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Insight into the conserved structural dynamics of the C-terminus of mammal 
PrPC identifies structural core and possible structural role of pharmacological 
chaperones
Patricia Soto a, Garrett M. Gloebb, Kaitlin A. Tsuchidaa, Austin A. Charlesb, Noah M. Greenwooda, 
and Heidi Hendricksonc

aPhysics department, Creighton University, Omaha, NE, USA; bChemistry department, Creighton University, Omaha, NE, USA; cChemistry 
department, Lafayette College, Easton, PA, USA

ABSTRACT
Misfolding of the prion protein is central to prion disease aetiology. Although understanding the 
dynamics of the native fold helps to decipher the conformational conversion mechanism, 
a complete depiction of distal but coupled prion protein sites common across species is lacking. 
To fill this gap, we used normal mode analysis and network analysis to examine a collection of 
prion protein structures deposited on the protein data bank. Our study identified a core of 
conserved residues that sustains the connectivity across the C-terminus of the prion protein. We 
propose how a well-characterized pharmacological chaperone may stabilize the fold. Also, we 
provide insight into the effect on the native fold of initial misfolding pathways identified by others 
using kinetics studies.
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Introduction

The conformational conversion of the prion protein 
into the aggregation prone isoform is the major event 
in prion aggregate formation. The templated misfolding 
process involves recognition between PrPSc (that is, the 
misfolded form of the prion protein) and the physiolo
gical form of the prion protein, followed by prion 
protein conformational re-arrangement. Thus, rational 
anti-prion drug design could target the prion fibril, the 
conformational conversion event, or the natively folded 
PrPC. Recently resolved three-dimensional (3D) struc
tures of prion fibrils [1] exhibit a shared PIRIBS qua
ternary structure [2–7] or a 4-rung β [8] topology. In all 
of these, there are distinctions in the backbone geome
try and network of side chain interactions. Therefore, 
although prion fibril structure is appealing for rational 
drug design, specificity is challenging. Targeting the 
conformational conversion event requires mechanistic 
understanding of the misfolded conformations of the 
prion protein [9]. Significant advances indicate that 
pharmacological chaperones bind unfolded prion pro
tein [10]. However, the question remains on how the 
chaperone molecule would interact with the presum
ably conformationally rich pool of unfolded prion pro
tein conformations. A more promising alternative in 

structure-based drug design focuses on the native PrPC 

[11]. While the 3D structure of the intrinsically disor
dered N-terminus has yet to be resolved, the 3D struc
ture of the C-terminus of PrPC has proven well tested 
in a number of mammal species using nuclear magnetic 
resonance (NMR) and x-ray crystallography techni
ques. Evidence points at the C-terminus of PrPC as 
a candidate for structure-based drug design: firstly, 
the main component of the resolved structures is the 
misfolded C-terminus of the prion protein [1]. 
Secondly, residue substitutions linked to differentiated 
aggregation propensity are mainly found in the 
C-terminus of the protein [12]. And thirdly, recently 
proposed therapeutics are known to recognize the first 
α-helix of the C-terminus [13].

A blueprint of the structural dynamics of the 
C-terminus of the prion protein speeds up the identifica
tion of molecular targets to stabilize the native fold. Local 
conformational effects resulting from sequence differ
ences have been investigated [14,15]. However, no con
sensus picture exists yet of the commonalities of the 
structural dynamics of the native fold across species. 
Our study aims to test the hypothesis that the structural 
dynamics of mammalian prion proteins converge to 
a connectivity pattern that explains subdomains coupling. 
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Determining the long-range connectivity of the protein 
conformation depicts the structural patterns that stabilize 
the fold and identifies sites to be used as targets for 
pharmacological chaperones action. In addition, under
standing the dynamics of the protein topology will shed 
light on how initial misfolding may impact residue con
nectivity and how the breaking of that connectivity may 
shape the misfolding pathway.

For our study, we selected NMR-derived 3D struc
tures of the prion protein from mammal species with 
distinct susceptibility to prion diseases. We aim to 
capture structural dynamics information from the 
NMR conformers. We excluded protein structures 
derived from x-ray crystallography from our study 
because of the intrinsic static nature of the resolved 
structures. To examine the connectivity patterns of 
the C-terminus of PrPC, we used normal mode analysis 
(NMA) to model all conformers. NMA captures effi
ciently the large amplitude (that is, slow frequency) and 
collective motions within thermodynamic fluctuations 
of the folded protein structure [16,17]. For the purpose 
of mapping the intrinsic dynamics of the protein, our 
workflow has the following advantages: NMA is not 
computationally demanding, uses a small number of 
input parameters, and allows us to include in our 
analysis a number of experimentally determined pro
tein structures. This approach has proven to enhance 
understanding of protein structure dynamics [18,19].

Our analysis of distal and coupled protein sites 
identified a core of conserved residues across species 
that sustain the residue interaction network: four 

hydrophobic residues from β-sheet 2, α-helix 2, and α- 
helix 3. Interestingly, α-helix 2 and α-helix 3 have 
residues that belong to distinct coupled subdomains. 
We illustrate how the structural dynamics map helps us 
to understand the stabilizing effect of well- 
characterized pharmacological chaperones and propose 
an interpretation of initial misfolding pathways.

Results

Structural dynamics is conserved across species

To investigate structural dynamics similarity, we ana
lysed the profile of the root mean square inner product 
(rmsip) between any two conformers. The calculation 
included all non-trivial modes. In other words, the first 
six modes with an eigenvalue of zero corresponding to 
overall translations and rotations were discarded (see 
Figure 1; scale is zoomed in the range 0.65 to 1). By 
convention, a rmsip value greater than 0.6 indicates 
similarity of the deformation modes [20,21]. The pair
wise inter-species structural dynamics similarity ranges 
from 68% to 95%. The pattern indicates that the large 
and collective modes of deformation of the native 
topology across all species are conserved, regardless of 
the protein sequence similarity (see Supplemental 
material, Figure S1). Although a pattern might suggest 
similarity for two groups of prion protein structures 
(group 1: bankvole, mouse, and wallaby; group 2: 
bovine, cat, dog, elk, hamster, human, and pig), we 
are cautious in not overinterpreting our data. The 

Figure 1. Root mean square inner product (rmsip) between all normal modes of any two conformers. A rmsip value greater than 0.6 
indicates similarity of the deformation modes.
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analysis we performed on the following sections does 
not reflect the apparent pattern suggested for the 
grouping (see SI Figure S1c). We interpret that rmsip 
differences reflect thermodynamic fluctuations but not 
structural dynamics distinctiveness.

α2-α3 loop has the largest relative conformational 
flexibility in the globularly folded C-terminus of the 
prion protein

To examine the conformational flexibility of the protein 
structure, we analysed the Cα atomic position root 
mean square fluctuation (rmsf) profile. We calculated 
the rmsf from the normal mode analysis of each NMR 
conformer. Figure 2a shows the largest backbone con
formational flexibility (greatest relative rmsf) in the 
α2-α3 loop. The peak of the profile shows Lys 194, 
Gly195, and Glu196 as the residues with the largest 
flexibility in all structures. The fragment with 
the second largest set of rmsf values corresponds to 
the β2-α2 loop. And, the third largest rmsf values 
correspond to the second half of the β1- α1 loop. In 
contrast, the α1-α2 loop is the most rigid loop based on 
the relative rmsf values.

The rmsf profile of α-helix 1 indicates a slightly 
greater level of flexibility than the other two helices. 
That is, the fragments with the least backbone flexibility 
correspond to α-helix 2 and α-helix 3. Note that unique 
residue substitutions in the prion protein of species 
with low susceptibility to prion diseases (Asp159 and 
His177 in dog PrPC, Ser167 and Lys173 in horse PrPC, 
Ile203 in pig PrPC, and Ala225 in rabbit PrPC) do not 
show a salient rmsf value. The resolution of Cα-atom 
normal mode analysis cannot differentiate local flex
ibility of the protein backbone due to residue substitu
tions; the observed flexibility pattern lies within 
expected fluctuations of the native state. The profile of 
protein backbone flexibility we found agrees with pre
vious work that investigated conformational flexibility 
using principal component analysis [14] and NMR 
studies [22].

The boundary between the two largest dynamic 
subdomains crosses through the middle of α-helix 2 
and α-helix 3

To identify dynamic subdomains in the protein struc
ture, we used the GeoStaS algorithm [23] as implemen
ted in Bio3D [24]. The algorithm identifies protein 
regions that move as rigid bodies and captures both 
translational and rotational motions. Our analysis iden
tified two subdomains (see Figure 3a). The subdomains 
were calculated from the Cartesian coordinates of each 

conformer in the NMR ensemble, and then averaged 
over the ensemble. All protein structures show a very 
similar pattern: One subdomain includes β-sheet 1, β- 
sheet 2, β2-α2 loop, the first half of α-helix 2, and 
the second half of α-helix 3. The other subdomain has 
β1-α1 loop, α-helix 1, α1-β2 loop, the second half of α- 
helix 2, α2-α3 loop, and first half of α-helix 3. That is, 
the boundary plane between the two subdomains 
crosses through the middle of helices 2 and 3.

Dynamic couplings identify distal protein segments 
that undergo anticorrelated motion

We calculated the Cα-atom position cross-correlation 
matrix to examine the dynamic couplings in the prion 
protein topology. Figure 4 shows the dynamic cross- 
correlation matrix averaged over all the NMR conformers 
of the C-terminus human PrPC. The colour shade indi
cates the extent of the correlated motion: strongest corre
lated motion (i.e. the matrix coefficient has a value of + 1 
when fluctuations of the pair of residues exhibit the same 
period and the same phase) is shown in a dark cyan 
colour. Strongest anticorrelated motion (i.e. the matrix 
coefficient has a value of −1 when fluctuations of the pair 
of residues exhibit the same period and are 180° out of 
phase) is shown in a dark pink colour. Table 1 and 
Figure 4 show a summary of the prominent peaks 
observed in the matrices (see Supplemental material, 
Figure 2). All structures show correlated motion between 
the first half of α-helix 2 (residues Val176 through 
Val184) and the mid-region of α-helix 3 (residue Glu207 
through Ile215) (see Figure 4a). A second peak of corre
lated motion corresponds to residues adjacent and in β- 
sheet 1 (residues Tyr128 through Ser135) and adjacent 
and in β-sheet 2 (residues Pro158 through Arg164). Two 
additional protein segments show correlated motion: one 
peak corresponds to β-sheet 2 (residues Val161 through 
Tyr163) and the first half of α-helix 2 (Asp178 through 
residue Ile184). The other peak corresponds to β-sheet 2 
(residues Val161 through Tyr163) and the mid-region of 
β-helix 3 (Val209 through Thr216). To a lesser extent, 
residues in β-sheet 1 and β1-α1 loop are correlated to 
residues in the mid-region of α-helix 3 (Met213 through 
Gln217). And, residues in β-sheet 1 are correlated to 
residues in α-helix 2 (Ile182 and Thr183).

Peaks of anticorrelated motion are well defined 
although the strength of the coupling is weaker than 
correlated motion peaks. An anticorrelated motion 
peak shows for α-helix 1 (residues Ser143 through 
Glu152) and α-helix 3 (residues Met206 through 
Thr216) (see Figure 4b). A second anticorrelated 
motion peak shows between α-helix 2 (residue Asn174 
through Thr183) and α-helix 3 (residue Glu221 
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Figure 2. The top bar indicates secondary structure elements of the C-terminus of PrPC: three α-helices and two short β-sheets. 
Figure 2a shows the root mean square fluctuation of each residue. Figure 2b shows the betweenness centrality of each residue. 
Figure 2c shows the eigenvector centrality of each residue. In all cases, residue numbering is according to human PrPC.
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through Gln227). A third peak shows between residues 
adjacent to and in β-sheet 2 (residues Asn159 through 
Tyr163) and α-helix 3 (residue Ser222 through Gln227). 
A fourth anticorrelated motion peak shows between 
residues in β-sheet 1 (residue Tyr128 through Leu130) 
and the α2-α3 loop (residues Thr191 through Glu196). 
A fifth peak connects two regions of α-helix 3: residue 
Val209 through Thr216 and residue Ser222 through 
Gln227). Few more, although less populated, peaks 

correspond to connectivity between β-sheet 1 and 
C-terminus of α-helix 3, α-helix 1 and α-helix 2, β- 
sheet 2 and α2-α3 loop, β2-α2 loop and helices 2 and 
3, and α-helix 2 and α2-α3 loop (see Table 1).

The patterns identified in the dynamic cross-correlation 
matrices are also illustrated in the vector field representa
tion of the slowest modes of deformation of the C-terminus 
PrPC (see Figure 4b-d for human PrPC). Each arrow indi
cates the magnitude and direction of the deformation of 

Figure 3. Figure 3a shows the two main subdomains identified with the GeoStaS algorithm; each subdomain is displayed with 
different colour. Figure 3b shows the main correlated couplings (lines in pink colour). Figure 3c shows the main anticorrelated 
couplings (lines in green colour). The ribbon illustration corresponds to human PrPC.

Figure 4. Dynamic cross correlation matrix averaged over the NMR ensemble of human PrPC. Figure 4a illustrates residues with 
strong correlated motion. Figure 4b illustrates residues with strong anticorrelated motion. Figure 4c and Figure 4d use the same 
molecular representation to highlight dashed-line ovals in-phase deformations (figure 4c) and out-of-phase deformations (figure 4d). 
In all cases arrows point at the matrix region that illustrates the coupling between the sets of residues.
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each residue. Figure 4c shows green arrows in a mostly 
parallel orientation illustrating correlated motions between 
β-sheets and the mid region of α-helix 2 and α-helix 3. 
Figure 4d shows pairs of arrows pointing at an angle 
greater than 90°Corresponding to anticorrelated motions 
that involve mainly α-helix 1 and α2-α3 loop.

A cluster of four hydrophobic residues bridges 
interactions in the residue interaction network

To examine the residue connectivity, we built an undir
ected network based on the atomic position cross- 
correlation matrix (see Methods section). From the 

network, we calculated the betweenness centrality (see 
Figure 2b) and the eigenvector centrality (see Figure 2c) 
[25,26]. A residue with high betweenness centrality acts 
as a bridge that lies on many short paths connecting 
two residues. A residue with high eigenvector centrality 
is connected to other highly connected residues. To 
select key residues based on the centralities, we calcu
lated the z-score. Any residue with a z-score greater 
than two (that is, a residue whose centrality value is at 
least two standard deviations greater than the mean) 
was determined to be crucial for the intrinsic dynamics 
of the protein (see Table 2) structure [27]

In all species, Val161 (located in β-sheet 2), Val180 
(located in α-helix 2), and Val210 (located in α-helix 3) 

Table 1. List of peaks that represent strongest couplings observed in the dynamical cross correlation matrix of each NMR ensemble. 
Two protein sites were considered to be short distance if at least one pair of Cα-atoms from each site is within 8Å.

Correlated motion peaks Dynamic coupling GeoStaS subdomain

Site 1 Site 2
Short 

distance
Long 

distance
Same 

subdomain
Across 

subdomains
Boundary between 

subdomains

first half of α-helix 2 (residues Val176 through 
Ile184)

mid-region of α-helix 3 (residue 
Glu207 through Ile215)

X X

residues preceding, in, and after β-sheet 1 
(residues Tyr128 through Ser135)

residues preceding, in, and after 
β-sheet 2 (residues Pro158 
through Arg164)

X X

β-sheet 2 (residues Val161 through Tyr163) first half of α-helix 2 (residue 
Asp178 through residue Ile184)

X X

β-sheet 2 (residues Gln160 through Tyr163) mid-region of α-helix 3 (residue 
Val209 through Thr216)

X X

β-sheet 1 and β1-α1 loop (Gly131 through 
Pro137)

α-helix 3 (residues Met213 
through Gln217)

X X

β-sheet 1 (Leu130 and Gly 131) α-helix 2 (Ile 182 and Thr183) X X
Anticorrelated motion peaks
α-helix 1 (residues Ser143 through Glu152) α-helix 3 (residues Met206 

through Thr216)
X X

α-helix 2 (residue Asn174 through Thr183) α-helix 3 (residue Glu221 through 
Gln227)

X X

residues preceding, in, and after β-sheet 2 
(residues Asn159 through Tyr163)

α-helix 3 (residue Ser222 through 
Gln 227)

X X

β-sheet 1 (residue Tyr128 through Leu130) α2-α3 loop (residues Thr191 
through Glu196)

X X

α-helix 3 (residue Val209 through Thr216) α-helix 3 (residue Ser222 through 
Gln 227)

X X

β-sheet 1 (residue Tyr128 through Met134 α-helix 3 (residue Ser222 through 
Gln 227)

X X

α-helix 1 (Ser143 to Tyr149) α-helix 2 (Val176 and Val180) X X
α-helix 1 (residues Arg148 through Tyr157) C-terminus of α-helix 2 (His187 

through Glu196)
X

β-sheet 2 (residues Val161 through Arg164) α2-α3 loop (Thr191 through 
Glu196)

X X

β2-α2 loop (Met166 to Ser170) α-helix 2 (Asp178 to Gln186) X X
β2-α2 loop (Pro165 through Gly170) α-helix 3 (Glu207 through 

Thr216)
X X

α-helix 2 (Asp178 through Gln186) α2-α3 loop (residues Thr191 
through Asn197)

X X

Table 2. Residues that exhibit largest betweenness and eigenvector centrality z-score. A z-score 
greater than 2 means that the value is more than two standards deviations away from the mean. 
A locality factor λ= 5 Å filters out long-range effects by dampening the strength of the dynamic 
coupling between distant residues.

Residues with z-score>2

Centrality λ = 100 Å λ = 5 Å

Betweenness Val161, Val180, Val210 Tyr157 (except rabbit), Val161, Thr183, Val210 (except cat)
Eigenvector Val161, Cys179, Val180, Val210, Cys214
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show high betweenness centrality when all long-range 
correlations are included (locality factor of λ = 100 Å). 
In other words, the three valine residues bridge the 
greatest number of residue interactions.

To filter out long-range effects, we set a locality 
factor λ = 5 Å that dampens the strength of the 
dynamic coupling between distant residues [28]. 
Based on a high z-score of betweenness, Tyr157 (in all 
but one species), Val161, Thr183, and Val210 (in all but 
one species) bridge the greatest number of residue 
communication pathways. Remarkably, Val161, 
Val180, Val210 show a high z-score of betweenness in 
the regime of a long locality factor (λ = 100 Å), and 
a high z-score of eigenvector centrality in the regime of 
short locality factor (λ = 5 Å). The three valine residues, 
Tyr157 and Thr183 display low rmsf values and are 
partially buried inside the protein. The valine residues 
are tightly connected to the two Cysteine residues that 
form a disulphide bridge between α-helix 2 and α-helix 
3, and Thr183 packs against Val180 and Val210 (see 
Figure 5). Tyrosine 157 locates in the α1-β2 loop and is 
partially sandwiched between α-helix 1 and α-helix 3. 
Hence, the high betweenness centrality for Tyr157 indi
cates bridging interactions between the two helices.

To further inspect the connectivity between residues 
exhibiting high centrality values, we analysed the edge- 
betweenness communities (based on each NMR ensem
ble’s average atomic position cross-correlation matrix). 
All residues that belong to a community are highly 
intra-connected and loosely connected to residues in 
other communities. In all species, Val161, Val180, 
Val210, and Thr183 belong to the same one or two 
communities. These observations and the pattern of 

centralities indicate that the four hydrophobic residues 
form a core cluster key to maintaining the overall 
protein architecture together.

Pharmacological chaperones play the role of 
a leash connecting protein segments that exhibit 
anticorrelated motion

Pharmacological chaperones prevent protein misfolding 
by stabilizing the native fold. As a proof-of-concept, we 
examined how binding of a well-characterized pharma
cological chaperone could stabilize the C-terminus of 
PrPC. To this aim, we performed molecular docking 
calculations similar to those reported by Petrosyan et al 
[10]. In our calculations, we docked the pentosan poly
sulfate (PPS) molecule to each NMR conformer of the 
hamster prion protein. Our analysis indicates that hydro
gen bond formation between the oxygen atoms in PPS 
and highly conserved charged or polar side chains on the 
surface of PrPC is a driving force for docking. We found 
three poses for PPS binding (see Figure 6), two of which 
(Pose 1 and Pose 2) were previously found [10] (see 
Table 3). Interestingly, the three preferential poses we 
found show binding sites in either α-helix 2 or α-helix 3 
to a loop. In Pose 1, PPS forms hydrogen bonds with the 
C-terminus of α-helix 2 (Thr191 or Lys194) and the 
C-terminus of the α1-β2 loop. Remarkably, the set of 
residues that precede the α2-α3 loop are proposed to be 
an initiation site for misfolding [29,30]. In Pose 2, PPS 
forms hydrogen bonds with the mid-region of α-helix 2 
(Asn181 or Lys185) and the loop prior to β-sheet 1. It 
remains to be examined in future studies how the glyco
sylation state of Asn181 may shift the availability of 
docking sites. In Pose 3, PPS forms hydrogen bonds 
with α-helix 3 and the β1-α1 loop. In all poses, the two 
protein sites exhibit soft dynamic coupling with each 
other. The two sites in Pose 1 and Pose 3 exhibit antic
orrelated motion while those in Pose 2 exhibit correlated 
motion. We propose that PPS acts as a leash that con
nects two weakly anticorrelatedly coupled sites. The 
added connectivity pathway may stabilize the globular 
C-terminus without imposing a major structural strain.

A question that remains open is how the N-terminus 
of PrPC may modulate the availability of binding sites 
on the C-terminus. For example, due to metal ion 
binding, the disordered N-terminus comes in close 
contact with His140 or His177 (residue numbering 
according to human PrPC) [31]. Histidine 140 is nearby 
residues in the β1-α1 loop involved in Pose 3, and 
His177 is nearby residues in α-helix 2 involved in 
Pose 2. The resulting steric hindrance could bias the 
docking of the PPS molecule in each pose.

Figure 5. Distal but coupled residues that form the structure 
core of the protein structure. Molecular representation shown 
on the globular C-terminus of human PrPC.
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Discussion

Our analysis indicates that the structural dynamics of the 
protein structure is robust against point mutations in 
non-human mammals. The large and collective motions 
of the protein three-dimensional structure are insensi
tive to subtle and local conformational effects that resi
due substitutions could induce. This follows from the 
high similarity between the normal modes of all confor
mers (rmsip values greater than~0.7). In addition, none 
of the naturally occurring residue substitutions exhibit 
a salient network centrality value (no z-score is greater 
than 2). The residue interaction network tolerates the 
residue substitutions by having evolved such that the 
mutated residues are not critical in the connectivity 
pattern of the native protein fold [32].

Mapping the intrinsic structural dynamics of the 
C-terminus of the prion protein identifies a structural 
core that governs the conformational dynamics of the 
native state. To this end, we first identified two large 
subdomains that move as coherent units. To examine 
the connectivity within and across such subdomains, 
we used the dynamic couplings cross-correlation 
matrix approach. Correlated dynamic couplings are 
found primarily connecting distal protein segments 
within Subdomain 1. Anticorrelated dynamic couplings 
are found either within Subdomain 2 or across subdo
mains. To help us rationalize the connectivity in the 
protein structure, we used network theory analysis. 
From this, we calculated network centralities. Residues 
that show high network centrality are hydrophobic 
(Val161, Val180, Val210), regardless of the locality 

Figure 6. Binding poses of PPS on hamster PrPC and dynamic cross correlation matrix averaged over the NMR ensemble of hamster 
PrPC. Arrows point at the matrix position that illustrates the coupling between the two protein sites to which PPS binds.

Table 3. Binding poses of the pharmacological chaperone PPS on the C-terminus 
of PrPC. All binding poses correspond to PPS binding to two sites on the protein. 
The residues that form hydrogen bonds with PPS are highly conserved across the 
species analysed.

Hydrogen bonds between PPS and two sites on PrPC

Site 1 Site 2

Pose 1 C-terminus of α-helix 2 
His187, Thr191, Lys194

C-terminus of α1-β2 loop 
Asn155, Arg156, Asn159, Gln160

Pose 2 α-helix 2 
Asn181, Lys185

loop prior to β-sheet 1 
Tyr 128

Pose 3 α-helix 3 
Thr216, Gln217, Gln219, Lys220

β1-α1 loop 
Ser132, Ser135, Arg136
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factor. More residues emerge with high network cen
trality if long-range fluctuations are filtered out. These 
residues are aromatic (Tyr157), hydroxylic (Thr183), or 
are involved in the disulphide bridge that connects α- 
helix 2 and α-helix 3 (Cys179 and Cys214). All these 
highly conserved residues are located in Subdomain 1 
(except Tyr157), close to the boundary between subdo
mains, exhibit correlated motion, show low conforma
tional flexibility, and are buried in the protein’s 
interior. Our observations suggest that residues with 
high network centrality form a structural core in the 
C-terminus of the prion protein, consistent with the 
helical core detected using NMR studies [22]. The 
structural core ensures cohesion and connectivity across 
the network of residue interactions.

Blueprint of residue connectivity helps to 
conceptualize initial misfolding

Previous kinetics-based studies propose that the α2-α3 
loop is an initiation site for spontaneous misfolding of 
the prion protein [30]. As a result of perturbing the 
α2-α3 loop, Sengupta et al. observed three distinct 
steps: compaction of α-helix 2 and α-helix 3, disrup
tion of β-sheets, and unfolding of α-helix 1. Our map 
of the structural dynamics of the native conformation 
aids in rationalizing their observations. Our analysis 
indicates that the α2-α3 loop exhibits the largest local 
mobility in the protein structure, locates (together 
with α-helix 1) in Subdomain 2, and shows anticorre
lated motion with respect to the structural core and α- 
helix 1.

Based on the structural dynamics pattern we 
mapped, we propose that conditions perturbing the 
structure of the α2-α3 loop beyond the range of con
formational flexibility could initiate two misfolding 
events. Our proposal, however, cannot provide evi
dence on the relative probability of occurrence and 
time sequence of events.

Event 1: Straining of the cohesive and highly con
nected structural core, due to the strong anticorrelated 
dynamic coupling with the α2-α3 loop. The straining 
may lead to two effects: (1) compaction (or distension) 
of the mid-region of the α2 and α3 helices, and (2) 
distension (or compaction) of the β-sheets.

Event 2: Loosening of α-helix 1. The conformational 
flexibility of α-helix 1 allows it to withstand a range of 
conformational perturbations. And, the helix belongs to 
the same large subdomain as the α2-α3 loop. Therefore, 
a large perturbation in the loop, which is anticorrelat
edly coupled to the helix, may unfasten the helix. Zhuo 
et al. [33] observed a similar event using accelerated 
molecular dynamics simulations to model prion protein 

misfolding in acidic conditions. We speculate that, con
versely, fastening α-helix 1 may prevent the opening of 
the globular fold [13].

We argue that the binding poses we found could 
offset conformational rearrangements prone to mis
folding in PrPC. Event 1 could be counterbalanced by 
either pose while Event 2 could be counterbalanced by 
Pose 1 or Pose 3.

Limitations

Our modelling protocol captures large amplitude and 
slow frequency collective motions. Still, it is not 
designed to capture the subtle effects of residue sub
stitutions on the local network of side chain connectiv
ity or backbone conformational variability of long 
unstructured regions. Our protocol cannot investigate 
either how key residue substitutions, linked to low 
susceptibility to prion diseases, may alter the equili
brium between folded and partially unfolded conforma
tions or the kinetics of misfolding pathways. For 
example, the modelling technique cannot recover the 
proposed rank of conformational flexibility in the 
β2-α2 loop of PrPC in mammal species [34,35]. 
A question that remains open for future studies is to 
examine the effect of residue substitutions in the prion 
protein on the fine details that shift the relative popula
tions of Event 1 and Event 2.

Conclusions

Our study provides a consensus perspective on critical 
structural features of the C-terminus of the prion pro
tein PrPC, and provide insight into the hypothesis we 
stated. First, we show the robustness of the protein 
topology against naturally occurring residue substitu
tions in non-human mammals. Second, we identify 
distal but coupled residues forming a structural core 
that bridges intramolecular interactions. Third, we 
characterize protein subdomains based on distal con
nectivity of the residue interaction network. Fourth, we 
illustrate how the structural dynamics map helps eluci
date the stabilizing role of pharmacological chaperones 
and how to interpret recent results based on kinetics 
studies of initial misfolding.

Methods

Input structures

Atomic Cartesian coordinates of the C-terminus prion 
protein structures (C-terminus PrPC) were obtained from 
the Protein Data Bank [36]. We selected structures based 
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on three criteria: (1) structure resolved using solution 
nuclear magnetic resonance (NMR), (2) sequence 
included only the globularly folded C-terminus, and (3) 
sequence corresponded to the wildtype form. A total of 
13 NMR ensembles were selected, one per mammal 
species. The species included display differential suscept
ibility to prion diseases (pdb id in parenthesis): bankvole 
(2k56), bovine (1dx1), cat (1×yj), dog (1×yk), elk (1×yw), 
hamster (1β10), horse (2ku4), human (1qlz), mouse 
(2l39), pig (1×yq), rabbit (2fj3), sheep (1y2s), and wallaby 
(2kfl). Only residues common to all structures (residue 
125 to 227; human PrPC residue numbering) were 
included in our analysis. All conformers in each NMR 
ensemble were included in all analysis.

Structural dynamics

To examine the conformational variance of Cα atomic 
positions, the root mean square fluctuation (rmsf) was 
calculated for each conformer in the NMR ensemble. 
To investigate the slow and collective motions encoded 
in the protein conformation, each conformer in each 
NMR ensemble was analysed using elastic network 
model (ENM) Cα normal mode calculations [16,17]. 
To capture the full dynamics of the protein topology, 
all non-trivial normal modes were included in our 
analysis except when stated otherwise [37]. The root 
mean square inner product (rmsip) between all normal 
modes of any pair of conformers was calculated.

To identify the correlation between distant protein 
residues, the cross-correlations matrix of atomic dis
placements in each NMR conformer was calculated 
over all normal modes. The cross-correlation value 
between two residues i and j, Cij, ranges from −1 (antic
orrelation, fluctuations out of phase) to +1 (correlation, 
fluctuations in phase). The closer the absolute value |Cij 

| to 1, the stronger the dynamic coupling.
To investigate the network of residue interactions, 

we used a dynamic network analysis method [38]. To 
build the protein network, each residue was mapped to 
a node. Two nodes (node i and node j) are connected 
by one edge. Each connecting edge is assigned a weight 
according to the value from the cross-correlation 
matrix (-log |Cij|). From this, we calculated network 
centralities [26–28]: The betweenness centrality mea
sures the number of times a residue bridges the shortest 
path between two other residues. The eigenvector cen
trality measures how well a residue is connected to 
other well-connected residues. To examine the effect 
of long-range couplings, the calculations of the central
ities were performed for a locality factor λ of 100 Å 
(includes long-range couplings) and 5 Å (dampens 
down long-range couplings). The Girvan-Newman 

method [39] was used to partition the network into 
communities. The connections between residues that 
belong to the same community are denser than con
nections to other residues.

To find large and rigid subdomains in the protein 
structures, we used the GeoStaS algorithm [23], with the 
k-means clustering. In the calculation, we included the first 
ten non-trivial modes and set the search for two subdo
mains to avoid overfitting. The geometry-based method 
identifies protein fragments that move coherently based on 
correlations in translational and rotational motions.

Analysis was performed with Bio3D version 2.0 [24] 
as implemented in the R software environment [40].

Docking

Blind docking calculations were performed with 
Autodock 4.2 [41]. The input prion protein structure 
was hamster PrPC (pdb ID: 1b10; 25 conformers). The 
input pentosan polysulfate (PPS) structure was taken 
from [42], consistent with previous work [10]. The grid 
was built using Autogrid4 with a size of 126 × 126 × 126 
points and a spacing of 0.375 Å. The Lamarckian genetic 
algorithm (GA) was selected with a population size of 
300. The number of energy evaluations was 25 000 000 
and the number of generations was 27 000. A total of 50 
docking runs were performed for each NMR conformer. 
From the combined pool of 1,250 binding poses, we 
selected those with a score more negative than −2 kcal/ 
mol to analyse hydrogen bond formation.

Molecular graphics were generated with VMD ver
sion 1.9.x [43] and pymol [44].
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