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Abstract

The conformational conversion of the cellular prion protein (PrPC) to the misfolded and
aggregated isoform, termed scrapie prion protein (PrPSC), is key to the development of a group of
neurodegenerative diseases known as transmissible spongiform encephalopathies (TSEs).
Although the conversion mechanism is not fully understood, the role of gene polymorphisms in
varying susceptibilities to prion diseases is well established. In ovine, specific gene
polymorphisms in PrPC alter prion disease susceptibility: the Valine136-Glutamine171 variant
(Susceptible structure) displays high susceptibility to classical scrapie while the Alaninel36-
Argininel71 variant (Resistant structure) displays reduced susceptibility. The opposite trend has
been reported in atypical scrapie. Despite the differentiation between classical and atypical
scrapie, a complete understanding of the effect of polymorphisms on the structural dynamics of
PrPC is lacking. From our structural bioinformatics study, we propose that polymorphisms locally
modulate the network of residue interactions in the globular C-terminus of the ovine recombinant
prion protein while maintaining the overall fold. Although the two variants we examined exhibit a
densely connected group of residues that includes both B-sheets, the $2-a.2 loop and the N-
terminus of a-helix 2, only in the Resistant structure do most residues of a-helix 2 belong to this
group. We identify the structural role of Valinel36Alanine and Glutaminel71Arginine:
modulation of residue interaction networks that affect the connectivity between a-helix 2 and a-
helix 3. We propose blocking interactions of residue 171 as a potential target for the design of
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therapeutics to prevent efficient PrPC misfolding. We discuss our results in the context of initial
PrPC conversion and extrapolate to recently proposed PrPSC structures.

Keywords

cellular prion protein; prion protein gene polymorphisms; molecular dynamics simulations;
residue interaction network

Introduction

Prions are agents responsible for transmissible spongiform encephalopathies (TSE)
(Prusiner, Scott, DeArmond, & Cohen, 1998), fatal neurodegenerative diseases in mammals.
The most common form of prion disorders in humans is sporadic Creutzfeldt-Jakob disease
(sCJD), which is reported to affect at least one person per million per year (Klug et al.,
2013). The zoonotic nature of BSE in cattle (Bruce et al., 1997), and the zoonotic potential
of CWD in cervids (Marsh, Kincaid, Bessen, & Bartz, 2005), and scrapie in ovine (Cassard
et al., 2014), pose a public health risk. Prions, composed primarily of the misfolded and -
sheet rich aggregated prion protein, PrPSC, propagate information in the absence of specific
nucleic acids (Burke et al., 2019). The conformational conversion of the host encoded
version of the prion protein, PrPC, into the pathological isoform, PrPSC, is fundamental to
prion formation (Deleault, Harris, Rees, & Supattapone, 2007). The mechanism of prion
protein conformational conversion and propagation has been suggested to occur in other
amyloidosis, such as Alzheimer’s and Parkinson’s diseases (Soto, 2012;Goedert, 2015).
However, a complete molecular picture of the prion protein biological function, and of the
mechanism of conversion, propagation and induced neurodegeneration remains elusive,
despite the contributions of many (Sigurdson, Bartz, & Glatzel, 2019).

The cellular prion protein, PrPC, is an extracellular glycoprotein anchored via a
glycosylphosphatidylinositol, GPI, molecule to the outer leaflet of the plasma membrane.
The N-terminus of PrPC is highly unstructured and the C-terminus is globular with a well-
defined secondary structure pattern: two short p-sheets and three a-helices. Previous works
highlight the p—sheet 1 — a—helix 1 — p—sheet 2 fragment as key in nucleation and
propagation of p—strand structures and in oligomer formation or polymerization process
(Rezaei et al., 2005; Gao, Zhu, Zhang, Zhang, & Mei, 2018; Ji, Zhang, & Shen, 2005;
DeMarco & Daggett, 2007; Blinov, Berjanskii, Wishart, & Stepanova, 2009). A second
scenario proposes the unfolding of a—helix 2 and a—helix 3 as a key event in PrPC initial
misfolding and oligomerization (Chakroun et al., 2013; Dima & Thirumalai, 2002; Tycko,
Savtchenko, Ostapchenko, Makarava, & Baskakov, 2010; Adrover et al., 2010). A third
scenario identifies the f2—a.2 loop as key for structural transitions that may lead to
misfolding (Gossert, Bonjour, Lysek, Fiorito, & Wuthrich, 2005; Sigurdson et al., 2009;
Meli, Gasset, & Colombo, 2011; Gorfe & Caflisch, 2007).

The development of therapies to either cure, delay or prevent prion diseases is an active field
of research. The lack of atomic-level structural information on PrPC conversion and PrPSc
structure makes native PrPC an amenable target to identify druggable pathways (Rigoli,
Spagnolli, Faccioli, Requena, & Biasini, 2019). The ovine prion protein PrPC is a model
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system to identify how polymorphisms modulate PrPC structural dynamics that leads to
pathological conversion. The two reported forms of the disease, classical and atypical/Nor98
scrapie, show contrasting features (CFSPH, 2016): /) the number of detected strains causing
classical scrapie is much greater than in atypical/Nor98, /i) classical is transmitted between
hosts much more readily than atypical/Nor98, which is believed to be sporadic, and 7//) the
genotype of the host is distinctively linked to scrapie susceptibility. In classical scrapie, the
Val136-Arg154-Glul71 (VRQ, termed “Susceptible” in this article) variant confers high
scrapie susceptibility while the Alal36-Arg154-Argl71 (ARR, termed “Resistant’ in this
article) variant induces reduced susceptibility (Belt et al., 1995; Bossers, Schreuder,
Muileman, Belt, & Smits, 1996; Ulvund, Bratberg, Osland, & Tranulis, 1999). In atypical/
Nor98 scrapie, the susceptibility trend looks reversed: the ARR genotype is common while
hosts with the VRQ genotype display reduced susceptibility. Although evidence suggests
that tgHu mice intracerebrally inoculated with some classical scrapie isolates develop sCJD
like phenotype (Cassard et al., 2014), no evidence has been reported of natural transmission
of scrapie to humans (EFSA-BIOHAZ, 2015).

Studies suggest that the polymorphism at residue 136 (Ala in Resistant, Val in Susceptible)
has a significant effect on disease susceptibility while the polymorphism at residue 171 (Arg
in Resistant, Glu in Susceptible) modulates the incubation period (Goldmann, Hunter,
Smith, Foster, & Hope, 1994). /n vitro experiments differentiate the Susceptible and
Resistant structure: First, the Susceptible structure shows higher thermal stability than the
Resistant form. Second, although both variants form amyloids at acidic and physiological
pH, the activation energy was greater in the Res/stant form than in the Susceptible. Also, the
B—sheet population of unfolding intermediates was found to be distinct in both
structures(Rezaei et al., 2002). Third, the Susceptible form displays high conformational
plasticity (Van der Rest, Rezaei, & Halgand, 2017). Taken together, the evidence lends
support to the model of domains in PrPC, each with a distinct role in conversion and
propagation (Goldmann et al., 1994), and the coexistence of multiple ovine PrPC to PrpSc
conversion pathways.

Despite the evidence linking polymorphisms in PrPC to scrapie, an understanding of the
effect of the polymorphisms on the structural dynamics of the C-terminus of PrPC is far from
complete. The structural role of Val136Ala and GIn171Arg polymorphisms show competing
effects: Valine (in the Susceptible structure) is more hydrophobic and has one more side
chain dihedral angle that allows for a greater number of side chain orientations than alanine
(in the Resistant structure). Glutamine (in the Susceptible structure) forms hydrogen bonds,
while the electrostatics of arginine (in the Resistant structure) allows for hydrogen and ionic
bonding. Additionally, the amphipathic arginine displays a longer hydrophobic side chain
and one more dihedral angle than glutamine, which permits a greater number of side chain
orientations.

X-ray crystallography studies (Eghiaian et al., 2004) indicate that the three-dimensional
conformation of the Susceptible and Resistant structure display a similar overall fold. From
this and molecular dynamics simulations studies (Bujdoso, Burke, & Thackray, 2005;
Fitzmaurice et al., 2008), it has been proposed that the Susceptible structure is characterized
with a greater number of hydrogen bonds on the protein surface, restricted conformations of
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the Asn162 and Arg139 side chains, decreased flexibility of the p2—a.2 loop due to the
Argl67-GIn171 hydrogen bond, increased length of B—sheet 1 and B—sheet 2, allele
dependent local flexibility pattern in the a2-a.3 loop, and reduced overall conformational
flexibility with respect to the Resistant structure. However, the extent of the inter-dependent
effects of Val136Ala and GIn171Arg on the structural dynamics of PrP€ remains unknown,
as well as how these effects could be interpreted to identify molecular targets for
therapeutics.

Our study aims at providing an atomic level picture of the effect of Val136Ala and
GIn171Arg on the network of protein residue interactions in ovine PrPC. Our analysis
identifies the structural role of Val136Ala and GIn171Arg: modulation of the residue
interaction network that affects the connectivity between a-helix 2 and a-helix 3. From this,
we theorize on initial misfolding pathways of PrPC. We propose blocking interactions of
residue 171 as a potential target for the design of therapeutics to prevent efficient PrPC
misfolding.

Materials and methods

Each simulation system consisted of the cellular prion protein monomer (PrPC) solvated in
aqueous solution. Two monomer ovine PrPC structures were simulated: /) The Val136-
Arg154-GIn171 structure (“Susceptible”, pdb id: 1TQB) that confers high classical scrapie
susceptibility and /i) the Alal36-Arg154-Arg171 structure (“Resistant”, pdb id: 1TQC) that
induces resistance (Eghiaian et al., 2004). The structures deposited in the protein data bank
correspond to variants of the ovine recombinant PrP (114 — 234) in complex with the
VRQ14 Fab fragment. In our simulations, we used only the ovine recombinant PrP for
which the Cartesian coordinates of the heavy atoms were deposited (residues 127 — 228).
The glycan groups attached to residues Asn184 and Asn200 were not included in our model,
as correlation between N-glycosylation and degree of susceptibility to scrapie diseases has
not been found so far (Uslupehlivan, Deveci, & Un, 2018). The AMBER ILDN (Lindorff-
Larsen et al., 2010) force field was used for the protein, and the system was solvated using
the TIP3P water model (Jorgensen, Chandrasekhar, Madura, Impey, & Klein, 1983). The
protonation state of the residues was assigned to mimic a pH of 7. Counter ions were added
to each system to represent a physiological ionic concentration (0.1 M). Eight independent
200-ns long simulations were monitored per structure and the last 100 ns of all trajectories
were used for analysis. The aggregated simulation time per structure was 1.6 ps.

Each system was energy minimized, position restrained and equilibrated in the NVT
ensemble in a stepwise manner at 2 fs, 3 fs, 4 fs, and 5 fs. Data acquisition simulations in the
NPT ensemble were performed using a leapfrog integrator with a 5 fs time step. Group lists
were generated using a 1.0 nm neighbor list cutoff. Electrostatic interactions were calculated
using the smooth particle mesh Ewald method (Essmann et al., 1995) with a short-range
cutoff of 1.0 nm, grid spacing of 0.12 nm, and fourth order interpolation. van der Waals
interactions were modeled with a cutoff that was smoothly shifted to zero between 1.0 and
1.2 nm. Bonds were constrained using the LINCS algorithm (Hess, Bekker, Berendsen, &
Fraaije, 1997). The temperature of the equilibration and data acquisition simulations was
maintained at 310 K using the velocity rescale thermostat (Bussi, Donadio, & Parrinello,
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2007) with a time constant of 0.1 ps. In the data acquisition simulations, the pressure was
maintained at 1 bar using the Parinello-Rahman barostat (Parrinello & Rahman, 1980) with a
time constant of 4 ps and a compressibility of 4.5 x 10> bar~L. All molecular dynamics
simulations were performed and analyzed using Gromacs 4.x.(Hess, Kutzner, Spoel, &
Lindahl, 2008). Secondary structure was assigned according to the DSSP algorithm (Kabsch
& Sander, 1983).

Dynamic correlation network analysis was implemented using Bio3D (Skjaerven, Yao,
Scarabelli, & Grant, 2014). Similar to published work (Sethi, Eargle, Black, & Luthey-
Schulten, 2009; Leontiadou, Galdadas, Athanasiou, & Cournia, 2018; Li, Yao, & Grant,
2018), the method builds a weighted graph in which each node corresponds to a protein
residue. Edges connecting a pair of nodes are defined to exist if the residues have a contact
(distance between any heavy atom of the residue) within a cutoff of 0.45 nm for at least 75%
of the aggregated trajectory. The weight of each edge corresponds to -/og({c;ji), with ¢;ithe
Pearson’s inner product cross-correlation value calculated from the aggregated trajectory of
each structure. The Girvan-Newman method (Girvan & Newman, 2002) was used to
partition the network into communities: residues belonging to the same community are
highly interconnected while connections between communities are loose.

Linear mixed model regressions used the Ime4 library (Bates, Méchler, Bolker, & Walker,
2015) as implemented in the R software.(R-Core-Team, 2013)

Polymorphisms preserve the overall shape of the ovine PrPC protein

Figure 1 shows the x-ray crystallography structure of the globular C-terminus ovine PrPC
protein corresponding to the Susceptible form. The Susceptible and Resistant structures
show two short B—sheets, three a—helices and connecting unstructured loops (Eghiaian et al.,
2004). The polymorphisms occur at two residue positions:

i residue 136 (located in the B1-a.1 loop) with valine in the Susceptible structure
and the less hydrophobic alanine in the Resistant structure

ii. residue 171 (located in the B2—a.2 loop) with the polar glutamine in the
Susceptible structure and the basic arginine in the resistant structure.

The sixteen molecular dynamics trajectories monitored reached equilibrium as indicated by
a Ca-position RMSD with respect to the initial structure of each trajectory less than 0.4 nm
in the last 100 ns of each trajectory (see Sl Figure 1). Standard structural descriptors indicate
no strong effect on the overall shape of the folded ovine PrPC structure of Susceptible and
Resistant due to polymorphisms. Figure 2A) shows that most conformations of the
Susceptible (horizontal axis) and Resistant (vertical axis) structures are similar, within a Ca
RMSD of 0.5 nm.

Figure 2B) shows that the distribution of Ca radius of gyration follows a similar trend in the
Susceptible and Resistant structure. The Resistant and Susceptible structures sample a
similar range of radius of gyration (see Figure 2B). Upon a mixed model regression analysis,
we cannot conclude that the distributions of the radius of gyration are distinct, and our
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analysis therefore does not provide evidence of differential compactness. The trend of buried
and exposed residues is the same in the Susceptible and Resistant structure (see SI Figure 2),
except at the polymorphisms (Val136Ala and GIn171Arg), as expected. Sl Figure 3 indicates
that B-sheets and a-helices are preserved along the trajectories in the Susceptible and the
Resistant structure.

However, the only difference in secondary structure is detected in the p2-a.2 loop. The two-
dimensional histogram of backbone dihedral angles of GIn171Arg shows one well-defined
peak in the Susceptible structure (see Figure 3A)) while in the Resistant structure there are
two peaks (see Figure 3B): one highly populated peak at the same location as the peak in
Susceptible and one less populated peak. The profile of the distribution correlates with the
secondary structure plot (see SI Figure 3): the p2-a.2 loop in the Susceptible structure visits
a 31¢-helix conformation with a greater relative population (89%) than in the Resistant
structure (64%). Therefore, the peak in the backbone dihedral distribution corresponds to a
population in B—turn shape. The distribution of backbone dihedral angles of Pro168,
GInl71Arg, Tyrl72, and Serl73 correlates with the greater percentage of 31g-helix
conformation in Susceptible than in Resistant (data not shown).

Polymorphisms exhibit distinct local density of inter-residue connectivity

The dynamic cross-correlation matrix (Figure 4A) and B)) shows localized differences
emerging in the Resistant structure, even though the overall profile is similar to the
Susceptible. The matrix of the Resistant structure appears to be more modular in the sense of
the existence of a greater number of “small spots” with strong correlation or anticorrelation.

Changes involving B1-al loop: In the Resistant structure, the pattern of cross
correlations changes the most, (|Cijresistant — Cijsusceptiblel > 0.6), at B1-a.1 loop (mainly
residues Ser135,Val136Ala, Met137, Ser138, and Arg139): weaker correlations with the C-
terminus of a1-p2 loop (Asn162) and beginning of B-sheet 2 (GIn163), and stronger
anticorrelation with a-helix 2 (Val179), C-terminus of a2-a.3 loop (Phe201, Thr202), and a-
helix 3 (Val213, GIn214, GIn215, Met216, 11e218) as compared with the Susceptible
structure. The response of the Resistant structure to the cross-correlation pattern may explain
the gain in local conformational mobility seen in the B1-a1 loop, as shown in the root mean
square fluctuation plot (Figure 4C)).

Changes involving p2—a2 loop: The changes in the correlation profile of the 2-a2
loop (which includes polymorphism at position 171) are not as prominent as in the pl-al
loop, with [Cjjresistant — Cijsusceptiblel > 0.4 but less than 0.55. The main difference shows in
the change from anticorrelation (in the Susceptible structure) to correlation (in the Resistant
structure) between the residues Pro168, Val169, and Asp170 in the B2—a2 loop and a—helix
2 (11e185), and end of a—helix 3 (GIn226). The change from correlation (in the Susceptible
structure) to anticorrelation (in the Resistant structure) shows between residue Ser173 and
His143 (B1-al loop), and residues Asp170, Tyrl72, and Ser 173 (in p2—a.2 loop) and
116218, Thr219 and GIn222 (in a-helix 3).

The GIn171Arg polymorphism shows two main changes (|Cjjresistant — Cijsusceptiblel > 0.3 but
less than 0.4): from anticorrelation in the Susceptible structure to correlation in the Resistant
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structure with Arg139 (B1-al loop), and from correlation in the Susceptible structure to
anticorrelation in the Resistant structure with Arg 211, Val213, and GIn222 (a—helix 3).

To picture the cross-correlation patterns, we built and clustered the residue network using
the Newman-Girvan algorithm. A pattern of conserved and distinct inter-residue
connectivity in Susceptible and Resistant emerged (see Figure 5A) and B)). The partitioning
into communities indicates that the Susceptible and Resistant structure are distinct in their
inter-residue connectivity. The largest preserved community in Susceptible and Resistant
includes most residues in p1-al loop, a—helix1, N-terminus of a1-p2 loop, His 190
(located in a-helix 2), C-terminus of a2-a.3 loop, and the first half of a—helix3 (backbone
trace in yellow color in Figure 5A) and B)). Other preserved community corresponds to the
C-terminus of a—helix 2 and N-terminus of a.2-a3 loop (backbone trace in brown color in
Figure 5A) and B)). Three other preserved communities have two or one residue members
only (backbone trace in gray color in Figure 5A)) and B)).

The communities that include polymorphisms are distinct in the Susceptible and Resistant
structures. In the Susceptible structure, one large community includes p—sheet 1, N-terminus
of B1-al loop, C-terminus of a1-p2 loop, p-sheet 2, B2—a 2 loop, N-terminus a—helix 2,
and the second half of a—helix 3 (backbone trace in purple color in Figure 5A)). Valine136
and GIn171 belong to this community. In contrast, in the Resistant structure Alal36 belongs
to a community that includes the N-terminus of p1-al loop, C-terminus of a1-f2 loop, and
second half of a—helix 3 (backbone trace in purple color in Figure 5A)); and Argl171
belongs to a community that includes p—sheet 1, —sheet 2, p2—a.2 loop, and the first 2/3 of
a-helix 2 (backbone trace in green color in Figure 5B)). Another distinction shows in a
small community in the Susceptible structure that includes Tyr165 (located in f—sheet 2) and
residues 181 through 189 (located in a—helix 2; backbone trace in blue color in Figure 5A));
corresponding residues in the Resistant structure belong to a larger community (green color
in Figure 5B)).

In summary, two communities in the Resistant structure, one including Ala136 and the other
Argl71 (backbone trace in purple and green color in Figure 5B)) primarily correspond to
one large community in the Susceptible structure that includes both Val136 and GIn171
(backbone trace purple color in Figure 5A)). The two main features of the partition are /) the
connectivity between the p2—a.2 loop, which includes the GIn171Arg polymorphism, and
the loss of the C-terminus of a—helix 3 in the Resistant structure. Instead, the p2—a.2 loop of
the Resistant structure shows stronger connectivity with the N-terminus of a—helix 2, and 7/)
the connectivity between the B—sheets and a—helix 3 present in Susceptible is lost in the
Resistant structure as well, likely due to the loss of connectivity between Alal36 and
residues Asn162 and GIn163 in the Resistant structure.

Polymorphisms alter side chain packing of residues near or on p-sheet 2

To rationalize the effect of the polymorphisms on side chain connectivity, we examined how
residues Val136Ala and GIn171Arg interact with other residues.

In the Susceptible structure, Val136 interacts with Asn162 and GIn163. Residues 136, 162,
and 163 sample an equivalent range of backbone dihedral angles in the Susceptible and
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Resistant structure, indicating that the backbone conformation is not altered (data not
shown) The distribution of side chain dihedral angles in Susceptible and Resistant shows
differences in Asn162 (see Figure 6 A) and B)) but not in GIn163 (see Sl Figure 4A)). The
distinct population in dihedral angles within the same range of values suggests that the
packing of the side chain of Asn162 in Resistant differentiates from that of the Susceptible
structure. Figure 7 shows the distribution of distance between any pair of heavy atoms of
two side chains. The distribution of Val136-Asn162 peaks at 0.44 nm in Susceptible, while
the distribution of Alal36-Asn162 is broader, shows a shoulder at 0.38 nm and a peak at
0.46 nm (see Figure 7A)). The distribution of Met137 — Asn162 shows a non-negligible
interaction, albeit with a small population, in Resistant but not in Susceptible (Figure 7B)).
The distribution of Arg139 — Asn162 distance indicates that in the Resistant structure, the
population of this interaction is reduced compared to the Susceptible structure. The loss of
interaction corresponds to a hydrogen bond between the donor nitrogen atoms in Arg139
and the acceptor oxygen atom in Asn162, with 7% population in Resistant and 70%
population in Susceptible; other interactions are hydrophobic in nature (see Figure 7C)). The
distribution of Asn162-Met216 does not show changes in population for distances less than
0.5 nm (data not shown). Therefore, the changes in Asn162 side chain packing are due
primarily to changes in the relative populations of hydrophobic interactions with residues
Alal36 and Met137, and hydrogen bonding with Arg139.

The distribution of Val136-GIn163 peaks at 0.39 nm in Susceptible while the distribution
Alal36-GIn163 peaks at 0.4 with a second peak at 0.79 nm (see Figure 7D)). The
distribution of Leu133 — GIn163 distance is narrow and is similar between Susceptible and
Resistant (see Figure 7E)). This interaction could explain the preserved distribution of side
chain dihedral angles in GIn163.

In the Susceptible and Resistant structures, residue 171 interacts only with residues located
nearby in primary sequence. Among the residues that interact with residue 171, the
distribution of side chain dihedral angles is the most distinct in Arg167 (see Figure 6C)
through F)). The change may be explained by the re-organization of side chain interaction
pattern. In Susceptible, the profile of the distance distribution between Arg167 and GIn171
(see Figure 7F)) shows a well-defined peak at 0.28 nm, a minimum at 0.32 nm, and a
second, less populated peak at 0.36 nm. The first peak is populated by pairs of atoms that
form a hydrogen bond between Arg167 and GIn171. The second peak is populated by pairs
of atoms interacting via van der Waals between Cgs and C., in Arg167 and side chain oxygen
and nitrogen in GIn171. In the Resistant structure, however, the only peak in the Resistant
structure distribution overlaps with the second peak in Susceptible; the peak is populated by
Argl67-Argl71 van der Waals interactions. The electrostatic repulsion between the side
chain nitrogen atoms in Arg167 and Argl71 in Resistant contributes to the shift in
population.

Although the distribution of side chain dihedral angles of Asp170 is similar in the
Susceptible and Resistant structures (see S| Figure 4B)), the profile of the distance
distribution between Asp 170 and GIn171Arg is distinct. Figure 7G) shows a peak at 0.28
nm, which is much more populated in the Resistant than in the Susceptible structure. The
peak corresponds to a salt bridge between Arg171 and Asp170. Additionally, within a heavy
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atom to heavy atom distance of 0.4 nm, there is a distinct network of side chain van der
Waals interactions between the two residues. In the Resistant structure, Cg—Cg interactions
are favored, while in the Susceptible structure, C,, - Oxygen atoms interactions are favored.
Residue Asp170 also interacts with Pro168, but the distribution of side chain distance does
not change in the Susceptible structure when compared to the Resistant. The net effect of the
salt bridge together with van der Waals interactions between Asp170 and residuel71 may
explain why the distribution of side chain dihedral angles in Asp170 is preserved in the
Susceptible and Resistant structure.

Discussion

Our sixteen independent molecular dynamics simulations study maps the structural
dynamics of two ovine PrP¢ polymorphisms that show distinct susceptibility to prion
diseases: the Susceptible structure (VRQ) that displays high susceptibility to classical
scrapie, and the Resistant structure (ARR) that shows low susceptibility. The opposite trend
has been documented in atypical/Nor98 scrapie: The ARR structure is highly susceptible to
atypical while the VRQ structure shows low susceptibility. Standard structural descriptors
indicate that, within the time and length scale of our simulations, the conformations sampled
by the Susceptible and Resistant structure exhibit similar trends in overall backbone
geometry, compactness, and side chain solvent exposure. Our simulations do not provide
evidence in regards to the differential compactness of the hydrophobic core (Rezaei et al.,
2002) or side chain exposure to the solvent (Eghiaian et al., 2004), except at residues
Val136Ala and GIn171Arg, when comparing the Susceptible and Resistant structures. Our
simulations do not provide evidence on a specific structural role of residues Asn184 and
Asn200, in line with the absent effect of N-glycosylation on differential prion protein
conversion in scrapie (Uslupehlivan et al., 2018).

The B1-al loop shows higher local backbone mobility in the Resistant structure than in the
Susceptible due to two factors: First, alanine136, in the Resistant structure, alters the side
chain packing of Arg139 and Asn162, as identified by others (Bujdoso et al., 2005; Eghiaian
et al., 2004) weakening the connections between the loop and residues in the C-terminus of
the a1-2 loop. And second, the f1-a1 loop becomes more anticorrelated in the Resistant
structure with a—helix 3 and, to a lesser extent, with a—helix 2.

The B2—a.2 loop shows a differentiated pattern of side chain interactions resulting from the
residue 171 substitution: In the Resistant structure, the side chain of Arg171 salt bridges
with Asp170 while GIn171 favors hydrogen bonding with Arg167 in the Susceptible
structure, in agreement with others (Bujdoso et al., 2005; Eghiaian et al., 2004). To
accommodate such interactions, the loop backbone rearranges and results in a shift in the
310-helix population, from dominant (in the Susceptible structure) to moderate (in the
Resistant structure). Although in other mammalian PrPC the aromatic residue Tyr172
(residue 169 in mouse PrPC numbering) has been proposed to stabilize the 31¢-helix fold to
hinder conversion (Damberger, Christen, Pérez, Hornemann, & Wiithrich, 2011; Kurt, Jiang,
Bett, Eisenberg, & Sigurdson, 2014; Huang & Caflisch, 2015), the Argl67 — Tyrl72, Tyrl72
- Phel78 and Tyr172 — Asp181 interactions are similarly preserved in the Susceptible and
Resistant structures. In addition, our simulations do not provide evidence of distinct
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backbone local mobility in the loop, in contrast to previous reports (Bujdoso et al., 2005).
Therefore, our study indicates that interactions involving the residue at position 171 play a
role in modulating 31g-helix backbone preferences without a measurable effect on
conformational flexibility.

From our analysis, we propose that residues 136 and 171 have a subtle but well-defined
structural role: modulation of the residue connectivity of the p—sheets and p2—a2 loop with
the rest of the protein structure. The change in the density of residue connections in ovine
PrPC results in a distinct partitioning of the protein structure into groups of highly connected
residues. Both structures, Susceptible and Resistant, show a high density of connections
grouping p—sheet 1, p—sheet 2, f2—a.2 loop and the N-terminus of a—helix 2. In the
Susceptible structure, this group of residues connects with the N-terminus of B1-a.l1 loop,
Asn162 and a—helix 3. In contrast, this group connects with most residues of a—helix 2 in
the Resistant structure. Thus, our analysis does not lend support to the hypothesis that
Argl71 destabilizes the junction between p—sheet 2 and a-helix 2 (Rezaei et al., 2002);
instead, the interactions involving Arg171 result in a shift of the backbone population from
310-helix to B-turn in the Resistant structure. We interpret the re-arrangement of residue
connectivity due to Argl71 as favoring interactions between the $2-a.2 loop and a-helix 2
over interactions with a-helix 3.

Ovine polymorphisms display distinct structural dynamics and we speculate that PrP©
conversion in Susceptible and Resistant occurs through distinct pathways. In a scenario in
which either —sheet 1 or B2-a.2 loop is a spot that PrPSC recognizes to initiate misfolding,
we argue that PrPC - PrPS¢ communication will be transmitted through different paths in
each structure. In the Susceptible structure, the conformational perturbation templated by
PrPSC will be transmitted more effectively along the large community that connects a—helix
3 with the N-terminus of p1-al loop, the B-sheets, the f2—a2 loop, and the N-terminus of
a-helix 2 (see Figure 5A)). In the Resistant structure, on the other hand, because a-helix 2
and a-helix 3 are not highly interconnected (see Figure 5B)), PrPC conversion may follow a
distinct route, perhaps less efficient, that is favored by the uncoupling of the helices. In an
alternate scenario, if a-helix 1 is a hot spot of PrPC conversion, we would argue that initial
misfolding would occur through similar routes in Susceptible and Resistant because most
residues in p1-al loop, a-helix 1, and N-terminus of a1-p2 loop form a single community
in both structures. In this case, PrPSC structure differentiation would show at a later step,
perhaps in oligomer conformational re-arrangements as observed in experiments (Rezaei et
al., 2002). Considering that the Resistant structure shows long incubation period in classical
scrapie (Goldmann et al., 1994) and restricted PrPSC structural variability (Groschup M. H.,
Lacroux C., Buschmann A., Lihken G., Mathey J., Eiden M., Lugan S., Hoffmann C.,
Espinosa J.C., Baron T., Torres J. M., Erhardt G., 2007), we believe that Alal136 and Argl71
together constrain the conformational space that accommodates B-sheet rich aggregates.

In light of recently proposed PrPSC structures (Spagnolli et al., 2019), we speculate that
Val136 would point toward the core of Rung-2 and is more efficient than Alal36 to pack
with side chains in the adjacent rungs: Trp102 (Rung-1) and Asn174 (Rung-3). On the other
hand, GIn171 would point toward the core of the fibril on Rung-3 and would pack with
Leul33 (on Rung-2) and GIu203 (on Rung-4). In the case of the Resistant structure, Argl171
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may add local side chain re-arrangements due to the electrostatics with nearby residues
Argl167 (Rung-3) and Lys207 (Rung-4). A similar argument holds in a scenario of PIRIBS-
PrPSC structures (Groveman et al., 2014), in which the positive charge of Arg171 demands
re-organization of side chain interactions that may be less favorable than the stacking of
polar GIn171. Stacking of monomers into in-register parallel B-sheets is, therefore,
thermodynamically less favorable in the Resistant structure and could even result in yet
other PrPSC architectures. Our interpretation is consistent with the current understanding of a
mosaic of scrapie PrPSC structures (Groschup M. H., Lacroux C., Buschmann A., Liihken G.,
Mathey J., Eiden M., Lugan S., Hoffmann C., Espinosa J.C., Baron T., Torres J. M., Erhardt
G., 2007).

Our study identifies a hot spot for future studies of potential targets in drug design. Most
mammal PrPC sequences, regardless of the degree of prion disease susceptibility, show an
alanine residue at residue position 136 (in human PrPC numbering: residue position 133),
and mainly a glutamine or glutamic acid, and to a lesser frequency an arginine residue, at
position 171 (in human PrPC numbering: residue position 168). We propose that blocking
the Arg167-GIn171 hydrogen bond (or, equivalently the Arg167 — Glul171 salt bridge), or
the Argl71 - Asp170 salt bridge re-arranges the density of side chain interactions of the p2-
a2 loop with other parts of the protein in a manner such that PrPC conversion is withstood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a-helix 1

Val136Ala

Q\ a-helix 3
Figure 1.

Three dimensional structure of ovine PrPC (pdb id: 1tgb). Secondary structure elements and
polymorphisms at residue position 136 and 171 are highlighted.
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Figure 2.
A) Matrix of Ca-position RMSD comparing all conformations of the Susceptible structure

with the Resistant structure. B) Histogram of the radius of gyration distribution of the
aggregated pool of conformations of the Susceptible and Resistant structure. The overall
shape of the globular C-terminal ovine PrPC protein is preserved upon residue changes
Vall136Ala and GIn171Arg.
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Figure 3.
Backbone dihedral angle distribution of residue 171 in the A) Susceptible (GIn171) and B)

Resistant (Arg171) structure. The p2-a.2 loop samples to a greater extent a 31g-helix
conformation in the Susceptible structure than in the Resistant structure. In the Resistant
structure, the p2-a.2 loop populates a turn conformation in addition to the34g-helix
conformation.
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Figure 4.
Dynamic cross correlation matrix of the A) Susceptible and B) Resistant structure; C) root

mean square fluctuation plot of each residue of the Susceptible and Resistant structure. The
local density of inter-residue connectivity, represented by the dynamic cross correlation
matrix, indicates local differences when comparing the Susceptible with the Resistant
structure. The most striking difference is the increased local conformational mobility in the
B1-al loop in the Resistant structure.
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Figureb.
Representation of the partitioning into communities of the residue network of A) Susceptible

and B) Resistant structure; C) illustration of the distinct partitioning of a key community of
the Susceptible and Resistant structure. The p2—-a.2 loop of the Resistant structure shows
stronger connectivity with the N-terminal of a—helix 2 than the Susceptible structure. The
connectivity between the p—sheets and a—helix 3 present in the Susceptible structure is lost
in the Resistant structure.
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Figure®6.

Side chain dihedral angle distribution of residue Asn162, A) x1 and B) x>), and Arg167, C)
X1 D) x2, E)x3, and F) 4, in the Susceptible and Resistant structure. The side chain of
Asn162 and Argl167 visit similar angle ranges albeit with different population in Susceptible
and Resistant. The distinct angle distribution correlate with differences in the community
partitioning in the Susceptible and Resistant structure.
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Figure7.

Distribution of distance between any pair of heavy atoms of two side chains: A) residue 136
— Asnl62, B) Argl37 — Asn162, C) Arg139 - Asn162, D) residue 136 — GIn163, E) Leul33
— GIn163, F) residue 171 — Arg167, and G) residue 171-Asp170. The distribution of distance
indicates what residue interactions are influenced by polymorphisms Val136Ala and
GIn171Arg. The distinctions show in the B1-a.1 loop interacting with residues Asn162 and
GIn163, and in the side chain interactions in the f2-a2 loop.
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