fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo’

www.cshperspectives.org

Toward the Atomic Structure of PrP>¢

Jose A. Rodriguez,’ Lin Jiang,> and David S. Eisenberg?

'Department of Chemistry and Biochemistry, UCLA-DOE Institute for Genomics and Proteomics,

University of California, Los Angeles, California 90095

?Department of Neurology, Molecular Biology Institute (MBI), and Brain Research Institute (BRI),
David Geffen School of Medicine, University of California, Los Angeles, California 90095

*Department of Biological Chemistry, UCLA-DOE Institute for Genomics and Proteomics, Howard Hughes
Medical Institute, University of California, Los Angeles, California 90095

Correspondence: david@mbi.ucla.edu

In this review, we detail our current knowledge of PrP*¢ structure on the basis of structural and
computational studies. We discuss the progress toward an atomic resolution description of
PrP* and results from the broader field of amyloid studies that may further inform our
knowledge of this structure. Moreover, we summarize work that investigates the role of
PrP*¢ structure in its toxicity, transmissibility, and species specificity. We look forward to
an atomic model of PrP*¢, which is expected to bring diagnostics and/or therapeutics to the

field of prion disease.

NATIVE STRUCTURE OF THE MAMMALIAN
PRION PROTEIN

Structure of PrP¢

efore considering the structure of the infec-

tious (scrapie) form of the prion protein
(PrP%), it is instructive to review the studies
that inform us of the structure of the benign,
natively folded cellular form (PrP°). For consis-
tency, we quote residue numbers based on the
human PrP sequence. In humans, the PRNP
gene encodes a 231-residue protein after remov-
al of its 22-residue signal peptide (Bamborough
et al. 1996). A description of the PrP sequence
beginning near its N terminus includes five
conserved octapeptide repeats (residues 51—
90) followed by a glycine-alanine-rich (GA-
rich) segment (residues 113—127); a short B-
strand (residues 128—132) that leads to a first
a-helix (residues 144—156) and a second short

strand (residues 160—164); a turn (residues
165—173) that leads to a second a-helix (resi-
dues 174—193); and a final helix (residues 199—
229) that is linked to the membrane by a glyco-
sylphosphatidylinositol (GPI) anchor (Fig. 1).
Together these create the native fold of PrP<, a
protein with a flexible N-terminal tail and a GPI
anchoratits C terminus. This structure provides
an important reference point to the initiation of
PrP° aggregation during conversion to its path-
ogenic form. A number of nuclear magnetic
resonance (NMR) and crystallographic experi-
ments illuminated the structure of PrP© and
provided us with several atomic models from a
variety of species and sequence variants.

The structure of PrP€ is central to the pro-
tein-only hypothesis of prions. It is this struc-
ture that first unfolds and later refolds into an
infectious and toxic form. Using high-resolu-
tion protein NMR, Riek, Wiithrich, and co-
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workers were the first to obtain a model of the
solution structure of the globular portion of
PrPC. Their model is a recombinant form of
the mouse protein containing residues 121-
231 (Fig. 1) (Riek et al. 1996) and shows three
a-helices and two -strands—a compact glob-
ular fold that includes many residues, which
when mutated, play a role in prion disease.
The high sequence similarity between mouse
and other mammalian prion proteins suggested
they might have similar overall folds. Several
other solution structures of the recombinant
globular domains of PrP from mouse and Syr-
ian hamster soon followed (Donne et al. 1997;
James et al. 1997; Riek et al. 1997). Some of the
models that followed also included the GA-rich
segment of the protein and its flexible N-termi-
nal tail, although these flexible regions appeared
largely unstructured (Donne et al. 1997; Riek
etal. 1997). It would be four years from the first
solution NMR structure of mouse PrP® until a
model for human PrP® would be obtained
(Zahn et al. 2000). The human model, recom-
binantly expressed and also determined by
NMR, conserved the previously reported fold
for mouse and hamster, but differed in the back-
bone flexibility of a few regions, including the
terminal portions of the protein and several of
its turns (Zahn et al. 2000). A wide variety of
other NMR models have now been determined
for PrPC, including a model of elk Prp® (Gos-
sert et al. 2005). Models of the elk PrP* struc-
ture are distinct compared with models from
other species because the region linking the sec-
ond -sheet and a-helix of the globular domain
in the elk protein is well ordered (Gossert et al.
2005). Collectively, these models present a con-
served fold for the highly homologous struc-
tures of PrP“, with some differences in the flex-
ibility of certain regions.

High-resolution atomic structures of PrP®
have also been obtained by crystallographic
studies. The first of these studies determined
the structure of recombinant human PrP® as a
domain-swapped dimer (Knaus et al. 2001).
This structure is the first and only atomic reso-
lution structure of a putative PrP oligomer,
formed by the exchange and interlocking of
the third a-helix between the globular domains

Toward the Atomic Structure of PrP>¢

of two PrP® molecules. The disulfide bond in
this structure is intermolecular, rather than in-
tramolecular, as in monomeric PrP€, but each
functional unit within the dimer retains its
overall monomeric fold (Liu and FEisenberg
2002). A comparison between the NMR model
of human PrP® and the domain-swapped mod-
el shows a small root-mean-square deviation in
the swapped helix, indicating that the overall
structure for this swapped segment is similar
to that previously reported, despite the different
topology (Knaus et al. 2001). A crystal structure
of the globular domain of sheep PrP® also
shows a similar overall structure to its corre-
sponding NMR model and offers a near atomic
view of native side-chain packing in PrP, par-
ticularly of its B2—a2 loop (Haire et al. 2004).
An atomic structure of the native fold of the
human PrP“ monomer would later emerge
bound by a therapeutic antibody (Antonyuk
et al. 2009). Although the packing of this struc-
ture within the crystal lattice differed from that
observed in the sheep PrP® structure, possibly
because of the presence of the bound antibody,
no pronounced differences in the backbone
structure were visible between monomers (An-
tonyuk et al. 2009). This set of NMR and crystal
atomic structures provides a template from
which new models, both computational and
structural, can be established to better under-
stand prion conversion.

The Role of PrP€ Structure and Sequence
in Conversion to PrP°°

The conversion of PrP from its native (PrP®) to
its scrapie (PrP%°) or infectious state remains the
subject of active investigation. The structural
differences between these two states serve as
constraints on the conversion process. For ex-
ample, PrP in its scrapie form is (-sheet-rich
(Pan et al. 1993), contains a protease-resistant
core (Meyer et al. 1986), assembles into higher-
order aggregates, including fibrils (Merz et al.
1983; Meyer et al. 1986), and contains epitopes
that differ from those recognized by antibodies
against PrPC (Korth et al. 1997). The Fourier-
transform infrared spectra of PrP® correlate well
with its known structure, which is largely a-
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helical. In contrast, the spectra of PrP%¢ and its
proteolyzed ~30-kDa fragment (residues 90—
231 of the PrP sequence) show a predominantly
B-sheet character (Pan et al. 1993). This sug-
gests that PrP*° fibrils are B-sheet-rich amyloid
rods (Prusiner et al. 1983), a finding corrobo-
rated by cross-B diffraction obtained from in-
fectious prion aggregates (Nguyen et al. 1995;
Inouye and Kirschner 1997). Although the
atomic resolution structure of PrP* remains
unknown, these biochemical properties place
specific demands on such a structure. They sug-
gest that PrP> is a well-ordered fibrillar amyloid
formed primarily of tightly packed B-sheets.

The conversion from PrP® to PrP> can be
influenced by several factors including over-
abundance of PrP® and genetic mutation.
High expression of wild-type PrP® alone can,
in principle, drive disease by promoting aggre-
gation of PrP€ and, ultimately, its conversion to
PrP>¢. However, prion disease caused by PrP
overexpression does not always correlate with
accumulation of PrP (Westaway et al. 1994;
Hegde et al. 1998). Prion disease caused by fa-
milial mutants of PrP varies based on the nature
of the mutation. Mutations in PrP can affect
both disease phenotype and its degree of se-
verity (Mead 2006). The mutations that elicit
prion disease are scattered across a large region
of the protein and predominantly occur in its
globular domain (residues 20-231) (Mead
2006). Explanations for why mutations lead to
disease include the possibility that an interac-
tion between a prion and an unknown protein is
affected by mutation (Kaneko et al. 1997), that
mutations influence the structural stability of
the prion protein (Riek et al. 1998; Swietnicki
et al. 1998), or that mutations directly stabilize
the structure of PrP* (Surewicz and Apostol
2011). However, not all variants of PrP® lead
to disease. For example, heterozygosity of the
M129V polymorphism is protective against pri-
on disease (Palmer et al. 1991).

In addition to genetic mutation, differences
between species can also influence disease pro-
gression by affecting the conversion of PrP to
Prp5¢ (Telling et al. 1994). Differences in the PrP
sequence of only one or a few amino acids be-
tween species can prevent or diminish transmis-

sion of prion disease (Carlson et al. 1989; Ko-
cisko et al. 1995; Moore et al. 2005). A
comparison of PrP sequences from multiple
species shows a highly conserved sequence,
with few residue differences scattered through-
out the protein (Fig. 1). Of special interest are
those that occur near or in the B2—a2 loop,
residues 165—176 in human PrP (Kurt et al.
2014a,b). Specific residues within this loop
can significantly affect the level of PrP° trans-
mission from sheep, cow, deer, and elk prions to
mouse PrP€ (Kurt et al. 2014a,b). The structural
properties of this region also differ between spe-
cies, potentially driving its role in transmissibil-
ity (Gossert et al. 2005). Further study of the
structure—function relationships between PrP
variants and their corresponding phenotypes
could elucidate the mechanism behind PrP*
transmission.

STRUCTURAL REQUIREMENTS FOR PrP*¢
FUNCTION

PrP>¢ Infectivity and Species Specificity

Three molecular events that influence the con-
version of PrP® into PrP* include unfolding of
PrP®, nucleation of PrP*° aggregates, and
growth of PrP* fibrils. We can learn how each
of these events might affect PrP*° by investigat-
ing other amyloid proteins, including yeast pri-
ons (Eisenberg and Jucker 2012).

Infectivity and species specificity are tied to
the growth of amyloid fibrils. This growth is
governed by the processes of primary nucle-
ation, elongation of existing fibrils, and second-
ary nucleation (Ferrone et al. 1985; Collins et al.
2004; Cohen et al. 2013). To distinguish among
these processes, we can consider the conversion
of unfolded monomer into amyloid fibril.
Whereas for primary nucleation the growth of
fibrils depends only on the concentration of free
monomer (Collins et al. 2004; Knowles et al.
2009), secondary nucleation depends on the
concentration of both free monomer and fibrils
(Ferrone et al. 1985; Knowles et al. 2009).

The addition of monomers onto a growing
fibril requires stacking of a B-strand from a par-
tially folded monomer onto the fibril. The
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strand becomes a new rung in the fibril and
hydrogen-bonds with the rung ~4.8 A below
it (Eisenberg and Jucker 2012). This periodic
spacing of B-strands along the fibril is one of
the structural hallmarks of amyloid. A second
hallmark is the spacing between [-sheets in a
fibril, which is typically ~10 A and is deter-
mined by the molecular specificity between
the strands in the sheet (Eisenberg and Jucker
2012). In the case of steric zippers, a high shape
complementarity creates tight interfaces be-
tween the strands in a fibril, which creates a
typically dry interface (Fig. 2). This type of in-
teraction is highly specific and could be a strong
determinant of species or strain specificity.

A fibril can also experience breaking or ep-
itaxial growth. If a fibril breaks, a molecule can
be added to the newly exposed ends. Because
fibrils are brittle (Tanaka et al. 2006), the for-
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mation of new ends could happen often and
significantly grow the number of new fibrils as
well as the overall fibril mass. Alternatively, a
newly added molecule can adhere to a static
part of the fibril (e.g., along its side). This mol-
ecule can template an entirely new fibril that
grows alongside the first. This type of growth
requires different molecular specificity. When
a molecule adheres to the side of the fibril, it
must do so in a way that complements the sur-
face of that fibril. The inherent periodicity in the
fibril could facilitate these interactions, offering
an array of charges or hydrophobic patches for
molecules to nucleate.

PrP>° Toxicity

Before discussing the structures that might give
rise to PrP° toxicity, it is beneficial to review the
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Figure 2. Steric zipper hypothesis of amyloid fibril structure. Amyloid proteins often contain two or more
amyloidogenic segments (steric zippers). The homo or hetero association of zipper segments results in five types
of B-sheet architecture, giving rise to a large variety of possible assemblies of amyloid molecules. (A,B) The
homotypicassociation between identical zipper segments in parallel (A) and antiparallel (B) arrangement. (C,D)
The hetero association between different zipper segments in parallel (C) and antiparallel (D) arrangement. (E)
“Hetero” interaction is built from the parallel stacking of different segments in the right-hand B-helix or solenoid.
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potential toxic elements present in PrP>® and
their mechanisms of action. It is clear that prion
disease cannot propagate without the presence
of PrP (Sailer et al. 1994; Mallucci et al. 2003),
but which of the two principal structural com-
ponents of PrP*—fibrils or oligomers—are re-
sponsible for its toxic action? Studies with some
amyloid proteins favor the hypothesis that tox-
icity originates primarily from fibrils, other ex-
periments favor oligomers, and yet others sug-
gest that both elements play a role (Hill and
Collinge 2003; Silveira et al. 2005; Novitskaya
et al. 2006; Simoneau et al. 2007).

Recent studies suggest that infectivity and
toxicity may be distinct processes in prion
transmission. Although infectivity correlates
with overall fibril load, toxicity appears to be
induced by the presence of PrP* fibrils but
not in proportion to their abundance (Sand-
bergetal. 2011). One interpretation of this phe-
nomenon is that different PrP° functions could
be assigned to different structural states within
the same pathway, as in oligomers versus fibrils;
to different structural polymorphs, as in differ-
ent types of fibrils; or to the requirement for
another agent, as in a prps° receptor. Because
high titers of PrP>° do not always induce toxic-
ity, PrP** fibrils alone may be necessary but not
sufficient for disease progression (Hill and Col-
linge 2003). These findings support the notion
that the bulk of PrP*° fibrils present in an in-
fected brain are not themselves the toxic species,
but that their presence and structure are cata-
lysts for the formation of toxic species. These
toxic species are perhaps transient or less abun-
dant polymorphs (either oligomers or fibrils).

STRUCTURAL MODELS OF PrP*¢ AMYLOID

What structures can we envision for amyloid
fibrils of PrP>? Although PrP* could exhibit
an entirely unknown fold, it is more likely that
it resembles known amyloid structures. Several
amyloid structures have been determined, both
by crystallographic means and NMR, including
structures made up of short segments and full
proteins. These structures can serve as reference
examples in the discussion of potential struc-
tures formed by PrP®¢, In the following sections,

we review possible structural models of PrP*
based on crystallographic structures of PrP seg-
ments, X-ray and electron diffraction of Prps°
fibrils, and imaging of PrP°° aggregates.

Steric Zipper Hypothesis of Amyloid

The steric zipper hypothesis of amyloid explains
the structural properties of amyloid fibrils.
These properties include B-sheet character,
templated fibrillar growth, and thermodynamic
stability. The zipper hypothesis also explains an
important biophysical property of amyloid fi-
brils: cross-3 diffraction (Nelson and Eisenberg
2006), which is of the type first observed by
William Astbury in 1935 (Astbury et al. 1935).
When an amyloid fibril or aligned fibril bundle
is illuminated by an X-ray beam, it produces a
characteristic diffraction pattern with a strong
reflection at 4.8 A positioned on the axis parallel
to the fibril axis and another reflection at 6-11 A
positioned on the axis perpendicular to the fibril
axis (Eisenberg and Jucker 2012). These two re-
flections can be explained by a zipper model in
which an amyloid fibril is composed of closely
packed, complementary 3-sheets, where ami-
no-acid side chains of two (3-strands interdigi-
tate like the teeth of a zipper. An extended net-
work of hydrogen bonds holds the amyloid fibril
together. Some of these hydrogen bonds dictate
the spacing between adjacent fibril strands, pro-
ducing the 4.8-A reflection. The interdigitation
of side chains between opposing sheets deter-
mines their complementarity, which in turn dic-
tates their closeness. This closeness is reflected in
the 6- to 11-A reflection of the cross-B pattern.
Together, these structural properties confer the
fibril’s stability and can confer specificity in that
fibril for particular amyloid segments.

The first atomic structure of steric zipper
was determined from crystals of a seven-residue
peptide segment, GNNQQNY, from the yeast
prion protein Sup35 (Nelson et al. 2005). The
structure of this zipper reveals parallel in-regis-
ter B-strands and represents the cross-@3 spine of
the Sup35 amyloid fibril. Based on this struc-
ture, the propensity for a given segment to form
a steric zipper can be predicted (Goldschmidt
et al. 2010). Moreover, using the X-ray crystal-
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lographic methods that helped determine this
structure from micron-sized crystals, other
atomic structures of amyloid-forming segments
have been obtained (Sawaya et al. 2007). These
segments, which belong to a small number of
amyloidogenic proteins, all reveal a common
steric zipper motif. However, despite sharing a
common motif, the zipper structures are not
identical; they exhibit polymorphisms (Wiltzius
et al. 2009). The classification of zipper struc-
tures is based on the symmetry that governs the
packing of B-strands in the fibril spine (Stroud
2013).

The longest zipper segment whose atomic
structure has been determined is the 11-residue
peptide expected to form the toxic core of a-
synuclein fibrils, the cause of Parkinson’s
disease. This structure was solved by electron
diffraction from crystals only hundreds of
nanometers thick (Rodriguez et al. 2015). Be-
cause the structures of longer zipper segments
are less likely to produce large well-ordered
crystals, the diffraction-based atomic structure
of an entire amyloid fibril remains elusive.
However, a collection of high-resolution struc-
tures from amyloid-forming segments can be
used to piece together the core of an amyloid
fibril (Nelson and Eisenberg 2006; Rodriguez
et al. 2015). This may require knowledge of
both homo zippers (segments that are comple-
mentary to their own sequence) and hetero zip-
pers (those that complement a different se-
quence). Successful models of the amyloid
fibril core may provide a foundation for struc-
ture-based design of drugs that target the fibril
(Sievers et al. 2011; Jiang et al. 2013).

Evidence Supporting a Steric Zipper Model
of PrP>

Based on our knowledge of zipper formation by
peptide segments, the propensity for any given
segment of a prion protein to form a steric zipper
can be estimated using the database ZipperDB
(http://services.mbi.ucla.edu/zipperdb/) (Fig.
3) (Goldschmidt et al. 2010). This database pro-
vides a guide to putative high-propensity seg-
ments within the PrP sequence that might drive
its assembly into fibrils through the formation of

Toward the Atomic Structure of PrP>¢

steric zippers. Although a single fragment from a
loop, helix, or sheet within a large globular pro-
tein may not be informative of its overall topol-
ogy, the influence of zipper segments on the core
of amyloid fibrils is great. Zippers exist in a fibril
as stacks of identical segments. Therefore, even a
single zipper segment could comprise the entire
core of a fibril. Atomic structures of peptide seg-
ments from mammalian prions have already
revealed a number of steric zippers. These struc-
tures have been obtained from segments span-
ning several regions within the prion protein;
their sequences are derived from several species.
These regions include the GA-rich segment of
the protein, residues in and around both the
loop that links B1 and a1 and the loop between
B2 and a2. Here, we group these structures by
region and discuss their implication on the form
and function of PrP®,

We focus on PrP residues 78—226, which
make up the protease-resistant core of PrP°,
abbreviated PrP 27-30 (Oesch et al. 1985). The
27-30 notation represents the molecular weight
of the core fragment after digestion with pro-
teinase K. At the N-terminal region of PrP 27-30
is the GA-rich stretch of PrP, a flexible segment
populated by small hydrophobic residues. Two
atomic resolution structures of zipper-forming
segments have been determined from this re-
gion (Table 1) (M Apostol, HT McFarlane, DS
Eisenberg, et al., unpubl.). The structures were
obtained from peptides spanning residues 113—
124 of human PrP, the first spanning residues
113-118, and the second spanning 119-124
(Fig. 3). Although these two structures show
different packing arrangements for the B-
strands that make up their fibril spines, both
structures show tightly packed B-sheets that
come together to form a hydrophobic interface.
Other hydrophobic stretches in amyloidogenic
proteins also show zippers with tightly packed
hydrophobic interfaces, including the toxic core
of prion-like amyloid from a-synuclein, al-
though that zipper structure contains coordi-
nated water molecules at its core (Rodriguez
et al. 2015).

Structural studies suggest that heterozygos-
ity at residue 129, in the first B-strand of the
globular domain, confers protection from pri-
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Table 1. Atomic structures of PrP steric zippers

Toward the Atomic Structure of PrP>¢

Residues Sequence Zipper class® Mutation Species PDB ID Reference

113-118 AGAAAA 7 Human M Apostol, HT McFarlane, DS
Eisenberg, et al., unpubl.

119-124 GAVVGG 4 Human M Apostol, HT McFarlane, DS
Eisenberg, et al., unpubl.

126-131 GGYMLG 7 Human 4tut Yu et al. 2015

127-132 GYMLGS 8 Human 3nhc Apostol et al. 2010

126—-131 GGYVLG 8 MI129V  Human 4uby Yu et al. 2015

127-132 GYVLGS 8 M129V  Human 3nhd Apostol et al. 2010

138-143 MMHFGN 6 Hamster 3nve Apostol et al. 2011

138—-143 IIHFGS 1 Human 3nvf Apostol et al. 2011

138—143 MIHFGN 1 Mouse  3nvg Apostol et al. 2011

170-175 NNQNTF 1 Elk 3fva Wiltzius et al. 2009

170-175 SNQNNF 2 Human 2019 Sawaya et al. 2007

All numbers correspond to the human sequence.
PDB, Protein Data Bank.
*Zipper classes are defined in Sawaya et al. 2007.

on disease. Residue 129 is a natural genetic
variant with polymorphism M129V that re-
sides within the first B-strand of PrP€. To in-
vestigate this genetic polymorphism, atomic
resolution structures were obtained from six
residue peptides, encoding residues 127-132
of human PrP, and containing the polymor-
phic residue at their core (Table 1) (Apostol
et al. 2010). Although the zipper structures of
these segments reveal extended 3-strands, with
a similar space group and unit cell dimensions,
differences between their respective interfaces
suggest ways in which genetic polymorphisms
could affect disease susceptibility. A look down
the spine of the fibril formed by each of these
structures reveals differences in the orienta-
tion of their B-sheet pairs, where sheets of
GYMLGS are parallel to each other, and sheets
of GYVLGS are skewed (Apostol et al. 2010).
This difference in packing is supported by dif-
ferences in the relative buried surface area (135
A for GYMLGS and 119 A” for GYVLGS) but
not the surface complementarity score (0.74
for GYMLGS and 0.75 for GYVLGS) of each
structure (Apostol et al. 2010). Because of
these differences, when one sequence is mod-
eled into the structure determined for the other,
steric clashes appear. This observation has been
confirmed by structures of segments from
human PrP spanning residues 126-131,

GGYMLG and GGYVLG (Yu et al. 2015). The
segment containing the valine residue forms
slanted sheets that do not overlay onto the struc-
ture containing the methionine residue. This
means that a mixture of segments with different
sequences may not form a steric zipper like those
formed by homogeneous assemblies of either
segment. In this case, structural polymorphism
could explain why heterozygosity for this genetic
polymorphism appears protective in humans.
A similar logic offers an explanation of the
species barrier, the relative propensity of PrP%
from one species to infect another species. A
comparison of the atomic structures of corre-
sponding segments from human, mouse, and
hamster PrP, spanning residues 138—144, shows
nearly identical structures for human and
mouse segments, but a different structure for
Syrian hamster (Apostol et al. 2011). Structures
of the human and mouse segments show zip-
pers whose strands run parallel to each other
when looking down the fibril axis. In this ge-
ometry, the residues in each strand that face the
fibril core are the same. In contrast, the sheets in
the structure from the hamster segment show
adjacent B-strands running antiparallel to each
other when looking down the fibril axis. This
geometry has different residues facing the fibril
core from each of the two sheets that make up
the fibril. In categorizing these structures, we
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would consider the mouse and human struc-
tures to be commensurate and therefore belong
to the same strain, whereas the hamster struc-
ture belongs to a different strain (Apostol et al.
2011). The differences in this collection of
structures illustrate a possible explanation for
how structure may dictate strain specificity
and place barriers for transmission of PrP* be-
tween species. That is, transmission may require
formation of a hetero zipper between PrP of the
donor and the recipient.

Structural polymorphism in another region
of PrP is also thought to contribute to the spe-
cies barrier and differences between strains of
PrP®¢, Structural differences have been observed
for the loop between 32 and a2 in NMR models
of PrP€ (Gossert et al. 2005). These differences
are expected to influence the susceptibility of
certain species to prion disease (Kurt et al.
2014a). Two atomic resolution structures of zip-
per-forming segments from this region have
been determined from analogous elk and hu-
man sequences (Table 1). Comparing the struc-
tures from this region, we can discern polymor-
phic differences that highlight the potential
incompatibilities between the zipper poly-
morphs from different species. The structure
of the segment spanning residues 170—175 of
human PrP is composed of parallel strands run-
ning down each sheet in the zipper but different
residues facing the fibril core from each of the
two sheets that make up the fibril (Sawaya et al.
2007). The corresponding segment in elk PrP,
residues 173—178, shows high sequence homol-
ogy with the human segment but is structurally
polymorphic. The elk zipper structure also re-
veals parallel strands in each sheet, but in this
case, the same residues in each of the sheets face
the fibril core (Wiltzius et al. 2009). Both of
these structures have the residues xNxNxF at
the fibril core, yet their interfaces differ, likely
because residues that face away from the core
can influence packing of those buried within
the core (Apostol et al. 2011). A greater breadth
of structures from various species within this
region of PrP could help further classify spe-
cies-specific polymorphisms and to provide a
basis for deciphering their contribution to Prp*
transmissibility between species.

In Table 1 and Figure 3, we summarize 11
atomic resolution structures of steric zippers
from PrP. These structures inform us of the
structural differences that, when present within
zipper-forming segments, could explain the be-
havior of PrP%. These differences, sometimes
induced by changes to a single residue, can
have profound structural and phenotypic ef-
fects, including species specificity and protec-
tion against disease.

B-Solenoid Model of Yeast Prions

Although the functions of fungal and mamma-
lian prions differ, fungal prions are also a pro-
teinaceous infectious particle. This similarity
presents an opportunity to glean from struc-
tural features of microbial prions the features
that facilitate structural conversion. A number
of fungal prion proteins have been identified
and investigated, including Sup35 and HET-s
(Alberti et al. 2009), and a structural model of
the HET-s fibril core has been determined
(Wasmer et al. 2008). However, sequences of
microbial prions are not homologous to mam-
malian prions (Alberti et al. 2009), and we thus
face limits in extending their structures to PrP®,

Despite these limits, two structures of yeast
prion could serve as templates for determining
the structure of PrP°. The first is a zipper
structure like those reviewed in the preceding
section, and the second is a model of the fibril
core of the HET-s prion, which shows a 3-sol-
enoid with a triangular geometry and a hydro-
phobic core (Wasmer et al. 2008). HET-s is a
yeast prion involved in heterokaryon incom-
patibility, a condition under which yeast fu-
sions are lethal between strains expressing two
different alleles (HET-s and HET-S) only when
HET-s exists as a prion (Saupe and Daskalov
2012). (For more on the function of HET-s, see
Riek and Saupe 2016.) The model of a HET-s
fibril was obtained by solid-state NMR, reveal-
ing a rigid core of roughly 70 residues (218-
289) that forms a left-handed B-solenoid of
parallel strands stacked into three sheets, one
of short strands and two of longer strands (Fig.
4). In the model, interchain interactions are
limited to the flat surfaces above and below

10 Cite this article as Cold Spring Harb Perspect Biol 2017;9:a031336
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Toward the Atomic Structure of PrP5¢
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Figure 4. Proposed models for PrP>, (A) A triangular B-helix model of PrP> was based on a transmission
electron microscopy (TEM) image. (Courtesy of Govaerts et al. 2004; reprinted, with permission, from the
National Academy of Sciences, U.S.A. © 2001.) (B) An atomic structure for a PrP oligomer was determined
from pairs of naturally disulfide-linked segments with PrP sequences. (Courtesy of Apostol et al. 2013;
reprinted, with permission, from the American Chemical Society © 2013.) (C,D) In-register fibril models
have been obtained from different experiments. (C) An in-register stacking model was proposed based on
electron paramagnetic resonance (EPR) of human PrP fibrils converted in vitro. (Courtesy of Cobb et al. 2007;
reprinted, with permission, from the National Academy of Sciences, U.S.A. © 2007.) (D) Another parallel in-
register (3-sheet architecture using solid-state NMR spectroscopy of recombinant PrP amyloid fibrils that were
seeded with PrP*. (Courtesy of Groveman et al. 2014; adapted, with permission, © 2014, by the American
Society for Biochemistry and Molecular Biology.) (E,F) Zipper structures of segments in or near the f2—a2
loop highlight its importance in conversion and transmission. (E) Microcrystal structures of human (cyan,
top) and cervid (yellow, lower) B2—a2 loop segments belong to different classes of steric zippers, supporting
the idea that side-chain mismatches may account for species barriers in prion disease. (Courtesy of Apostol
et al. 2011; adapted, with permission, © 2011 American Chemical Society.) (F) Zipper model of the f2—a2
loop highlights tight, complementary side-chain interactions that are required for efficient prion conversion.
(Courtesy of Kurt et al. 2014b; adapted, with permission, © 2014, by the American Society for Biochemistry
and Molecular Biology.)

each chain (Fig. 4). This model resembles other ~ 2002). Importantly, in the case of p22, only

left-handed B-helices, including those in anti-
freeze proteins and some lyases, although the
latter do not always show a triangular topology
(Yoder and Jurnak 1995). The HET-s model has
similarities to the cell-puncturing phage protein
gp27, which has a triple-stranded -helix that
forms an equilateral triangle (Kanamaru et al.
2002), and the p22 tailspike protein, which is
hypothesized to exist as a protease- and deter-
gent-resistant triple B-helix (Kreisberg et al.

the triple B-helix is resistant to protease and
detergent, but not monomers, dimers, or tri-
mers. This highlights the importance of inter-
molecular contacts to the B-helix fold.

Evidence Supporting the 3-Solenoid/Helix
Model of PrP>

Heterogeneity in PrP°° structure makes its crys-
tallization a challenge and has limited the struc-
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tural information available from which to build
models of its fibril core. However, using imaging
or diffraction methods to examine PrP* fibrils
has inspired models that include a 3-helix or a
B-solenoid fold (Wille et al. 2002, 2009; Go-
vaerts et al. 2004).

The first B-helical model of PrP* was pro-
posed on the basis of electron diffraction ex-
periments from negatively stained two-dimen-
sional crystals of N-terminally truncated PrP>
(PrP 27-30) and a mini-prion construct
(PrP*106) (Wille et al. 2002). PrP*106 differs
from PrP 27-30 in that it lacks residues 23—88
and 141-176; it contains only 106 residues.
Both of these preparations support the propa-
gation of prions and therefore encode the
structural information required for infection
by PrP*. Because crystals of these preparations
were found to be isomorphous at a resolution
of near 7 A, a projection difference map re-
vealed a 36-residue internal deletion within
the mini-prion (Wille et al. 2002). Together
with the expected location of sugars and the
native sequence of a PrP monomer, models
were created that satisfied the projected density.
A parallel B-helix model was identified as the
most likely model for PrP*. In this model, the
PrP*¢ subunits are assembled into a trimer by
using the sidewall of the B-helix as an interface,
and the trimers are stacked into fibrils by form-
ing an inter-subunit B-helix. The model does
not explain what accounts for robust aggrega-
tion beyond the trimer level.

Further refinement of the initial B-helix
model was achieved by computational thread-
ing of the PrP sequence onto known B-helix
folds. The computational experiment indicat-
ed PrP may exist as a parallel left-handed B-
helix (Govaerts et al. 2004). The refined model
distinguished between two potential parallel
B-helix models that both appeared to fit the
crystallographic data. The two models in
question were a trimer or hexamer of either
right-handed or left-handed B-helices. A PrP*
model was proposed with (-sheets forming
a parallel left-handed helix. In addition, be-
cause left-handed B-helices have been shown
to form trimers, a trimeric model was as-
sumed.

Further experimental evidence in support of
a B-helix model for PrP* was obtained through
X-ray fiber diffraction experiments (Wille et al.
2009). These experiments showed that diffrac-
tion of X-rays by recombinantly expressed PrP
fibrils was different from that obtained with
brain-derived PrP°‘. The recombinant fibrils
matched patterns expected for steric zippers, in-
cluding a strong meridional reflection at 4.8 A
and an equatorial reflection at 10.5 A—classic
cross-B diffraction (Wille et al. 2009). Because
brain-derived PrP>° fibrils produced a different
diffraction pattern, synthetic diffraction data
were generated from a trimeric 3-helix model
and fit against the measured pattern. For
comparison, synthetic patterns from steric zip-
per models based on the structure of the
GNNQQNY peptide were also evaluated. These
modeling experiments suggest that brain-de-
rived PrP*° does not exist as a simple steric zip-
per, such as GNNQQNY, and does not exhibit
cross- diffraction. Instead, the collective exper-
iments in support of the B-helix model of PrP>
indicate that infectious fibrils of PrP have a com-
plex structure. The experiments do not ensure
that the structure is a left-handed B-helix, but
neither do they disprove this model. Ultimately,
a near atomic resolution model of PrP*° fibrils
may be required to reveal the true topology of its
amyloid core.

Evidence Supporting Oligomer and Other
Models of PrP>°

The bulk of studies searching for the high-res-
olution structure of PrP* have focused on fi-
brillar forms, as outlined above. The search for
other species of PrP° includes investigations of
the structure of prion oligomers. Oligomers of
PrP> are expected to be both toxic and infec-
tious (Silveira et al. 2005; Simoneau et al. 2007),
with some studies suggesting that infectivity
peaks with particles 17—27 nm in size (300—
600 kDaj; about 10 to 20 copies of PrP 27-30)
(Silveira et al. 2005). The structure of an oligo-
meric species would illuminate the nature of
polymorphs and strains.

With an approach similar to that applied to
determining atomic resolution structures from

12 Cite this article as Cold Spring Harb Perspect Biol 2017;9:a031336
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steric-zipper-forming segments, a proposed
atomic structure for a PrP oligomer was ob-
tained (Apostol et al. 2013). The approach relies
on selecting minimal fragments that may repre-
sent the core of such an oligomer and applying
crystallographic tools to determine its atomic
structure. Similar approaches have been suc-
cessful in solving the atomic structure of B-
sheet-rich oligomers of other amyloid-forming
proteins, such as a-B crystallin. The atomic
structure of an oligomer from «-B crystallin
revealed a cylindrical barrel, composed of six
antiparallel B-strands of identical sequence,
and was termed a cylindrin (Laganowsky et al.
2012). In contrast, the PrP oligomer structure
was determined from pairs of disulfide-linked
segments with different sequences, belonging to
the regions of a2 and a3 that form a natural
disulfide bridge within the globular domain of
PrP€. The atomic structure of these linked seg-
ments shows a hexameric oligomer of antipar-
allel B-sheets where a pair of disulfide-linked
chains makes one face of a triangular prism
(Apostol et al. 2013). This structural motif is
different from other structures determined
from amyloid-forming segments and could rep-
resent the core of a PrP oligomer. However, giv-
en the uniqueness of the structure, it is difficult
to predict whether this structure is on pathway
to the expected structures for PrP* fibrils. If the
oligomers discovered are not on pathway, what
do their structures tell us about infectivity and
toxicity?

Some models of PrP toxicity include the
flexible N-terminal tail of PrP (residues 23—
123) (Sonati et al. 2013). Antibody-based tar-
geting of PrP has been shown to elicit toxic-
ity to primary brain cultures. Biochemical
studies coupled with the structure of an anti-
body fragment bound to PrP reveal a poten-
tial interaction between the N-terminal tail of
PrP and the native globular domain of PrP®
(Sonati et al. 2013). The N-terminal tail con-
sists primarily of four to five 8-amino-acid-
long repeats that are unusually glycine-rich.
The structure of an antibody fragment bound
to one of the octapeptide repeats has been
obtained (Swayampakula et al. 2013) and re-
veals that binding of the antibody fragment to

Toward the Atomic Structure of PrP>¢

this octapeptide-repeat segment forces it to
adopt an extended conformation, which is dif-
ferent from the expected B-turn topology for
this sequence. This is important for the design
of ligands that target these repeats in efforts
to reduce the toxicity that results from the
N-terminal region of PrP (Swayampakula
et al. 2013). Active investigation continues
into the roles of the N-terminal tail of PrP
and other ligands and their structural influ-
ence on PrP*c,

STRUCTURAL POLYMORPHISM IN PrP>¢

Structural polymorphs can affect all aspects of
PrP%¢ function, and we can think of PrP>¢ strains
themselves as structural polymorphs. In this
sense, polymorph compatibility likely defines
infectivity and transmissibility. In addition,
only certain polymorphs may be toxic. Struc-
tural polymorphisms can be subtle, with a sin-
gle residue taking on a different conformation,
but even these polymorphisms can lead to sub-
stantial phenotypic differences. A single heter-
ologous residue at a pivotal position could
block prion infection. Several studies have
aimed to map the key amino acid positions
and substitutions that govern cross-species pri-
on conversion. Residue substitutions at partic-
ular positions have been identified that restrict
transmission of PrP5¢, including residues in the
B2—a2 loop region of PrP. A series of in vitro
prion conversion experiments have investigated
amino acid substitution within the f2—a2 loop
in Prp¢. Collectively, these studies have shown
that the amyloid-forming propensity of key seg-
ments of PrP¢ can dictate prion conversion,
more so than simple sequence differences
(Kurt et al. 2014a,b). Because a catalog of struc-
tural polymorphs may be necessary to fully un-
derstand how form takes function in PrP, this
task remains elusive for now. Instead, a link be-
tween changes to the primary sequence and
their structural outcomes may help clarify the
roles of particular segments in the context of
various polymorphs.

How do certain residue positions or short
PrP segments control polymorph compatibili-
ty and therefore prion conversion? Microcrys-
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tal structures of steric zipper segments from
amyloid-like fibrils may offer clues (Sawaya
et al. 2007). The steric zipper hypothesis of
amyloid structure provides a theoretical foun-
dation for prion conversion and transmissibil-
ity. Transmission of a PrP*° zipper requires a
donor zipper, and a recipient PrP loop seg-
ments to form a tight zipper interface. Because
side-chain mismatches lead to steric clashes
and cavities in the zipper model, these would
prevent conversion and thereby account for
species barriers in prion disease (Apostol
et al. 2010, 2011). Consistent with this hypoth-
esis, microcrystal structures of human and cer-
vid B2—a2 loop segments belong to different
classes of steric zippers with variation in the
arrangement of B-strands and (-sheets (Sa-
waya et al. 2007; Apostol et al. 2011). More-
over, computational analyses suggest that hu-
man and elk loop segments do not form
complementary steric zippers.

SUMMARY OF STRUCTURAL MODELS
OF Prp>°

Several distinct structural models of PrP>® have
been proposed. We summarize them here, not-
ing key features that may contribute to PrP>
structure (Fig. 4).

Short, Compact Fibrils with a Potential
B-Helix Fold

Prusiner and colleagues proposed an experi-
mentally based molecular model of PrP%
from electron microscopic (EM) images of a
two-dimensional crystal in 2004 (Wille et al.
2002; Govaerts et al. 2004). As described above,
their model shows PrP°¢ as a triangular B-helix
containing four turns and an intact C-terminal
a2—a3 helix bundle. Kunes and colleagues pro-
posed another model based on a ladder-shaped
three-dimensional EM image of a PrP** fibril. In
this model, the N-terminal (residues G89—
D143) and the C-terminal (residues Y154—
G227) regions of core PrP were independently
converted into B-helices. The B-helices were
stacked into rails, and the linker peptide be-
tween the B-helices formed the steps of the lad-

der (Kunes et al. 2008). Similarly, Langedijk and
colleagues proposed a (-helix model that as-
sumed conversion of the N-terminal region of
core PrP (residues P104—D143) into a -helix,
according to sequence comparisons and molec-
ular dynamics (MD) simulations (Langedijk
et al. 2006).

Parallel In-Register B-Sheets

Based on the three-dimensional reconstruction
of an EM image of a mouse PrP fibril converted
in vitro, Tattum and colleagues proposed a lad-
der-shaped fibril structure (Tattum et al. 2006).
Meanwhile, Cobb et al. (2007) measured elec-
tron paramagnetic resonance (EPR) of human
PrP fibrils converted in vitro and proposed an
in-register-stacking model based on the inter-
residue distances. A more recent study using
solid-state NMR spectroscopy (ssNMR) to an-
alyze the formation of recombinant PrP amy-
loid fibrils that were seeded with PrP*° proposed
that the C-terminal, cysteine-flanked core that
contains a-helices 2 and 3 also adopts a parallel
in-register (-sheet architecture (Groveman
et al. 2014). The investigators determined the
space between labeled isoleucine (Ile-1-13C),
phenylalanine (Phe-1-13C), and leucine (Leu-
1-13C) residues in recombinant PrP amyloid
and observed a distance of ~0.5 nm for four
Ile residues (182, 184, 203, and 205). Based on
this observation, the investigators concluded
that these residues refold from an o-helical
structure into a parallel in-register intermolec-
ular B-sheet. As we have reviewed, atomic struc-
tures of a number of PrP segments show steric
zippers with tight interfaces, the type of struc-
tures that would hold a fibril core of parallel 3-
sheets tightly clasped (Nelson and Eisenberg
2006; Sawaya et al. 2007; Wiltzius et al. 2009;
Apostol et al. 2010, 2011).

Involvement of the B2 Strand and the
2-a2 Loop

DeMarco and Daggett (2004) observed exten-
sion of a native 3-sheet consisting of 31 and 32
strands and recruitment of a nascent 3-strand to
the B-sheet in an MD simulation, and proposed
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a model in which subunits were assembled into
a spiral fibril by forming intersubunit (3-sheets.
Mutations and zipper structures of segments in
or near the B2-a2 loop also highlight its
importance in conversion and transmission
(Apostol et al. 2011; Kurt et al. 2014a,b).

CONCLUSION

The studies we summarize here offer a variety of
experimental and computational approaches to
understanding the structural nature of the in-
fective and toxic form of PrP or PrP*. Yet de-
spite much effort, the structure of PrP¢ remains
elusive. At present, it is not certain that the in-
fective and toxic structures are the same.

Although it remains elusive, the goal of de-
termining the structure of PrP* is of great bio-
logical importance. Knowing this structure will
surely suggest paths toward effective diagnostics
and therapeutics for prion disease. Moreover,
the structure of PrP* will likely tell us much
about the mechanism of the species barrier
and also illuminate the nature of conformation-
al prion strains, which has long been a mystery.
We hope our review will be helpful to those who
are working on this important goal.
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