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Strain conformation controls the specificity of cross-species
prion transmission in the yeast model

Anastasia V. Grizel***, Aleksandr A. Rubel*™, and Yury O. Chernoff*®4

“Laboratory of Amyloid Biology, St. Petersburg State University, St. Petersburg, Russia;
PInstitute of Translational Biomedicine, St. Petersburg State University,
St. Petersburg, Russia;
“Department of Genetics and Biotechnology, St. Petersburg State University,
St. Petersburg, Russia;
4School of Biological Sciences, Georgia Institute of Technology, Atlanta, GA, USA

ABSTRACT. Transmissible self-assembled fibrous cross-8 polymer infectious proteins (prions)
cause neurodegenerative diseases in mammals and control non-Mendelian heritable traits in yeast.
Cross-species prion transmission is frequently impaired, due to sequence differences in prion-
forming proteins. Recent studies of prion species barrier on the model of closely related yeast species
show that colocalization of divergent proteins is not sufficient for the cross-species prion
transmission, and that an identity of specific amino acid sequences and a type of prion
conformational variant (strain) play a major role in the control of transmission specificity. In contrast,
chemical compounds primarily influence transmission specificity via favoring certain strain
conformations, while the species origin of the host cell has only a relatively minor input. Strain
alterations may occur during cross-species prion conversion in some combinations. The model is
discussed which suggests that different recipient proteins can acquire different spectra of prion strain
conformations, which could be either compatible or incompatible with a particular donor strain.
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INTRODUCTION
Prions

Self-assembled fibrous cross- S polymers (amy-
loids) are associated with a variety of mammalian
and human diseases including age-dependent
Alzheimer’s disease, Parkinson’s disease, possi-
bly type II diabetes, etc. (for review, see refs.'™).
Seeded polymerization of an amyloid occurs via
immobilizing soluble protein of the same
sequence into a fiber, and is accompanied by a
conformational switch.>®® This provides a basis
for amyloid transmissibility. An extreme case of
amyloids are infectious proteins (prions) that are
transmitted between organisms and cause neuro-
degenerative diseases (in mammals), such as
transmissible  spongiform  encephalopathies
(TSEs): sheep scrapie, bovine spongiform
encephalopathy (BSE) or “mad cow” disease, cer-
vid chronic wasting disease (CWD) and human
Creutzfeldt-Jakob disease. These diseases are
associated with the cross-f polymeric (prion) iso-
form of PrP protein that can convert normal cellu-
lar protein of the same sequence into a prion
isoform.”!® Cross-species prion transmission is
usually impaired due to differences in the protein
sequences of prion proteins. This phenomenon is
termed as “species barrier.” However, in some
cases the species barrier can be overcome. The
cross-species BSE transmission to humans is a
huge problem for the cattle industry and for public
health, and the possibility of the cross-species
transmission of CWD remains a concern.' '™ Our
understanding of molecular mechanisms of the
species barrier and cross-species prion transmis-
sion are still at rudimentary stage.

Yeast Prions

Prions are widespread among eukaryotic
microorganisms, such as Saccharomyces
yeast.'>'® Yeast prions provide a useful
model for studying molecular basis of prion

[PSI],
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Saccharomyces cerevisiae, Saccharomyces

phenomena due to high rate of reproduction
and safety for the researcher. Yeast prions
control phenotypic traits inherited through
the cytoplasm, therefore manifesting them-
selves as protein-based heritable determi-
nants. About 1/3 of wild yeast strains exhibit
traits inherited in a prion-like fashion, indicating
that prions are widespread in nature.'” Yeast
prion proteins contain regions that are responsi-
ble for prion propagation and are termed “prion
domains” (PrDs).'®'® PrDs are typically distinct
from regions essential for the major cellular func-
tion of a respective protein. Purified proteins (or
PrDs) propagate an amyloid state in vitro and
reproduce the prion upon transfection into yeast,
confirming the “protein only” basis of prion phe-
nomena.'”?* The best studied yeast prions
[PST'], [URE3], and [PIN'] (or [RNQ']) are
self-perpetuating amyloids of the proteins Sup35,
Ure2 and Rnql, respectively.'>'® Sup35 protein
is the translation termination factor. When the
Sup35 protein is in its prion form [PSI1], its
translation termination activity is disrupted, so
nonsense-codon read-through activity occurs,”
that is phenotypically detectable in specifically
designed yeast strains.'®** Sup35 protein consists
of 3 regions: 1) N-terminal prion domain
(Sup35N); 2) linker middle domain (Sup35M);
and 3) functional C-terminal domain (Sup35C)
responsible for translation termination and cell
viability (Fig. 1). Truncated variant of protein
consisting N and M domains are widely used as
a model protein for studying amyloid aggregation
in vitro, and can transmit prion conformation to
the full-length Sup35.2%>%°

Prion Strains, or Variants

Prion proteins (including mammalian PrP
and yeast Sup35) of one and the same
sequence can form various amyloid conforma-
tions with distinct structures — prion “strains”
(usually called “variants” in yeast).”’ ! Differ-
ent strains have different disease manifestation
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FIGURE 1. Structural and functional organiza-
tion of the Saccharomyces cerevisiae Sup35
protein. (A) Domain organization of Sup35. Des-
ignations N, M and C refer to the Sup35N
(N-proximal), Sup35M (middle) and Sup35C
(C-proximal) regions, respectively. Numbers
correspond to amino acid positions. (B) Hypo-
thetical model of tertiary structure of the non-
prion isoform of Sup35. N domain is intrinsically
unfolded, structure of M domain is unknown
(shown as unfolded), the C domain structure is
based on cryo-electron microscopy analysis
(EMDB accession ID: 4crn).®°
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in mammals or phenotypic characteristics in
yeast. In the case of yeast Sup35, “stronger”
prion strains exhibit more severe translation
termination defect, higher mitotic stability, a
larger proportion of polymerized versus solu-
ble protein, a smaller average polymer size,
and a smaller size of the amyloid core region,
protected from hydrogen-deuterium exchange,
compared to “weaker” prion strains.?*2-3¢

Generally, each strain/variant is faithfully
reproduced during prion transmission, although
strain changes were also observed.’’* It has
been shown that the type of prion strain influen-
ces the species barrier properties in both yeast
and mammals (for a review see ref. 46).

Yeast Models for Prion Species Barrier

Prion domains of yeast proteins quickly
evolve in evolution, so that distantly related yeast
genera show essentially no sequence homology
in respective regions of Sup35 and typically
exhibit strong transmission barriers.*>*7"%
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1 2
However, we ! and others®® have detected

transmission barriers even between Sup35 pro-
teins of the closely related yeast species, such as
Saccharomyces cerevisiae, S. paradoxus and S.
bayanus (now renamed as S. uvarum). Levels of
similarity between the prion domains (Sup35N
fragments) of these proteins (Table 1) are close
to the range of variation observed among mam-
malian PrPs,”*”* which makes yeast system an
appropriate model for studying general rules of
the species barrier at relatively short phyloge-
netic distances. Notably, in some cases even
intraspecies variation among S. cerevisiae Sup35
proteins from different strains may lead to trans-
mission barriers.>> The current paper summa-
rizes recent data about species prion barrier
between closely related yeast and reviews data
highlighting potential key determinants of cross-
species prion transmission in yeast.

At Which Step Is the Species Barrier
Controlled?

Transmission of prion state to a divergent
protein may potentially involve 4 steps, as fol-
lows: (1) colocalization of 2 divergent proteins
in one site within the cell; (2) physical interac-
tion between colocalized proteins, leading to
the formation of a heteroaggregate; (3) confor-
mational conversion of newly joined non-prion
protein into a prion form; (4) propagation of a
prion, seeded by a divergent protein, in cell
divisions (Fig. 2). Recent data (reviewed
below) specifically address the issue of colocal-
ization and coaggregation of divergent priono-
genic proteins, and indicate that colocalization
and coaggregation are not sufficient for cross-
species prion transmission.

TABLE 1. Identity of amino acid sequences for
different domains of Sup35 protein from
Saccharomyces paradoxus and S. uvarumin
comparison to S. cerevisiae.

Yeast species N domain M domain C domain

87%
74%

100%
97%

Saccharomyces paradoxus 93.5%
Saccharomyces uvarum 80%
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FIGURE 2. Transmission of prion state to a divergent protein. Large ellipse on the left represents
yeast cell. Gray area represents the cellular compartment or quality control protein deposit contain-
ing aggregating proteins. Dotted ellipse indicates the specific interacting protein molecules that are
considered in more detail and at larger magnification in the images to the right. Nonprion form of
heterologous Sup35 prion domain protein is represented as unstructured black tangle while prion
polymers are shown by light (orange) (pre-existing “donor” prion) or dark (the newly formed heterol-
ogous prion) pleated lines demonstrating in-register parallel g-sheet architecture. Short crosscut
lines indicate positions of interactions between g-sheets. Prion domains with high identity of amino
acid sequences in the regions, corresponding to the cross-g core of a donor protein, can convert
each other to prion form with high frequency, while prion proteins with lower identity typically cannot
adopt the donor strain conformation and form nonprion aggregates; however, in rare cases, the
recipient protein is converted to a prion conformation, that is only partly collinear to the original
donor conformation, and partly different from it.
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Colocalization

Fluorescence microscopy data show that
divergent S. sensu stricto proteins colocalize
with the pre-existing endogenous Sup35
prion in S. cerevisiae cells. Efficiency of
colocolization depended on sequence diver-
gence, as the colocalization between more
closely related S. cerevisiae and S. paradoxus
proteins was higher than between more dis-
tantly related S. cerevisiae and S. uvarum
proteins.® Biochemical assays confirmed that
the S. cerevisiae [PSI"] strain co-expressing
heterologous (S. paradoxus or S. uvarum)
Sup35 proteins contained both endogenous
and heterologous proteins in an aggregated
state, suggestive of coaggregation.’®>?

However, despite colocalization and likely
coaggregation, strong species barrier was
observed between S. cerevisiae and S. uva-
rum Sup35 proteins, and in case of the weak
prion strain (see below), also between S. cer-
evisiae and S. paradoxus.’®> These findings
show that, despite colocalization, association
with the S. cerevisiae prion and accumulation
in the aggregated fraction, the heterologous
Sup35 protein is not necessarily converted
into the heritable prion form. Possibly, pre-
existing prion of S. cerevisiae acts as a
nucleus for aggregation of heterologous
Sup35 protein, but fails to provide an effi-
cient template for the formation of a new



CONTROL OF PRION SPECIES BARRIER BY STRAIN CONFORMATION

prion. This agrees with the previous report
indicating that cross-species binding between
mammalian PrPs is not sufficient for prion
transmission.>®

It is not yet entirely clears how divergent
proteins colocalize in the cell and whether or
not they form mixed heteroaggregates. Unre-
lated prionogenic proteins with prion
domains of similar amino acid composition
can cross-seed each other into the prion form
as shown for example for the Rnql and
Sup35 proteins in yeast.”>3>5 However, an
interaction between these proteins is of tran-
sient nature and is observed only at early
stages of the induction process, while persis-
tent coaggregates are not formed and stable
colocalization is not reported.’®®® It was
shown that different amylodogenic proteins
can be assembled in the form of ordered
aggregates in the yeast quality control depos-
its, such as insoluble protein deposit,
IPOD,®' or aggresome®*®® (that may repre-
sent a version of IPOD with a somewhat dif-
ferent intracellular location). However, the
very distantly related Sup35 protein from the
other yeast genera, Pichia does not colocal-
ize with the preexisting S. cerevisiae Sup35
prion,”® suggesting that in case of more
closely related proteins, colocalization might
be not simply a result of co-sequestration
into IPOD. Notably, mammalian amyloido-
genic proteins PrP (associated with transmis-
sible spongiform encephalopathies) and Ap
(associated with Alzheimer’s disease) coloc-
alize and even physically interact to each
other (according to Forster resonance energy
transfer, or FRET analysis) when co-
expressed in yeast.®* These proteins are also
shown to interact to each other in mamma-
lian and human brains®>*” or in vitro,®® con-
firming that coaggregation in yeast likely
reflects actual physiological interactions.

Thus, various prionogenic proteins of differ-
ent sequences (either of yeast or mammalian
origin) can colocalize and coaggregate (and at
least in some cases, physically interact to each
other) in yeast cells, but this is not sufficient for
overcoming the species barrier. The specificity
of prion transmission must be controlled at the
steps following coaggregation.
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What Is the Primary Determinant of the
Species Barrier?

There are several factors that could poten-
tially influence prion transmission, including
differences in amino acid sequences, type of
initial prion strain, chemical condition of
aggregation reaction, and cell environment.
Recent work in the Saccharomyces model has
systematically address impact of these factors
on Cross-species prion transmission.

Role of Amino Acid Sequence

As expected, Sup35 PrDs with more similar
sequences, e. g. those from S. cerevisiae and S.
paradoxus, exhibited higher frequency of cross
species prion transmission, compared to PrDs
with less similar sequences, e. g. those from S.
cerevisiae and S. uvarum.>*>*% However,
experiments with the chimeric constructs have
shown that the stringency of species barrier is
not dependent on sequence divergence in a lin-
ear fashion, as different regions of Sup35 PrD
have differential impact to the cross-species
transmission.”"® There are 3 major regions
within Sup35 PrD, as follows: 1) N-terminal
NQ-rich stretch (NQ); 2) region of oligopeptide
repeats (ORs), and 3) the C-proximal region
without an obvious sequence pattern. Interest-
ingly, different regions played crucial roles in
different cross-species combinations, with NQ
region being a primary determinant of species
specificity in the S. cerevisiae / S. paradoxus
combination, and ORs region being a primary
determinant of species specificity in the S. cere-
visiae | S. uvarum combination. While differen-
ces in the C-proximal region of PrD did not
play any significant role in the species barrier
in our experiments, the amino acid substitution
within this region (at position 109) has been
reported by others to generate intraspecies
prion transmission barrier between the Sup35
proteins from divergent S. cerevisiae strains.’
Overall, it appears that differences within spe-
cific amino acid stretches rather than overall
sequence divergence play a key role in deter-
mining cross-species prion specificity.

Indeed, some individual species-specific
amino acid substitutions within Sup35 PrD had
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strong impacts on transmission barrier, for
example the substitutions at position 12 for the
S. cerevisiae | S. paradoxus combination, or at
the position 49 (in S. cerevisiae numbering) for
the S. cerevisiae /| S. uvarum combination.’!
Intriguingly, in each case, the substitution in
the divergent species disrupts the S. cerevisiae
hexapeptide sequence corresponding to so
called “amyloid stretch” consensus, found in
the vast majority of proteins generating amy-
loids in vitro.”>””* While the role of “amyloid
stretch” hexapeptides in vivo remains a matter
of debate, it is an intriguing possibility that at
least some of them may mark positions of ini-
tial cross-B structures formed in the process of
conformational conversion, thus explaining an
effect of these sequences on cross-species prion
specificity.

Role of Prion Strain

In case of mammalian PrP, different strains
of one and the same prion protein show differ-
ent levels of cross-species prion transmission.”
The same pattern was detected for Saccharo-
myces Sup35.°' Moreover, effects of prion
strains depended on the species combination.
For example, the “strong” prion strain of S. cer-
evisiae Sup35 protein transfer to the protein
with S. paradoxus Sup35 PrD more efficiently
than the “weak” strain, while transmission of
the same “strong” strain to the protein with S.
uvarum was less efficient than for the same
“weak” strain. Differential abilities of recipient
proteins to be converted into a prion state by
different strains of one and the same donor pro-
tein could be attributed to different sets of
“strain” conformations that can be acquired by
different protein sequences.

Prion strain properties also influenced the
intraspecies transmission barrier caused by
polymorphism at the position 109 of S. cerevi-
siae Sup35.>> Moreover, authors observed that
in this case, clones with altered transmissibility
patterns could be spontaneously generated by
the donor strain. Such patterns persisted for cer-
tain number of cell divisions but eventually
reverted back to the initial transmission speci-
ficity pattern. Authors interpreted this as a
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result of constant variation within the prion
strain, producing new strains with altered
parameters. This should however be noted that
these new “strains” were not different from
each other in any phenotypic characteristics,
and their biochemical characterization has not
been performed. Therefore, it remains unclear
if differences between such “strains” are con-
trolled by the same structural parameters as dif-
ferences between phenotypically distinct and
faithfully heritable strains. For example, it is
possible that differences in transmission pat-
terns could be determined by variations in the
number of heritable prion units (propagons).
Changes in the number of templates (that, once
achieved, could be maintained for a certain
number of generations) may alter transmission
of the prion state to a divergent protein as well.
Until detailed characterization is performed,
this would be more logical to refer to such tran-
sient prion variants as “substrains.” Notably,
formation of such substrains may depend on
prion strain, conditions and/or yeast genotype,
as other authors®® were not able to detect sub-
strains using similar experimental model. In
our experiments on cross-species prion trans-
mission,” "% we always analyzed a large
number of independent samples for a given
cross-species combination, each obtained from
an individual culture. This minimized potential
impact of substrains with altered specificity
even in case they appeared.

Role of Conditions of the Aggregation
Reaction

Both kinetics of aggregation reaction’*’® and

predominant type of the amyloid strain formed
are shown to be influenced by conditions such as
temperature etc. 2’7 Our previous work demon-
strated that salts of Hofmeister series influence
both kinetics’® and strain preferences’® of amy-
loid formation by the fragment of Sup35 protein
comprising N- and M domains (Sup35NM) in
vitro. Specifically, strongly hydrated anions
(kosmotropes) promote fast amyloid formation
and elongation, and favored the formation of
“strong” strains, while poorly hydrated anions
(chaotropes) delayed nucleation, slowed down
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elongation and favored the formation of “weak”
prion strains of Sup35 protein. These effects, ini-
tially described for S. cerevisiae Sup35NM, were
confirmed for the Sup35NM proteins of S. para-
doxus and S. uvarum.®® To determine if salt com-
position also influences the species specificity of
prion transmission, we compared the intraspecies
and cross-species prion seeding among S. cerevi-
siae, S. paradoxus and S. uvarum Sup35NMs in
all possible combinations, by using seeds
obtained in different salts and performing cross-
seeding in the presence of different salts in each
case.®” Our data clearly demonstrated that spe-
cies specificity of cross-seeding is influenced by
the type of salt in which an initial seed was
obtained. However, salt composition of the solu-
tion in which the cross-seeding reaction was per-
formed influenced only kinetic parameters of
aggregation without having any significant
impact of species specificity. These results paral-
lel our previous observations in vivo ' and con-
firm that the type of donor prion strain represents
the key determinant of cross-species prion speci-
ficity, so that different salts influence specificity
via favoring formation of different strains.

Role of the Cell Environment

Contribution of cell/organismal environment
to cross-species specificity remained unclear
until very recently. While it was proposed that
differences in helper proteins (e. g. chaperones)
or glycosylation patterns may contribute to
prion species barrier in mammalian sys-
tems,**®! systematic analysis of their inputs
was difficult to perform. The Saccharomyces
model allowed for the systematic comparison
of prion transmission between Sup35 PrDs of
various origins in the cells of 2 different yeast
species, S. cerevisiae and S. paradoxs.®® For
this purpose, we constructed a series of S. para-
doxus strains carrying a marker that can be
used to phenotypically monitor the Sup35
prion, and lacking the endogenous chromo-
somal SUP35 gene. Viability of such a strain
was supported by the SUP35 gene located on a
low-copy (centromeric) plasmid, so that SUP35
genes of various origins could be shuffled in
and out at will of an experimentator, the
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approach that was identical to one of the strate-
gies used previously for studying cross-species
prion transmission in S. cerevisiae cells. In
addition, we employed transfection with cell
extracts to introduce the same S. cerevisiae
prion strain that was previously used in the S.
cerevisiae experiments into the S. paradoxus
strain derivative bearing the S. cerevisiae
SUP35 gene. Thus, experiments in S. cerevisiae
and S. paradoxus employed the exact
same prion strain, the same set of divergent and
chimeric genes, and the same experimental
strategy, differing from each other only by cell
environment. Somewhat counterintuitively, we
found out that all the major patterns of the spe-
cies barrier are conserved between the S. cere-
visiae and S. paradoxus cells, although some
numerical differences were of course detected.
Together with results showing that the major
parameters of the species barrier can be repro-
duced with purified Saccharomyces Sup35NM
protein fragments in vitro (see refs.’** and
above), these data confirm that the identities of
specific amino acid sequences and type of prion
strain play a major role in the control of speci-
ficity of cross-species prion transmission, while
cell environment (at least, in the yeast Sup35
model) makes only a relatively minor input.

Fidelity of the Cross-Species Prion
Transmission

This is an important issue whether prion
conformation of a certain strain is precisely
transmitted to the protein of a divergent
sequence, so that the same strain could be
recovered if a prion state is reversely transmit-
ted back to the original protein? The “prion
adaptation” phenomenon described for mam-
malian PrP (for a review see ref.%%) indicates
that manifestation of strain-specific characteris-
tics can be altered upon transmission of the
prion state to a divergent protein. However, is
this alteration reversible? The Saccharomyces
model enabled us to address this question.
Indeed, while phenotypic patterns of the Sup35
prion strain were altered after transmission to
the protein with S. paradoxus PrD, the reverse
transmission to the S. cerevisiae protein
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restored the patterns of the initial strain.’’ Thus,
to the extent allowed by the resolution of our
approach, we concluded that the major struc-
tural parameters underlying the strain charac-
teristics remained intact during transmission
and propagation of the prion state by a diver-
gent (but very closely related) protein. How-
ever, the situation was different in the S.
cerevisiae | S. uvarum combination where the
level of sequence divergence is higher. Indeed,
the “strong” S. cerevisiae prion strain was irre-
versibly altered during propagation through the
protein with S. uvarum PrD; moreover, reverse
transmission from S. uvarum to S. cerevisiae
generated a variety of prion strains, which were
all weaker than the initial S. cerevisiae prion
strain. Probably, Sup35 protein of S. uvarum
can not adopt the same conformation as the
“strong” prion variant of Sup35 S. cerevisiae
due to steric constraints dictated by the diver-
gence in amino acid sequences. Therefore, in
rare cases when the species barrier is overcome,
the S. uvarum protein acquires a conformation
preferable for its prion domain, which then can
be transmitted to S. cerevisiae Sup35 in the
form of a “weak” prion strain (Fig. 2). Indeed,
the species barrier between S. cerevisiae and S.
uvarum is more pronounced in case of the
“strong” prion strain rather than in the case of
“weak” prion strain.’’ It should be noted that
once again, cell environment apparently plays a
minor role in the conformation fidelity during
the cross-species prion transmission, as similar
results were detected in both S. cerevisiae and
S. paradoxus cells.®

How does the strain switch occur during the
cross-species prion transmission? One possibil-
ity is the “prion cloud” model, suggesting that
prion strains in fact represent mixtures of the
different derivatives or substrains, so that the
donor derivatives with the higher conforma-
tional compatibility to the recipient protein are
more likely to cross the barrier.”’~>* How-
ever, it appears that one and the same isolate of
S. uvarum prion can generate multiple prion
strains after transmission to S. cerevisiae;
moreover, these new strains initially appear to
be unstable, generating new variants upon sub-
sequent propagation.”' Such a scenario is more
consistent with the “deformed templating”
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mechanism,® and/or with so-called “secondary
nucleation”®" when a pre-existing prion protein
nucleates formation of a new prion that is not
entirely identical to the pre-existing template.
For example, B-strands in the regions that are
involved in direct intermolecular interactions
between the donor and recipient molecules
could be reproduced precisely, while other
B-strands between them could be formed de
novo and fluctuate for a while until a stable
structure is selected. The extreme case of such
a secondary nucleation could be observed when
heterologous protein of unrelated sequences
but similar amino acid composition cross-seed
aggregation of each other, e. g. in case of Rnql
and Sup35. Indeed, PrD of Sup35 protein from
Pichia methanolica, having essentially no
sequence homology but exhibiting a similarity
of amino acid composition with PrD of Sup35
from S. cerevisiae, can induce formation of the
Sup35 prion when overproduced,*”*® and even
transmit prion state to the S. cerevisiae Sup35
protein at normal levels.®> However, frequency
of such non-templated cross-seeding between
unrelated or distantly related proteins is much
less than in case of prion transmission between
S. uvarum and S. cerevisiae, suggesting that the
latter process includes both templated (through
interaction between identical or nearly identical
sequences) and non-templated components.

Model for Cross-Species Prion
Transmission

The following model explains the role of
sequence similarity and conformational state of
prion protein in the species barrier (Fig. 3). Dif-
ferent protein sequences are likely to differ from
each other both in the spectra of possible prion
variants they can form, and in the preferences in
regard to which variant(s) is (are) predominantly
formed and is (are) most kinetically stable in
given conditions. Indeed, a substitution of the spe-
cific single amino acid residue may lead to dra-
matic changes in the ability of such a protein to
form/propagate some prion strains.>*>88%87 Thys,
divergent prion proteins generate different,
although in some cases partly overlapping sets of
strains. Notably, strain preferences also depend on
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FIGURE 3. Model for cross-species prion transmission. Large gray ellipses correspond 3 different
yeast species. Non-prion form of PrD domain of Sup35 protein is shown as wavy line, while
prion polymers are shown by pleated lines demonstrating in-register parallel g-sheet architecture.
Zigzags correspond to turns between g-strands. Prion strains formed by one and the same protein
differ from each other by both size/location of cross-g regions, and positions of turns. Due to differ-
ences in amino acid sequences, homologous proteins from different species can generate different
spectra of strains. Each species has a preferable strain conformation (pointed to by a thick arrow),
and different strains may have different preferable conformations. When prion proteins from differ-
ent species can adopt similar conformations (as in examples within the rectangles), and a donor
protein prefers such a conformation (or is present in such a conformation in the specific experi-
ment), cross-species prion transmission may occurs relatively efficiently, and prion species barrier
is weak (as shown for species | and Il on this Figure). When prion proteins from different species
do not produce strains of identical or similar conformations, strong species barrier is detected (as
shown for species | and Ill on this Figure).
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the conditions in which initial protein aggregation
has occurred.

Strain conformations apparently control
specificity of prion transmission between diver-
gent proteins. If donor conformation is not
formed or is strongly disfavored by a recipient
protein, the cross-species prion transmission
would be greatly reduced (Fig.3). This
explains why the prion species barrier depends
on a donor strain. For example, the “weak”
prion strain of S. cerevisiae could be transmit-
ted to the S. uvarum protein with a higher effi-
ciency, compared to a “strong” strain,’’
because Sup35 PrD of S. uvarum cannot readily
form a conformation similar to a “strong” prion
form of S. cerevisiae PrD but can adopt a con-
formation similar to a “weak” form. Indeed, a
Sup35 protein with S. uvarum PrD can form
only weak prion strains in S. cerevisiae.’'
Moreover, in rare cases when strong strain of
S. cerevisiae is transmitted to S. wuvarum,
reverse transmission of this prion back to S.
cerevisiae protein results in the formation of
weak strains.>! Thus, a conformation of the
strong S. cerevisiae strain cannot be propagated
by S. uvarum, and in the process of cross-spe-
cies prion transmission, the protein another
prion conformation that is better agreed with
the S. uvarum strain preferences.

This model also explains the asymmetry of
cross-species prion barrier, phenomenon that is
detected as a decreased efficiency of prion
transmission between 2 divergent proteins in
one direction, compared to the opposite direc-
tion.”*>*®® Efficient transmission may occur
when donor strain conformation is compatible
with a recipient protein, while impaired trans-
mission corresponds to the situation when
donor protein is present in a prion conformation
that is not formed or is disfavored by a recipient
protein.

Conclusions

Recent research using the Saccharomyces
model provided significant new insights into the
mechanism of prion species barrier. Major deter-
minants of prion specificity were identified, and
stages at which cross-species specificity is

A. V. Grizel et al.

controlled were determined. Overall, data agree
with the model postulating that both protein
sequence and cell physiology or environment
modulate cross-species prion conversion primar-
ily via influencing conformational preferences of
prion formation, that results in generation of prion
variants (strains) which are either compatible
(barrier) or incompatible (cross-species transmis-
sion) with the recipient protein.

Future Perspectives

The next challenge in deciphering the rules
of species barrier is related to determining the
molecular basis of the strain preferences for
various prion protein sequences, and to elucida-
tion of molecular foundations of physical inter-
actions between heterologous proteins in the
process of prion transmission. This requires
high resolution structural studies of prion
strains and of heteroaggregates formed by prion
proteins of divergent sequences.

ABBREVIATIONS

BSE bovine spongiform encephalopathy

CWD cervid chronic wasting disease

IPOD insoluble protein deposit

NQ N-terminal NQ-rich stretch within
Sup35 prion domain

ORs region of oligopeptide repeats
within Sup35 prion domain

PrDs prion domains

Sup35C functional C-terminal domain of
Sup35 protein

Sup35M  linker middle domain of Sup35
protein

Sup35N N-terminal prion domain of Sup35
protein

Sup35NM fragment of Sup35 protein com-

prising N- and M domains
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