and aligned with the fibril
axis. The gB-strands form a so-called cross-p
structure that runs perpendicular to the filament
axis. At the same time there is no clear evi-
dence about the exact positions of the S-strand
and turns regions. This uncertainty can reflect
the limits of the experimental approaches,
but also may be linked to the structural poly-
morphism of Sup35p fibrils. Different forms of
Sup35p fibrils can involve different regions of
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FIGURE 1. (A) Schematic representation of Sup35p domain organization: the N-terminal region
(1-123 amino acids) is shown with 8 repeats (R0-R7); the naturally unfolded M-region (124-245
amino acids) is in blue; C-terminal domain (246-685 amino acids) has a globular fold. (B) A model
of parallel and in-register superpleated g-structure, with H-bonded g-strand denoted as arrows
linked by thin lines. As an example, a serpentine with 3 g-strands is shown. (C) Putative serpentines
of Sup35p fibrils corresponding to different prion variants. A region with fibril-forming potential is
shown by red and black lines, while an unfolded linker that is not able to form fibrils is in blue. Note
that number of black-red units does not obligatory correspond to the number of repeats in the
sequence of N-domain. Parts of Sup35p variants that are involved in the fibril structure are shown
by thick lines and outlined by frames. Variant 1 has a larger region of the serpentine than variant 2,
however both variants have one common structural element, but variant 3 has both different posi-
tions and the different shape of serpentine fold. It is important to mention that once formed the ser-
pentines of each prion variant are axially stacked in the same conformation.
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N-domain in the serpentines having different
shapes (Fig. 1C). Importantly, in principle, a
highly amyloidogenic sequence of the N-
domain could have serpentines covering the
first 100 residues.” However, due to the slight
twist of the axially stacked monomers in the
amyloid fibrils, the real serpentines may con-
tain from one to multiple B-arcades. These
smaller serpentines can be formed in different
regions within the N-domain depending on

prion variant (Fig. 1C). In addition, the serpen-
tines may vary in their positions of B-strands
and turns.

Despite the progress in understanding of
structural arrangement of fibrils, the relation-
ship between the fibril structure and properties
of [PSI"] still remains elusive. In the next sec-
tion we will address this question, by analyzing
through the prism of the fibril structure the
effects of substitutions in the N-domain on
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aggregation of Sup35p and [PSI"] propagation.
We will also provide an extended view on the
results of our recent works *'~2, which demon-
strated the utility of structural information
for the design of the mutational analysis
experiments.

2. EFFECT OF Sup35p MUTATIONS
ON [PSI"]

Deletion of either N-, M- or C-domain of
Sup35p allowed to determine the roles of each
of these domains, in the normal and prion
states.>® 112324 Tq establish subtle effects, a
series of studies analyzing the effects of
SUP35 point mutations has been undertaken.
For example, the random mutagenesis screens
of SUP35 were performed in 2 independent
studies aimed to find amino acid substitutions
eliminating prion phenotype.>** A number of
such point mutations have been obtained,
which inhibited the nonsense-suppressor effi-
ciency of [PSI]. For this reason they were
named Asu (from antisuppression). Some of
these mutations also prevent [PSI"] propaga-
tion and were named PNM (from “[PST"] no
more” (for a review see ref. >%)). Although the
screens covered the whole SUP35 gene, all
substitutions were located within the first 59
residues of Sup35p, with the highest occur-
rence in the first 25 residue region (Fig. 2).3’22
These results suggested that the N-terminal 60
residue region is critical for prion mainte-
nance. Almost all of these spontaneous muta-
tions led to substitutions of neutral to charged
amino acid residues. The effect of the muta-
tions has a straightforward explanation in
the model of the parallel and in-register
superpleated B-structure »° where electrostatic
repulsion of the juxtaposed charged residues
of the same sign destabilize the prion fibrils
and, therefore, can lead to the loss of [PSIT].
It is worth noting that the B-helical model '®*®*
does not provide an explanation for these
experimental results because, in the S-helix,
the introduced charged residues are located far
from each other and cannot destabilize the
fibrils by means of electrostatic repulsion.
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The agreement between the published
mutations and the superpleated B-structural
arrangement encouraged us to design new
mutations that would provide further insight
into the structure and properties of the [PST]
prion. We constructed 5 mutant alleles, each
carrying a pair of positively charged lysine
residues in equivalent positions of repeats R1
to RS, to uniformly cover the repeat-contain-
ing part of the N-domain.*’ The correspond-
ing mutations were located within predicted
B-strand regions at positions occupied by
uncharged residues QQ or QN and expected
to destabilize the in-register B-structure due
to electrostatic repulsion. We demonstrated
that the most N-terminal substitutions Y46K/
Q47K and Q61K/Q62K led the prion loss,
whereas the other alleles were able to main-
tain the [PSI'] prion with 100% efficiency.
This suggests that the C-terminal boundary of
the superpleated p-structure for the [PSI']
variant studied in our work lies between resi-
dues 63 and 69. Effect of other types of point
mutations also supported a ~60 residue long
fibril-forming region. For example, substitu-
tions of glycine 58 to proline led to efficient
prion destabilization.”'* On the contrary,
insertions of hydrophobic residues (isoleucine
and valine) within the first 25 residues of
Sup35p N-domain led to increase the fre-
quency of de novo [PSI'] prion induction.
Even basal expression of some of these
mutant alleles promoted prion formation. On
the other hand, deletions of tyrosine residues
in this region reduced efficiency of [PSI']
appearance and made the prion mitotically
unstable.’ A subsequent study confirmed that
aromatic and hydrophobic residues promote
prion formation.*® In another work it was
also shown that insertions of valines or iso-
leucines in the polyglutamine sequence that
was fused to the Sup35p MC-domain instead
of the N-domain, increase protein aggregation
compared with the polyglutamine.”’ These
results are in accordance with the parallel and
in-register superpleated p-structure, where
the hydrophobic residues are placed one over
the other along the fibril and should form
energetically favorable contacts that can sta-
bilize the fibril structure.
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FIGURE 2. The effects of majority of substitutions in Sup35p affecting [PSI*] propagation are vari-
ant specific. Sequence of N-domain of Sup35p (in black regular font) is shown several times and
separate substitutions corresponding to different prion variants. Location of the sequence repeats

according to °

is shown on top. Numbers and dashed lines mark corresponding positions in the

protein. The substitutions affecting [PSI*] prion are shown by bold letters in corresponding posi-
tions. Prion variants affected by substitution are marked on the right. Red letters denote PNM muta-
tions, blue — antisupressor mutations and/or reduced protein aggregation (part of them may be
PNM, but exact data are available only for 74D-694 yeast strain), green italic — substitutions chang-
ing [PSI"] properties. Double substitutions are underlined. The data used are from Refs. 3, 21, 22,

25, 26, 31, and 34.
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Interpretation of the consequences of the
sup35 point mutations is hampered by the fact
that their effect depends on prion variant.*%°
The variant specificity explains differences in
lengths of Sup35p regions containing substitu-
tions in the spontaneous mutation screens: the
first 34 or 58 amino acid residues *** — in these
studies different yeast strains with distinct
prion variants were used. Variant-specific
effects were also described for PNM muta-
tions.*®° The structural polymorphism of
prion variants may also explain the disagree-
ment between the solid state NMR data on the
location of the fibril-forming regions.'”"'*-*>*’

Site-directed mutagenesis with a substitution
to proline or an insertion of glycine was used
for mapping possible g-strands within a prion
domain of different variants.”>>° Proline (and,
in a less extent, glycine), as a pS-structure

60 70 80 90

R 1L — double substitutions

KK — substitutions led to changing in prion properties

breaker, should decrease Sup35p aggregation
and prion mitotic stability if it is located within
the B-strands. It was confirmed that [PSI']
prion variants differ in the lengths of fibril-
forming regions and in the localization of
B-strands and turns. These results were sup-
ported by hydrogen/deuterium exchange data
that determined protection of the corresponding
B-strands.”®> The observed differences can be
easily explained by the polymorphism of the
superpleated g-structures (Fig. 1C).

The new prion variants can also be formed
by the sup35 mutant alleles that carry mutations
outside of the fibril-forming region.*’ For
example, the mutant allele Q80K/Q81K led to
formation of a new strong prion variant of
[PSI'] that is characterized by an increased
proportion of the prion fibrils and reduced
amount of soluble Sup35p in the cell, in
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FIGURE 3. ArchCandy prediction of the effect of amino acids substitutions on Sup35p fibril-forming
potential. (A) Wild type Sup35p. The fibril-forming potential is measured by the number of predicted
p-arcades (with ArchCandy score above 0.575) for each amino acids in Sup35p N-domain. For
example, residue 23 of wild type Sup35p can participate in 37 different g-arcades. Panels B—-E
compare ArchCandy predictions for modified Sup35 proteins (continuous lines) and the wild type
protein (dashed line). For proline substitutions and glycine insertions only some typical results are
shown. Each plot is labeled by corresponding amino acid substitution(s) or sup35 allele. The data

used are from Refs. 21, 22, 26 and 31.
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comparison with the wild type protein. In con-
trast, mutant allele Q89K/Q90K yields a
weaker prion variant.

3. ARCHCANDY AS A COMPUTATIONAL
TOOL TO PREDICT EFFECTS OF
MUTATIONS

The core structural element of a majority of
naturally-occurring and disease-related amyloid
fibrils is a S-arcade representing a parallel and
in register stacks of g-strand-loop-g-strand

motifs called B-arches.**** Based on an
assumption that protein sequences that are able
to form B-arcades are amyloidogenic, a compu-
tational program “ArchCandy” to predict amy-
loidogenic regions in proteins has been
developed.®* ArchCandy allows us to establish
the relationship between the effect of mutations
on the fibril forming potential of Sup35p in a
more quantitative way, in comparison to the
previous rather qualitative considerations
(see section 2).

The superpleated pB-structure consists of
B-arcades (Fig. 1B). The Sup35p fibrils may
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have one or several successive B-arcades
depending on prion variants (Fig. 1C).
Figure 3 summarizes the ArchCandy predic-
tions of the effects of known Sup35p mutations.
In agreement with the experimental data, Arch-
Candy assigns the highest amyloidogenic
potential of the full length Sup35p to N-
domain.*> All PNM and Asu mutations of
Sup35p revealed by the spontaneous mutation
screens decrease the amyloidogenic potential
predicted by ArchCandy (Fig. 3 B-C). In the
N-domain, the amyloidogenic potential is max-
imal within the first 40 residues, followed by
the other high-score region between 41 to 64
positions (Fig. 3A). In agreement with this pre-
diction, most of the substitutions in Sup35p
affecting [PST'] are located within the first 40
residues.>?>?>2% At the same time, the muta-
tions in regions 41-64 are also important for
prion propagation of some prion variants
(Fig. 2).321:22252638 We also predicted effects
of sup35*% mutant alleles published in our
recent work.®' In agreement with the experi-
mental data, ArchCandy assigns a lower amy-
loidogenicity score to alleles leading to prion
loss (Y46K/Q47K and Q61K/Q62K) (Fig. 3D)
and predicts almost no effect on the fibril-form-
ing potential for the other downstream sup35<%
alleles. Among these alleles, Q80K/Q81K leads
to the strongest [PSI"] phenotype.*' To explain
this data, we proposed that Q80K/Q81K substi-
tution makes the prion-forming region shorter
and this increases the strength of [PSTH]
prion.>"** This correlation between the fibril-
forming region length and strength of prion
phenotype was already described elsewhere.”>~
7 ArchCandy predicts that Q80K/Q81K substi-
tution eliminates any traces of amyloidogenic-
ity after position 64 (Fig. 3D).

The observed destabilization of [PSI*] prion
in the proline-containing mutant alleles *° can
be explained by the decrease of the amyloido-
genic potential predicted by ArchCandy
(Fig. 3E). ArchCandy was also able to predict
(with a few exceptions) the increase of prion
formation, related to the insertions of hydro-
phobic residues, within the first 25 residues of
N-domain and [PSI*] prion destabilization
after deletion of tyrosines.>> At the same time,
ArchCandy failed to  predict strong
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destabilization effect of some sup35 mutant
alleles with glycine insertions (Fig. 3E) *°,
pointing on the necessity of some improvement
for the ArchCandy algorithm.

4. CONCLUSIONS

Yeast [PSI'] prion formed by aggregated
Sup35 protein is one of the most suitable and
well characterized system for the investigation
of the prion phenomenon. Numerous studies of
[PSI"] prion have greatly advanced the field,
owing to their experimental tractability, which
is additionally enhanced by the powerful genet-
ics of yeast, the relatively short generation
times of fungi, and, in several cases, simple
metabolic assays for the presence of the prion.
However, until recently, the lack of information
about the 3D arrangement of Sup35p prion
fibrils, along with the molecular mechanisms of
prion formation and infectivity hindered prog-
ress in this area. The recent arrival in this field
of new experimental techniques has provided
breakthroughs in the understanding of the 3D
arrangement of amyloid fibrils. As a result, the
parallel and in-register superpleated S-structure
has emerged as a consensus model for Sup35p
fibrils. Today, the effect of the majority of pub-
lished sup35 mutations can be explained within
the frame of this structural model. Hence, the
agreement between the effect of the published
mutations and the superpleated p-structural
arrangement encouraged us to design a set of
new mutant alleles, which should provide us
with a better insight into the location and size
of the prion-forming domain.>!

A recently developed computational
approach, ArchCandy 2, allows us to evaluate
the probability of proteins to form fibrils, with
the superpleated B-structure. Application of
this bioinformatics tool to the set of the known
sup35 mutant alleles showed a good correlation
between the ArchCandy prediction and the
experimentally observed effects on Sup35p
fibrollogenesis and prion properties. This opens
an avenue to the interpretation of the experi-
mental results, design of new mutations, and
eventually a more complete understanding of
the relationship between the effect of mutations
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on the fibril forming potential of Sup35p, in a
more objective and automated manner. The
high correlation between the ArchCandy
prediction of the protein amyloidogenicity and
the ability to form prions provides additional
support of the notion that the propensity to
aggregate underlies prionogenesis. At the same
time, we are aware that amyloidogencity is not
sufficient for the explanation of the prion
phenomenon. The real situation may be more
complicated with chaperons and several other
cellular cofactors involved in prion propagation
and maintenance. Further investigations of
these molecular mechanisms need to be carried
out prior to the development of new bioinfor-
matics algorithms that study these aspects.

Despite progress, the prion phenomenon still
has a number of unresolved questions, such as,
a link between the fibril structures and the
strength of the prion infectivity; interplay
between different prion strains and co-aggrega-
tion of Sup35p and its mutant alleles. Many of
these questions require a deep insight into the
detailed 3D structure of each prion strain. One
function of ArchCandy allows us to generate
such 3D structural models, which can be used
to advance in these complicated problems, in
the context of limited capacities of the experi-
mental structural approaches. For example, the
ArchCandy prediction of possible S-arcades of
the prion domains may provide further insight
into the origin of new prion variants, supporting
either the “cloud” hypothesis of intrinsically
heterogeneous prion isolates ** or the hypothe-
sis of a “deformed templating” pathways.*’
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