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Chapter 3
PrP Prion Structures

Byron Caughey, Efrosini Artikis, and Allison Kraus

Abstract  The biophysical properties of authentic infectious prion protein (PrP)-
based mammalian prions have long impeded determination of their detailed struc-
tures. However, considerable recent progress has been made using cryo-electron 
microscopy. Three near-atomic resolution structures of ex  vivo prions have now 
been reported, one of hamster 263K scrapie and the others of wildtype and glyco-
phosphatidylinositol (GPI)-deficient forms of the mouse RML strain. Each of these 
highly infectious prion fibrils have ordered cores with parallel in-register intermo-
lecular β-stack (PIRIBS) architectures that share major structural motifs. However, 
the 263K fibril differs from the RML structures in the detailed conformations of 
those motifs and the overall shapes of the fibril cross-sections. Such motif variations 
likely contribute to the strain-dependent templating that underpins conformation-
ally faithful prion propagation. In the wild-type prion structures, N-linked glycans 
and GPI anchors project outward from the fibril surface. The wildtype and anchor-
less (and severely glycan deficient) RML fibrils have similar folds, indicating that 
these post-translational modifications do not substantially alter the core structure of 
this strain. However, in the wild-type structures, the GPI anchors follow the twisting 
fibril axis and are likely to bind cellular membranes. This binding may contribute to 
the pathognomonic membrane distortions of wild-type prion diseases. Analysis of 
the 263K structure with molecular dynamics simulations has suggested a mecha-
nism for the hamster-to-mouse transmission barrier. These initial high-resolution 
structures provide foundations for understanding prion molecular pathogenesis, but 
given the multitude of mammalian prion strains, much further work will be required 
to characterize the full range of prion structures.
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3.1 � Introduction

As early as the 1960s, researchers were perplexed by the unusual properties of the 
scrapie agent and proposed that they might be self-propagating states of proteins 
(Griffith 1967; Pattison and Jones 1967). In the ensuing decades, the infectious 
scrapie agent and related pathogens of the transmissible spongiform encephalopa-
thies (TSEs) were dubbed prions (Prusiner 1982), and the protein involved became 
prion protein or PrP, with the infectious form often called PrPSc (Prusiner 1998). For 
nearly seven decades after the first proposals of protein structure-based pathogens, 
the 3D structures that allow prions to replicate as deadly infectious agents remained 
enigmatic. One of the key mysteries was how distinct strains can be propagated 
faithfully, passage after passage, in a single host genotype if prions carried no agent-
specific nucleic acid genome. Another question was what, mechanistically, controls 
transmission barriers when prions are passed from one host genotype to another. In 
other words, why do some PrP sequence mismatches between hosts matter so much 
more than others? These mysteries have been difficult to explain with any clarity 
without detailed knowledge of prion structures. However, near-atomic cryo-EM 
structures of highly infectious brain-derived prions (Kraus et  al. 2021a, b; Hoyt 
et al. 2021; Manka et al. 2021), as well as much more innocuous synthetic recombi-
nant PrP fibrils (Gallagher-Jones et al. 2018; Glynn et al. 2020; Wang et al. 2020; Li 
and Jaroniec 2021), have begun to emerge. Here we review those structures and 
their new mechanistic implications for prion replication, strain fidelity, species bar-
riers, and pathogenesis. We focus on overtly fibrillar forms of prions because those 
are the only ones for which highly resolved structures are available.

3.2 � Development of Initial Parallel In-Register and 4-Rung 
β-Solenoid Models for PrPSc Fibrils

The accumulation in the literature of a variety of coarse empirical descriptors of 
prion fibrils allowed increasingly grounded structural models to be proposed 
(Groveman et al. 2014; Spagnolli et al. 2019). Ultrastructural imaging indicated that 
prions could be fibrillar, with properties of amyloids (Merz et al. 1981; Prusiner 
et al. 1983; Gabizon et al. 1987; Hope et al. 1988; Silveira et al. 2005) while other 
studies have described infectious units that are smaller than elongated fibrils 
(Silveira et  al. 2005; Tzaban et  al. 2002; Sajnani et  al. 2012; Vanni et  al. 2020; 
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Cortez et al. 2021). Diffraction studies of ex vivo prion fibrils showed that, as is 
typical of amyloid fibrils, PrP polypeptide chains run perpendicular to the fibril axis 
with spacings of ~4.9 Å. Measurements of the intermolecular distances between 
specific labeled residues in synthetic recombinant PrP fibrils using electron para-
magnetic resonance (EPR) (Cobb et  al. 2008; Cobb et  al. 2007) and solid-state 
NMR (Tycko et al. 2010; Helmus et al. 2011; Groveman et al. 2014; Theint et al. 
2017, 2018; Shannon et al. 2019) provided strong evidence that such fibrils could 
assemble with parallel in-register intermolecular β-sheet or stack (PIRIBS) archi-
tectures. In PIRIBS structures, residues in one molecule are aligned along the fibril 
axis with the corresponding residues of adjacent molecules in the stack, that is, in-
register (Fig. 3.1a). Although these types of studies established that certain PrP resi-
dues were within PIRIBS structures in synthetic PrP fibrils, they did not establish 
the overall folds of the polypeptides.

Nonetheless, based on such initial findings, Groveman and colleagues envisioned 
PIRIBS-based models for infectious prion fibrils, which typically have much larger 
proteinase K (PK)-resistant cores and are much more infectious than the synthetic 
fibrils studied in the EPR and NMR studies (Groveman et al. 2014). More recently, 
a quite distinct 4-rung β-solenoid (4RβS) model was proposed for the GPI-anchorless 
RML (aRML) prion fibril based on brain-derived prion fiber diffraction patterns, 
low-resolution cryo-EM imaging, and H/D-exchange data (Spagnolli et al. 2019) 
(Fig. 3.1b). Among the key arguments for the 4RβS model were meridional diffrac-
tion signals at 9.6, 6.4, and 4.8 Å, corresponding to second-, third-, and fourth-order 
diffraction of a β-sheet with a 19.2 Å spacing of features along the fibril axis (Wille 
and Requena 2018). In the proposed 4RβS model, single PrP molecules provide 
four successive, distinct rungs along the axis of a protofilament (Spagnolli et  al. 
2019), in contrast to a single rung in PIRIBS models. In such an arrangement, the 
interfaces between monomers in the stack, for example, would be ~19 to 20 Å and 
would be consistent with a 19.2 Å diffraction. This model also postulates that two 
intertwined protofilaments comprise the overall fibril, whereas, in the PIRIBS mod-
els, a single PrP molecule spans the entire fibril cross-section. In any case, when 
these widely divergent PIRIBS and 4RβS models were proposed, there was insuf-
ficient empirical data on ex  vivo prions to discriminate between these 
architectures.

3.3 � Cryo-EM of Synthetic PrP Fibrils

In the last couple of years, cryo-EM combined with single particle analysis and heli-
cal reconstruction (Scheres 2020) has revealed near-atomic resolution structures for 
recombinant human PrP PrP94-178 (rhu94-178) (Glynn et  al. 2020), human 
PrP23-144 (rhu23-144) (Li and Jaroniec 2021), full-length human PrP23-231 
(Wang et  al. 2020), mutant full-length human E196K PrP23-231 (rhu23-231 
E196K) (Wang et al. 2021), and a much shorter synthetic peptide (residues 168–176) 
of bank vole PrP (Gallagher-Jones et al. 2018). Importantly, as is true of most of the 
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Fig. 3.1  Parallel in-register intermolecular β-sheet/stack (PIRIBS) versus 4-rung β-solenoid 
(4RβS) models for prion fibrils. (a) Trimeric segment of PIRIBS-based fibril as determined by 
high-resolution cryo-EM of 263K prions (Kraus et al. 2021b). A single monomeric unit is high-
lighted in orange. In PIRIBS (and not 4RβS) architectures, each amino acid residue in one mono-
mer is aligned with the corresponding residue in the adjacent monomers (aqua blue circles). A 
dashed line circumscribes a representative arch (the middle arch), by which we mean a loop that 
bends back on itself. We have previously referred to these motifs as β-arches, but now simply call 
them arches because some do not meet all of the criteria of  β-arches in which sidechains 
within β-strands on the opposing flanks of the arch interact directly. (b) Trimeric stack assembled 
from a 4RβS protofilament model proposed for GPI-anchorless RML prion based on lower resolu-
tion data (Spagnolli et al. 2019). These models were each drawn using PDB coordinates as reported 
in (Kraus et al. 2021b; Spagnolli et al. 2019) using ChimeraX (Pettersen et al. 2021). In the case of 
the 4RβS illustration, the published coordinates of the monomer were used and stacked manually 
using in Powerpoint to depict the concept of a 4RβS protofilament without intending to accurately 
represent any proposed interfaces between monomers
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synthetic fibrils mentioned above, the PK-resistant cores of these fibrils are much 
smaller than those found in bona fide tissue-derived infectious PrPSc fibrils. Such 
synthetic fibrils are likely to be either non-infectious or many orders of magnitude 
less infectious per unit protein (Li et al. 2018; Kraus et al. 2017; Groveman et al. 
2017; Caughey and Kraus 2019). Nonetheless, these studies provided important 
initial clues to how various recombinant PrP constructs can assemble into fibrils 
in vitro.

Each of these synthetic PrP fibrils has a PIRIBS architecture. However, their 
ordered fibrillar cores are comprised of different sequences. Fibrils of the N- and 
C-terminally truncated rhu94-178 fibrils have two closely packed, symmetrical pro-
tofilaments (Glynn et al. 2020). The core of each protofilament contains a β-arch of 
residues 106–145 (Fig.  3.2). These same residues comprise the ordered core of 
fibrils formed from rhu23-144, but with a quite distinct conformation and a fibril 
cross-section comprising four identical protofilaments (Li and Jaroniec 2021). The 
human PrP23-144 sequence corresponds to that expressed in humans with a form of 

Fig. 3.2  Cross-sections of infectious brain-derived hamster 263K prion fibrils and likely non-
infectious synthetic recombinant human PrP fibrils. The underlying images are taken and adapted 
with permission from projections of density maps derived from single-particle cryo-EM analyses 
of fibrils of 263K prions (Kraus et al. 2021a, b), synthetic rhuPrP94-178 (Glynn et al. 2020), and 
rhuPrP23-231 (Wang et al. 2020). Note that, the synthetic fibrils have two identical symmetrically 
arranged protofilaments, whereas the 263K fibril core is comprised of a single filament. Blue lines 
trace the polypeptide backbones of residues 106–145 in one of the protofilaments (top left) that, in 
the 263K structure, form the N arch (bottom panel, also see Fig. 3.3d). Red lines trace backbones 
of the respective disulfide arches and additional C-terminal strands within residues 170–227 as it 
occurs in synthetic PrP 23-231 fibrils (top right) and 263K prion fibrils (bottom panel)
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Fig. 3.3  Structures of hamster 263K and mouse aRML prion strains (Kraus et al. 2021b; Hoyt 
et al. 2021). (a) Lateral view of hamster 263K fibril (density map projection). (b) Enlarged cross-
sectional views of fibril density maps. Presumed positions of the structurally variable and mostly 
unresolved N-linked glycans and GPI anchor are indicated on the 263K map. aRML is deficient in 
these post-translational modifications. (c) Atomic models (monomeric subunits). (d) Ribbon dia-
grams with structural motifs outlined in the 263K model that are analogous to, but distinct from, 
those in aRML. Panel a adapted with permission from (Kraus et al. 2021b)

Gerstmann–Sträussler–Scheinker (GSS) syndrome linked to expression of PrP with 
the rare Y145Stop mutation (Ghetti et al. 2018), but whether the respective confor-
mations of the synthetic and in vivo fibrils are similar remains to be determined.
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Fibrils derived from rhuPrP23-231 have two protofilaments, with the ordered 
cores being formed by C-terminal residues 170–229 (Fig. 3.2). In contrast to the 
rhu94-178 (Glynn et al. 2020) or rhu23-144 (Li and Jaroniec 2021) fibrils, these 
protofilament cores feature a arch linked at the base by the natural disulfide bond 
formed between Cys179 and Cys214. This disulfide arch is related to disulfide 
arches suggested previously by multiple EPR and ssNMR studies of synthetic 
human and rodent PrP fibrils containing this C-terminal domain (Groveman et al. 
2014; Cobb et al. 2007, 2008; Tycko et al. 2010). A disulfide arch also dominates 
the PIRIBS core of fibrils of the familial human prion disease-linked E196K mutant 
of rhu23-231 PrP (Wang et al. 2021). However, this arch has a distinct conforma-
tion, showing that the disulfide arches can differ between fibrils formed from mutant 
versus wild-type human PrP sequences.

3.4 � Near-Atomic Cryo-EM Structures of Infectious 
Tissue-Derived Prions

As of this writing, three high-resolution cryo-EM structures of fully infectious, 
ex vivo prion fibrils have been reported, including those of the hamster 263K scra-
pie strain (Kraus et al. 2021a, b) and both wildtype (wt) and GPI-anchorless (a) 
forms of the mouse RML scrapie strain (Hoyt et al. 2021; Manka et al. 2021). Each 
of these bona fide protease-resistant PrPSc (PrPRes) preparations was shown to con-
tain approximately 109 50% lethal doses (LD50) per mg protein. The wildtype 263K 
and RML prions also have GPI-anchors and abundant N-linked glycans, whereas 
the aRML strain is deficient in these post-translational modifications (Chesebro 
et  al. 2005). As noted above, these ex  vivo prions have much larger proteinase 
K-resistant cores than those of the synthetic PrP fibrils described above. Indeed, this 
span of ~140 to 150 residues of the highly infectious prion fibrils is also larger than 
those of most, if not all, other neuropathologic protein amyloids.

That said, and consistent with what has been seen so far with synthetic PrP amy-
loids, the ex vivo prion fibril structures also have PIRIBS cores (Kraus et al. 2021a, 
b; Hoyt et al. 2021; Manka et al. 2021) (Fig. 3.3) with single monomers comprising 
the entire cross-sections of these fibrils. Occasionally, laterally aligned duplexes of 
fibrils can be seen (Hoyt et al. 2021; Manka et al. 2021), but not regularly enough to 
be resolved as discrete subpopulations by single-particle cryo-EM analysis. 
Importantly, the aRML and wtRML fibril cross-sections are strikingly similar (com-
pare refs (Hoyt et al. 2021; Manka et al. 2021)), but each is distinct from the 263K 
cross-section in overall shape as well as conformational detail (Fig. 3.3b–d).

Among the key features of the 263K (Kraus et al. 2021a, b) and RML (Hoyt et al. 
2021; Manka et al. 2021) prions are 3 arches. These include two types of arch motifs 
that are seen, albeit with conformational variation, in synthetic fibrils, that is, those 
spanning ~113 to 131 and ~170 to 229 (Fig. 3.3d). As we expected from our initial 
modeling of a PIRIBS architecture for infectious prions (Groveman et al. 2014), the 
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much larger cores of ex vivo prions have both of these arches at once, whereas the 
synthetic fibrils have only one or the other. We now refer to the more N-terminal of 
these arches as the “N arch.” As with the synthetic fibrils, we refer to the C-terminal 
arch as the “disulfide arch” (Fig. 3.3d). An additional feature of 263K and RML 
prions is another arch, namely the middle arch, that occurs between the N- and 
disulfide arches. The middle arch shares its N-terminal flank with the N arch. 
Another shared feature of the 263K and RML prions is a steric zipper between the 
extreme N-terminal residues of the core against the head of the middle arch.

Although the 263K and RML prion structures share these key structural motifs, 
their conformational details are substantially different between these strains (Kraus 
et al. 2021a, b; Hoyt et al. 2021; Manka et al. 2021). Notably, the N arches of 263K 
and RML fibrils have strikingly different heads or tips despite having identical gly-
cine- and hydrophobic amino acid sequences spanning residues 113–138 (hamster 
numbering). Possibly, the conformational options of these head regions are influ-
enced by the sequence differences that are immediately N- and C-terminal to the 
shared stretch of residues in the loop. The C-terminal half of the prion fibril cores of 
these strains also have marked conformational differences. For example, whereas in 
263K the disulfide arch is nearly aligned with the N arch, these β-arches in the RML 
strains are almost perpendicular to one another, giving the cross-section a V-shape 
(Fig. 3.3c, d). The extreme C-terminal residues, where the GPI anchors are attached 
in the wild-type structures, project in opposite directions. In 263K, residues 219–227 
flank the disulfide arch, whereas in the RML structures, the analogous residues 
flank residues 166–171. The otherwise similar aRML and wtRML structures differ 
in the C-terminal residues that could be assigned in the resolved map, with the 
ordered cores of aRML and wtRML extending to residues 230 and 225, respec-
tively. This may be due to presence of structurally heterogeneous GPI anchors on 
the latter, which may compromise the resolution of the adjacent residues. Similarly, 
the resolved amyloid core for 263K prions (95–227) did not include the extreme 
C-terminal residues linked most closely to the glycolipid.

With respect to the mechanism by which these prions grow, the cross-sectional 
differences between the 263K and the RML prion fibrils clearly give them distinct 
templates on the fibril tips where the incorporation of new monomers occurs (Kraus 
et al. 2021a, b; Hoyt et al. 2021; Manka et al. 2021). Presumably contributing to 
these distinct templates is the difference in sequence between the hamster and 
mouse PrP sequences at 8 positions within the fibril core (e.g., see Figure S8 of 
(Kraus et al. 2021b)). The purely conformational, as opposed to sequence, determi-
nants of prion strain should be clarified by analyses of strains isolated from hosts of 
the same genotype.
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3.5 � PrPC to PrPSc Conversion

Given the respective structures of PrPC and PrPSc that are now known, it is clear that 
complete refolding of the secondary and tertiary structures of PrPC is required 
(Fig. 3.4) (Kraus et al. 2021a, b). The steps involved, and the involvement of mono-
meric or oligomeric intermediates, remain unclear. Among the major conforma-
tional changes that must occur are dissociation of the PrPC’s β1-Helix 1-β2 loop 
from Helices 2 and 3 (Kraus et al. 2021a, b; Hoyt et al. 2021; Manka et al. 2021), a 
process that has been predicted and described previously as a “banana-peeling 
model” (Adrover et al. 2010). The α-helices also must be rearranged into extended 
chains, and the small intramolecular β1-β2 sheet dissociated. Contributing to the 
complexity of the conversion process is the polarity of the 263K and RML fibrils 
with opposite ends that are not equivalent (Kraus et al. 2021a, b; Hoyt et al. 2021). 
Notably, deviations from planarity of each monomer within the prion fibril stack 
mean that, for example, the hydrophobic heads of the N β-arches protrude at one 
end and recede at the other. This might affect the initial points of contact of the PrPSc 
template with incoming PrP molecules, and consequently, the sequence of events 

Fig. 3.4  Hypothetical depictions of the membrane-bound hamster PrPC monomer (residues 
95–231) and corresponding residues in each monomer of the 263K prion multimer. Polypeptides 
(aqua blue) are shown with N-linked glycans (yellow) and GPI anchors (blue) imbedded in a phos-
pholipid membrane. The PrPC and 263K structures were drawn using PDB coordinates referenced 
in (James et al. 1997; Kraus et al. 2021b), respectively. In the PrPC structure, the serpentine line at 
the N-terminus represents residues 95–124 that are disordered in the NMR-based PrPC structure. 
The GPI and N-linked glycan illustrations show single representative structures that, in actuality, 
are heterogeneous (Rudd et al. 1999; Stahl et al. 1992). Adapted with permission from (Kraus et al. 
2021b). Graphics by Austin Athman

3  PrP Prion Structures



54

and kinetics of growth at each end. Given the in-register polypeptide alignment 
within the PrPSc end product, it seems likely that certain residues of an incoming 
monomer initiate contact with the analogous residues on the PrPSc template. Then 
adjacent residues might “zip” onto the polypeptide track of the template, forming 
periodic intermolecular β-sheets and loops along the way. Whatever the actual con-
version mechanism, it will also likely be influenced crucially by interactions with 
anionic cofactors. Such cofactors have been shown to be important in conversion 
(Wong et  al. 2001) and the assembly of infectious prions in vitro (Shaked et  al. 
2001; Deleault et  al. 2003, 2005, 2007, 2010, 2012a, b; Supattapone 2020; 
Geoghegan et al. 2007; Wang et al. 2010; Miller et al. 2013) and are likely to elec-
trostatically compensate for the stacking of positively charged and mutually repul-
sive, residues along the axis of the fibril (Kraus et al. 2021b; Groveman et al. 2014, 
2015). Interactions with membranes can also affect conversion reactions (Baron 
et al. 2002, 2006; Baron and Caughey 2003; Rouvinski et al. 2014; Wegmann et al. 
2008). In the membrane-bound context of wild-type forms of PrPC and PrPSc, their 
relative topologies and modes of contact should be constrained by C-terminal teth-
ering of each to the same phospholipid bilayer (Fig. 3.4).

3.6 � Impacts of Glycans and GPI Anchors

Multiple studies have documented profound effects of GPI anchors and N-linked 
glycans, or lack thereof, on prion disease pathogenesis [e.g. (Chesebro et al. 2005, 
2010; Sevillano et al. 2020; Bett et al. 2013; Cancellotti et al. 2010; Klingeborn 
et  al. 2011; Wiseman et  al. 2015; Race et  al. 2018; Makarava et  al. 2020)]. For 
example, in hosts expressing PrP without the GPI anchor signal sequence, PrPSc 
accumulates in the large extracellular amyloid plaques. Such hosts include geneti-
cally engineered transgenic mice (Chesebro et  al. 2005, 2010; Klingeborn et  al. 
2011; Raymond et al. 2012; Rangel et al. 2013) or humans expressing anchorless 
PrP mutants such as Y145X 163X, Y226X, Q227X, and G131V (Ghetti et al. 2018). 
Genetic manipulations of the N-linked glycosylation of the host’s PrP molecules 
can also markedly affect prion disease phenotypes [e.g., (Sevillano et  al. 2020; 
Cancellotti et  al. 2010; Wiseman et  al. 2015)]. However, these post-translational 
modifications do not seem to substantially alter the core structures of at least 3 
murine prions (RML, ME7, and 22L) strains, as probed by infrared spectroscopy 
(Baron et al. 2011). This conclusion is confirmed in much greater detail by the new 
cryo-EM structures of the wtRML and aRML fibril cores, which, as noted above, 
are quite similar (Hoyt et al. 2021; Manka et al. 2021). Also, fundamental RML 
strain phenotypes including incubation period and neuropathological lesion profile 
are maintained through passages from wildtype mice into anchorless PrP mice and 
back again (Chesebro et al. 2010), although more subtle long-term effects on inhibi-
tor sensitivity have been reported (Mahal et al. 2012). Still, the overall similarity of 
the aRML and wtRML core structures, together with their divergence from the 
263K structure, are consistent with polypeptide core structures “encoding” the 
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fundamental self-replicative properties of strains as postulated previously (Bessen 
et al. 1995; Bessen and Marsh 1994; Telling et al. 1996). Nonetheless, the pheno-
types of those strains can be affected profoundly by the GPI anchors and glycans 
available in a given type of host or tissue (e.g. (Chesebro et al. 2005, 2010; Sevillano 
et al. 2020; Bett et al. 2013; Cancellotti et al. 2010; Klingeborn et al. 2011; Wiseman 
et al. 2015; Race et al. 2018; Makarava et al. 2020)).

Such phenotypic effects are likely due to different interactions of wildtype and 
anchorless prion fibrils with their tissue environments, as mediated by the glycans 
and GPI anchors on their surfaces (Fig. 3.4). With prion fibrils tethered to the mem-
brane, glycans and bound membranes would blanket the C-terminal half of the fibril 
cores and restrict the access of other macromolecules to the polypeptide. Presumably, 
this would slow, or even preclude, easy access of proteostatic or innate immune 
macromolecules that might be involved in prion clearance or fragmentation. Access 
to PrPSc might be particularly limited within distorted membrane invaginations that 
are pathognomonic lesions of prion disease (Rouvinski et al. 2014; Wegmann et al. 
2008; Caughey et al. 2009; Jeffrey et al. 2011, 2017; Jeffrey 2013). Among the more 
intriguing of those lesions are spiral twisted membrane inclusions (Jeffrey 2013; 
Jeffrey et al. 2017). As these spiral structures can be immunogold-stained for PrPd, 
it is tempting to speculate that PrPSc fibrils lie at their cores, with the spiraling GPI 
anchors of the fibril(s) pulling and distorting cocoon-like membranes that wrap 
them. Membrane attachments might also enhance prion replication by promoting 
fragmentation due to stresses imposed by membrane dynamics. Fragmentation is 
thought to be key in prion replication in vivo (Meisl et al. 2021). Also, cell-to-cell 
spreading might be facilitated via prion binding to membranous particles such as 
exosomes and tunneling nanotubes (Caughey et  al. 2009; Gousset et  al. 2009; 
Vassileff et al. 2020). Such mechanisms, as well as toxic effects of GPI-mediated 
membrane distortions, might help to account for more the rapid disease progression 
that has been observed in wild-type hosts (Chesebro et al. 2005, 2010; Klingeborn 
et al. 2011). Ultimately, however, like wild-type prions, anchorless prions can be 
highly infectious and lethal for the host (Chesebro et al. 2010).

3.7 � Structure-Based Modeling of Transmission Barriers

When prions are transmitted between hosts of different PRNP genotypes, profound 
inefficiencies, that is, transmission barriers, can be observed [e.g., (Prusiner et al. 
1990)]. For an infection to take hold, the incoming PrPSc must be able to convert and 
recruit the heterologous PrPC of the new host. Although there is considerable 
sequence homology between the PrP sequences of different mammalian hosts, mis-
matches of as little as a single residue can inhibit such heterologous conversions 
(e.g., (Prusiner et al. 1990; Scott et al. 1993; Goldmann et al. 1994; Kocisko et al. 
1995; Priola et al. 1994; Priola and Chesebro 1995; Bossers et al. 1997; Raymond 
et al. 1997, 2000; Asante et al. 2015)). Modeling based on the new high-resolution 
263K prion structures, together with knowledge of key mismatches controlling the 
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hamster 263K-to-mouse transmission barrier (Scott et al. 1993; Priola et al. 2001), 
has suggested a plausible molecular mechanism for this barrier (Kraus et al. 2021b). 
Specifically, the sequence mismatch at residue 155 (hamster numbering), which is 
N in hamsters and Y in mice, had been shown to be particularly influential (Scott 
et al. 1993; Priola et al. 2001). In the 263K structure, the sidechain of N155 is in a 
tightly packed area, and in silico modeling suggests that attempts to incorporate a 
bulkier Y sidechain at this position would cause steric clashes and require adjust-
ments in hydrogen bonding and the polypeptide backbone to form a hybrid prion 
structure (Kraus et  al. 2021b). We suspect that these effects slow the kinetics of 
conversion and/or the stability of the product to an extent that greatly reduces the 
efficiency of infection. In contrast, several other sequence mismatches between the 
hamster and mouse PrP sequences are much less inhibitory, presumably due to the 
positions of those residues on the outside of the fibril core or in less tightly packed 
interior positions. Given the multitude of prion strains/conformations and the vari-
ety of PrP sequence mismatches that influence their transmission efficiencies, we 
assume that the mechanisms of transmission barriers will be diverse.

3.8 � Conclusions

The availability of high-resolution 3D structures of fully infectious prions is now 
helping us understand how prions replicate with conformational fidelity, how they 
interact with their tissue environments to cause disease, and how sequence mis-
matches between hosts can result in transmission barriers. So far, only three such 
structures are available, and much more work will be needed to characterize the 
entire spectrum of PrP-based prion structures. Such work will provide important 
structural foundations for the rational design and discovery of drugs or vaccines that 
can block propagation, promote clearance, and/or detoxify prions in infected 
individuals.
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