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Abstract

Conversion of the predominantly a-helical cellular prion protein (PrPC) to the misfolded f-
sheet enriched Scrapie form (PrP*°) is a critical event in prion disease pathogenesis.
However, the conformational triggers that lead to the isoform conversion (PrP¢ to PrP®)
remain obscure, and conjectures about the role of unusually hydrophilic, short helix H1 of the
C-terminal globular domain in the transition are varied. Helix H1 is anchored to helix H3 via
a few stabilizing polar interactions. We have employed fully atomistic molecular dynamics
simulations to study the effects triggered by a minor perturbation in the network of these non-
bonded interactions in PrP¢. The elimination of just one of the key H1-H3 hydrogen bonds
led to a cascade of conformational changes that are consistent with those observed in partially
unfolded intermediates of PrP®, with pathogenic mutations and at low pH environments. Our
analyses reveal that the perturbation results in enhanced conformational flexibility of the
protein. The resultant enhancement in the dynamics leads to overall increased solvent
exposure of the hydrophobic core residues and concomitant disruption of H1-H3 inter-
domain salt bridge network. This study lends credence to the hypothesis that perturbing the
cooperativity of the stabilizing interactions in the PrP® globular domain can critically affect

its dynamics and may lead to structural transitions of pathological relevance.

Keywords: PrP®, conformational transition, helix H1, hydrogen bond, inter-helix salt bridge,

molecular dynamics simulation
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Prions are proteinaceous infectious agents that cause fatal neurodegenerative diseases. These
diseases, collectively termed as transmissible spongiform encephalopathies (or TSEs),
include Creutzfeldt—Jakob disease, fatal familial insomnia, Gerstmann—Straussler—Scheinker
disease, Kuru in humans, scrapie in sheep, and bovine spongiform encephalopathy in cattle."
? Such diseases occur as sporadic, acquired or inherited disorders hallmarked by the
accumulation of an abnormal isoform of the prion protein.” * * According to the “protein-
only” hypothesis, prion diseases arise from conformational changes in the normal isoform of
cellular prion protein (PrP) to a protease-resistant, pathogenic form called Scrapie (PrP5¢).>?
The PrP% template has the ability to further recruit cellular isoforms of PrP¢ and
subsequently induce them to alter their conformation to the misfolded form, thus ensuring
self-propagation. 136

The cellular prion protein, PrP®, is a highly conserved cell surface glycoprotein of
~210 amino acids that is bound to the cell membrane by a glycosylphosphatidylinositol (GPI)
anchor at its C-terminal residue.” The N-terminal domain of PrP® is largely disordered, while
the C-terminal region consists of a structured, globular domain. The globular domain,

depicted in Figure 1b, is composed of two short B-strands, S1 (Y,3sMLGj3;) and S2
(V161YYRy44), forming an anti-parallel B-sheet, and three a-helices, HI1
(D144sYEDRYYRENM;s4), H2  (N;;sNFVHDCVNITIKQHTVTTTTK 94) and H3
(E200TDVKMMERVVEQMCITQYERESQAYYQR33), with H2 and H3 covalently bridged
by a disulfide-bond between Cys179 and Cys214.8 The structure of the scrapie form, PrP%, is
poorly defined as its insolubility and high conformational heterogeneity eludes high-
resolution structural analysis techniques.9 However, it is known that PrP*® has substantial B-
sheet content and reduced a-helical content compared to the native form, which implies that

the structural transition of PrP® to PrP*® involves large conformational rearrangements.'’
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The conformational changes that drive PrP€ to its pathogenic Prp%° counterpart, as
well as the mechanistic details of PrP> self-propagation have not yet been established.’
Several models have been proposed for the structure of PrP* that provide clues on the
fibrillation and oligomerization processes.11-14# However, a point of contention concerns the
regions in PrP® that harbor residue sequences vulnerable to conformational changes thereby
facilitating initial seeding and further promoting fibrillar growth. Previous studies have
suggested that the STH1S2 region in PrP® plays a crucial role in the structural transition.'" '>
517 Interestingly, based on experimental and computational studies, views have also emerged
about the potential role of H2 and H3 in the conversion of PrP€ to PrP%¢.'®% The PrP©
structure is stabilized by a core of hydrophobic residues, together with many salt-bridge and
hydrogen-bonding interactions between the secondary structure elements.® 2*2° A number of
pathogenic mutations reside in the hydrophobic core of PrP¢ that display varied effects on the
mature protein.”” Numerous studies indicate that perturbations to the structure, brought about
by amino acid point mutations and changes in environmental conditions such as pH,
temperature and presence of denaturants can substantially destabilize the PrP® conformer,
affect its thermodynamic stability and induce structural transformations of pathological
significance.*®”"

In the globular domain of PrPS, helix H1 has certain intriguing proper‘[ies32 and its
plausible roles in triggering the onset of TSEs has been the central topic in a series of
experimental and computational studies.33-41 In contrast with other helices usually found in
globular proteins, H1 is characterized by a large abundance of hydrophilic, solvent exposed
residues, making it the most soluble of all the protein a-helices found in the PDB.* Circular

dichroism (CD) and Nuclear magnetic resonance (NMR) studies of the isolated forms of H1

report its extreme stability, and thereby suggest the lack of its role in PrP* generation.*
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Conversely, molecular modeling studies have proposed a model of Prp° aggregate, namely
the B-nucleation model in which helix HI1 wunravels and favorably adopt [-sheet
conformations.”® These aggregates whose core consists of hydrophilic HI components are
mainly stabilized by the formation of inter-molecular salt-bridges between H1 residues. Many
experimental and computational studies have postulated that a key molecular event in PrP©
misfolding is the detachment of the S1HI1S2 region from the H2H3 subdomain.'” ***°
Further, evidence from computer simulations suggests that a partially unfolded intermediate
of the globular prion domain that is a possible candidate for PrP aggregation, displays the
detachment and high mobility of the H1 from the relatively stable core formed by helices H2
and H3."” Such an analogous behavior has also been observed in simulation studies of PrP¢ in
response to low pH as well as in some disease-associated mutants.'> ' ***® These studies
suggest that interactions between the helices HI and H3 could be playing significant roles in
the conformational propensities of PrP°.

We point out that all mammalian species of the prion protein are highly conserved in
sequence and architecture.® This is evident from a superimposition of PDB structures

corresponding to different species™ !

as shown in Figure la, as well as the RMSD and
percent identity values reported in Table S1 in the Electronic Supplementary Information
(ESI). Local differences in the backbone conformations are manifested in the C-terminal of
helix H3, the loop between S2 and H2 and the orientation of HI. Helix H1, owing to its
charged nature, does not contribute to the hydrophobic core and is engaged in a cluster of
electrostatic interactions, stabilizing the tertiary structure. Three non-local salt bridges E146-
K204, E146-R208 and R156-D202 connect the stable H2H3 core with the more flexible

domain consisting of H1 and strands S1 and S2. The interface of HI (C-terminal) and H3

consists of three polar residues Y149, Y150 and N153. Of these residues, residue Y149 is
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involved in an inter-helix side chain (H1H3) hydrogen-bonding interaction with residue
D202. Residue Y150 forms a hydrogen bond with P137 that is located in the SIH1 loop
region, while residue N153 forms an intra-helical backbone hydrogen bond with Y 149. These
interactions involving H1 residues are depicted in Figure S1. We have also reported the inter-
residue distances corresponding to the aforementioned interactions in different prion proteins
in Table S2, and additionally a pictorial representation of some key interactions in the
superimposed structures in Figure S2. We note here that although the hydrogen bond Y 149-
D202 is not reported in the NMR structure of human prion protein used in this work, it is
highly likely to form the bond during the course of an unbiased MD simulation.

Molecular dynamics (MD) simulations have been extensively used to provide an
atomistic understanding of the structural, dynamical and self-assembly propensities of
amyloidogenic proteins.'* ***7 In this study, using fully atomistic molecular dynamics (MD)
simulations, we have studied the conformational and dynamical implications of a minor
perturbation of H1 interactions, namely the loss of a single side chain-side chain hydrogen
bond Y149-D202, that links H1 with the rest of the globular domain of PrP®. This
perturbation was brought about by the replacement of residue Y149 with phenylalanine.
Phenylalanine is identical to tyrosine except for the absence of the —OH group, which thus
effectively obliterates the possibility of forming the Y149-D202 hydrogen bond in the
artificially mutated system Y149F. Moreover, this replacement largely bypasses volume
constraints without drastically affecting the structure of the protein. Such a minor
perturbation could also be induced by stochastic, thermal or dynamical fluctuations or
alterations to the solvent conditions. With 0.5 ps of simulated data in each case and the
dominant clusters elicited from Principal Component Analysis (PCA), we have evaluated and

compared the conformational and dynamical behavior of the globular C-terminal domain of
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PrP¢ in its native form (Figure 1b) with that of the singly mutated form with the Y149F
mutation in H1 (Figure 1¢). Our analyses show that this apparently small perturbation in H1-
H3 interaction can result in conformational changes causing an overall weakening of the
structural stability of PrP¢. The hydration of the hydrophobic core and weakening of H1-H3
salt-bridge propensities due to the perturbation suggests a cooperative interplay in the
network of these associations in maintaining structural stability of the protein. Interestingly,
the decay of the internal associations resulted in marginal decrease in the degree of helicity,
and a small overall increase in the length of the $-sheet domains. These changes in structure
and dynamics are in agreement with the conformational changes observed at low pH, high
temperature environments and in response to pathogenic point mutations.'> '% 30 31 4648 Oy

results suggest that the origins of PrP“ to PrP*° transition may be present in stochastic

perturbations to the native network of interactions that stabilize the PrP form.

Methods

System setup and MD Simulations

The NMR structure of the C-terminal domain (residues 125-228) of human PrP (PDB entry
— 1QM2) determined by Zahn et al.® were chosen as the initial structure for wild type prion
protein (hereafter WT). A variant of the protein was obtained by replacing the Tyr residue at
position 149 of the WT protein with a residue of Phe, to yield the Y149F system. The NH>"
and COO" groups were added to the N and C-termini of the protein and three Na" counterions
were used to neutralize the systems. Each system was solvated explicitly in a cubic box
containing approximately 9600 TIP3P water molecules® and simulated under periodic
boundary conditions. The systems were simulated using the NAMD2.8 simulation package®’

with the CHARMM??2 all-atom force field with CMAP correction®. A time step of 2 fs was
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used. A constant temperature of 310 K was maintained using Langevin dynamics with a
collision frequency of 1ps™. A pressure of 1 atmosphere was maintained using the Nosé-
Hoover algorithm.®' Covalent bonds involving hydrogen atoms were constrained using the
SHAKE algorithm.®* Long-range electrostatic interactions were computed by particle-mesh
Ewald (PME) method.” The cutoff for non-bonded interactions was 12 A, with smooth
truncation starting from 10 A. The systems were initially energy minimized for 15 000 steps
on the basis of the conjugate gradient method followed by simulations in the isothermal-
isobaric ensemble for 100 ns each. Five independent MD simulations were performed for WT
and Y149F to generate trajectories of 100 ns each, amounting to a total of 0.5 ps of
simulation time for each system. One control simulation trajectory was generated for each of
the systems with the same simulation protocols described above, using the AMBER force

field.**

Principal Component Analysis

Principal component analysis (PCA) of the combined trajectories of WT and Y149F was
performed to capture the motional complexity of the systems using the Carma program.®
PCA is a widely used technique to obtain functionally relevant collective motions from MD
simulation ensembles.®*”® The analysis is based on the diagonalization of the variance-
covariance matrix of atomic fluctuations along simulation trajectory. The eigenvectors and
eigenvalues obtained from the diagonalization represent the various modes of motions and
can be used to cluster the ensemble of structures. The eigenvectors corresponding to the

largest eigenvalues are the ‘Principal Components’ (PC) that describe the largest amplitude

collective motions of the protein. The probability distributions of the first two principal

components (PC1 and PC2) corresponding to the C,, atomic fluctuations are used to calculate
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the free energy using the following equation,

AG = —kBTln[L} (1)
pmax

where kp is the Boltzmann’s constant; 7 is the absolute temperature; p is the probability
distribution of the first two principal components; and pp.x is the maximum probability.
The two extreme projections sampled along the trajectory on PC1 were further used to

build porcupine plots that depict a graphical view of the dominant motion represented by the
most populated cluster. In a porcupine plot, each C, atom has a cone pointing in the direction

of its motion along the trajectory; the length of the cone represents the amplitude of the

motion. The plots were generated using PyMOL.71

Dynamic Cross Correlation Analysis
To identify the protein regions whose motions are correlated with one another, the
cross-correlation of the atomic fluctuations obtained for the most populated cluster was

obtained from PCA. The pairwise cross-correlation coefficient, Cy;, for the displacement of

all Cy, atom pairs, i and j, is given by

Ci/' — M (2)

<Ariz><A’"./2>

where Ar; and Ar; are the displacement vectors of the atoms i and j, from their mean
positions respectively, which is determined from all configurations in the cluster. All frames
of the cluster are superimposed on the initial structure and a matrix of all atom-wise cross-

correlations is generated. The elements of the matrix are displayed in a graphical

10
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representation termed as a ‘dynamic cross-correlation map’ (DCCM). The value of C;;=1 for
completely positively correlated motion while C; = -1 for completely negatively correlated
motion. Positively correlated residues move in the same direction, whereas negatively

correlated residues move in the opposite direction. The magnitude of the cross-correlations of

fluctuations of backbone C, atoms was calculated and plotted using the Bio3D Package.”

Configurational entropy
We have calculated the configurational entropy per C, atom of the WT and Y 149F systems

using Schlitter’s method” as implemented in the Carma® program. According to Schlitter’s

formula, the absolute entropy S is approximated as,

2

2
S, <S= %kB In det[l + thT ° Ma} 3)

Here, k3 is the Boltzmann’s constant; 7 is Planck’s constant reduced by 2z; T is the absolute
temperature; e is the Euler value; M is the diagonal mass matrix of rank 3N; and o is the

covariance matrix of the atomic positional fluctuations.

Results and Discussion

I. Conformational integrity

We have studied conformational and dynamical changes in the PrP® globular domain brought
about by an elimination of an inter-domain hydrogen bond, namely Y149-D202, via a

tyrosine to phenylalanine mutation at the residue position 149. In Figure 2a, we compare the

11



Molecular BioSystems

probability distributions of the side chain interaction energies of residue pairs Y 149-D202
and F149-D202, belonging to the native and the mutated systems, respectively. Mean non-
bonded interaction energies between these residues in the WT and Y 149F systems are -11.46
(+7.66) and -0.87 (+£0.94) kcal mol™, respectively. Overall, the loss of the inter-domain H-
bond between helices H1 and H3 causes a significant weakening of the side chain
interactions. To compare the conformational stabilities, the root-mean-square-deviation
(RMSD) of the backbone atoms was calculated for the two systems. In Figure 2b, we have
plotted the RMSD of the backbone atoms of the WT and Y 149F proteins relative to the initial
structure over the simulation timescale, averaged over the five independent runs. The average
RMSD of the mutant Y149F is markedly higher than that of WT system over the entire
timescale, indicating that compared to the WT, marked conformational changes occur in the
mutant system. The mean RMSD values for the WT and the Y149F systems, averaged over

the last 80 ns, are 3.22 (£0.10) A and 3.97 (£0.18) A, respectively. We further compared the
cumulative configurational entropy per C atom as a measure of the extent of disorder of the
two systems. As depicted in Figure 2c, the net configurational entropy of Y149F is larger
than that of WT. The mean configurational entropy per C, atom for the WT and the Y149F

systems, averaged over the last 2 ns, is 32.94 (£0.12) and 34.13 (£0.13) JK 'mol ™,
respectively. Thus, the loss of the single H1-H3 hydrogen bond induces fluctuations and

conformational disorder in PrP®. In Figure S3, we have depicted the interaction energy
between residues 149 and 202, the configurational entropy per C, atom averaged over the

trajectories along the simulation time in the WT and the Y149F systems, along with the
corresponding standard deviations.

We also evaluated the above characteristics for the control simulation generated with

12
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the AMBER force field, which is presented in Figure S4. The probability distribution of the
side chain interaction energies, depicted in Figure S4a, indicates that the interaction strength
of residue pair F149-D202 of the mutant is significantly reduced as compared to the WT
residue pair Y149-D202. The mean interaction strengths in the WT and the Y149F systems
are -13.765 (£6.96) and -0.92 (£0.84) kcal mol™, respectively, and therefore comparable to
the values obtained with CHARMM. We note here that the RMSD trends obtained for

AMBER trajectories show a higher deviation for the WT. However, similar to the
corresponding data obtained with CHARMM, the configurational entropy per C, atom of the

mutant is higher than that of the WT system. The mean configurational entropy averaged
over the last 2 ns of the WT and Y 149F systems simulated with AMBER are 36.55 (£0.09)

and 38.84 (£0.12) JK 'mol™ respectively.

I1. Principal Component Analysis (PCA) and essential dynamics
PCA, as described in Methods, was performed on the simulation ensembles of the WT and

Y 149F systems. The overall flexibility of the two systems was calculated by the trace of the
diagonalized covariance matrix of the C, atomic fluctuations. The trace values for the WT

and Y149F systems were found to be 701.82 and 1042.92 A% respectively, suggesting that
there is higher flexibility in the collective motion of the protein in Y149F as compared to that
of WT. In Figure 3a and b, we present the free energy landscape projected on the first (PC1)
and second (PC2) principal components, and provide snapshots of representative
conformations of the most populated cluster of the two systems. In all further analyses, we
considered the most populated clusters obtained from the PCA of the simulated systems for

comparing the structural and dynamical characteristics of PrP¢ of the WT system and the

13
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system with induced perturbations in inter-domain interactions.

To identify key differences in the modes of motion in the WT and Y 149F systems, we
generated porcupine plots from the extreme projections on PCl generated from the
simulation ensembles; these are presented in Figures 4a and b. The unidirectional motion of
the helices Hl and H3 indicates dynamical correlation between them in the WT system.
However, this correlation is largely lost in the perturbed Y 149F system, and the two helices
are observed to move in opposite directions. The STH1 loop, preceding helix H1, exhibits
large amplitude displacements in both the systems, albeit in opposite directions. In WT, the
S1H1 loop moves in a direction towards the H2H3 sub domain with which it forms the
hydrophobic core in PrPC. In Y149F, on the other hand, it moves in a direction away from
H2H3 subdomain. Moreover, the short, anti-parallel B-sheet linked by a hydrogen bond
network shows concerted motion. We note here that earlier studies have reported the
movement of HI and the S1HI loop away from H3." ' *" * However, we observed that
S1H1 loop movement is opposite to that of H1. The helices H2 and H3 that together form
bulk of the hydrophobic core do not move unidirectionally, but the magnitude of this
displacement is low in both the systems. We remark here that H2 and H3 is connected by a
disulfide bridge between residues Cys179 and Cys214. In Figure 5, we have plotted the
distribution of the distance between the sulfur atoms of these residues. The mean distance
between the two atoms increases from 4.99 (+0.36) A in the WT, to 7.40 (£0.68) A in the
Y 149F system. While the possibility of bond breakage cannot be assessed with classical
simulations, this analysis indicates that the structural changes in the Y149F system markedly
affects the stability attributed to the disulfide bridge.

To further corroborate the observed dynamics, we quantified the interatomic cross

correlations of the fluctuations in C,, atomic positions of the two systems. In Figure 4c and d,

14

Page 14 of 40



Page 15 of 40

Molecular BioSystems

we have illustrated the Dynamic Cross-Correlation Map (DCCM) representing the correlated
motions of WT and Y149F ensembles projected along PCI1. In the WT, HI1 is positively
correlated with N-terminal of H3, in agreement with their concerted motion as a unit
observed in the porcupine plot. On the other hand, in Y149F, H1 has a strong negative
correlation with H3; interestingly, this correlation is of a higher degree with the N-terminal
end of H3, which is the region of contact of Hl and H3. Further, helices H2 and H3 are
anticorrelated with each other in WT and have less pronounced negative correlation in the
mutant. The short, anti-parallel 3-strands are positively correlated with each other in both the
systems as they are connected by a hydrogen bond network and move in phase. These
analyses show that small perturbation in the network of interactions in the PrP® domain can

critically affect its flexibility and modes of internal motions.

III. Hydration of the hydrophobic core

In PrP%, a tightly packed hydrophobic core consists of the twenty residues Met134, Pro137,
Ile139, Phel41, Prol58, Vall61, Phel75, Vall76, Cys179, Val180, Ile184, Phel98, Val203,
Met205, Met206, Val209, Met210, Cys213, Cys214 and [le215.24 These residues provide
hydrophobic contacts between helices H2 and H3; between the S1H1 loop and H3; and
between the anti-parallel 3-sheet and H2 or H3. The hydrophobic core residues between
helices H2-H3 and at the SIH1 loop-H3 interface are depicted in Figures 6a and b
respectively. We note here that several pathogenic mutations are located in the hydrophobic
core, and importantly, a number of studies relate the instability of the hydrophobic core to the
early steps in the misfolding process.'® *” *® Herein, we investigated how the dynamical
changes induced by the minor perturbation in the H1-H3 interactions could affect the stability

of the hydrophobic core. We first assessed the solvent-accessible surface area of the
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hydrophobic core, SASAyc, calculated within the VMD package74 by running a spherical
probe of 1.8 A radius over the protein surface, as a measure of its compactness and solvent
exposure. In Figure 6¢, we depict the probability distributions of SASAyc computed for the
WT and Y149F. In Y149F, there is a clear shift of the SASAyc of the hydrophobic core
towards higher values; the peak positions in the WT and Y 149F systems are centered at ~425
and ~550 A?, respectively. We have plotted, in Figure S3c, the SASA of the hydrophobic
core residues, averaged over the independent trajectories in each system as a function of
simulation time, along with corresponding standard deviations. Thus, the perturbation caused
by loss of a single H1-H3 hydrogen bond in Y 149F effectively leads to about 30% increase in
the solvent exposure of the hydrophobic core. We also analyzed the SASAyc of the AMBER
simulation trajectories the probability distributions of which are depicted in Figure S5. There
is enhanced hydration of the Y149F system as compared to the WT, with the peak positions
at ~325 and ~510 A%, respectively, which is comparable to the observation with CHARMM.
We note here that the SASAyc increase is observed in Y149F despite the slightly higher
hydrophobicity of phenylalanine compared to tyrosine. The increase, therefore, should be
attributable to the increased conformational flexibility and the loss of structural coherence in
the perturbed system.

To elucidate the residue-level changes, we present in Figure 6d, the residue-wise
mean solvent accessible surface area, or SASA,;, of the individual hydrophobic core residues
analyzed for the WT and Y 149F systems. The comparison reveals that the mean SASA,cs of
residues Ile139, Prol158, Phel75, Vall76, Cysl179, Vall80, Met205, Met206, Val209,
Val210, Met213, Cys214 and Ile215 is higher in Y149F. Of these residues, Met205, Val209
and Met213 in H3 have hydrophobic interactions with residues of the SIH1 loop. This is

commensurate with the observed decorrelated motion of H1 and H3 in Y 149F that causes the

16
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exposure of the H3 residues linked by hydrophobic contacts with the STH1 loop. Residues
Phel75, Val176, Vall80 and Ile184 of H2 have hydrophobic interactions with residues
Val203, Met206, Val210 and Ile215 of H3. The increased SASA,cs of these residues shows
that the stability of hydrophobic interactions in the H2H3 subdomain are affected due to
increased solvent exposure. Helices H2 and H3 are connected by a disulfide bond formed
between residues Cys179-Cys214 that also show an enhanced SASA,cs. This suggests that the
packing of helices H2 and H3 in the hydrophobic core is perturbed significantly in the Y149F
system. Residue P158, located in the loop between H1 and S2, shows remarkable increase in
SASA,e in Y149F as compared to the WT system. In the WT system, the side chain of P158
is oriented towards H3, which is part of the hydrophobic core, and thus shielded from the
surrounding water. However, in Y149F, the enhanced dynamics and flexibility of the
S1H1S2 region in a direction away from the hydrophobic core, results in exposure of the
P158 side chain to solvent molecules. The analyses above shows that the dynamics of PrP®
resulting from the perturbation of H1-H3 interaction and the resulting mobilities of the
structural elements causes marked decrease in the stability of the hydrophobic core.

In addition, we analyzed two hydration sites previously identified by De Simone et
al.” with tightly bound structurally conserved waters that are necessary in maintaining local
elements of the PrP fold. The water at site 1 mediates the interaction between the carbonyl
of S132, the amide of V161 and the Q217 side chain oxygen; thus connecting three protein
regions that belong to different secondary structure elements S1, S2 and H3, respectively. In
Figure S6a, we have plotted the probability distributions of the distance between S132:0 -
V161:N in the dominant cluster of the two systems. The peak positions of the distribution are
~5.2 A and ~7 A for WT and Y149F systems, respectively. The increase in the distance

between the backbones of S132 and V161 of ~2A in Y149F indicates that the increased
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fluctuations and dynamics in this system destabilize the water-mediated interaction at site 1.
Another identified hydration site, with long residence time (exceeding 1ns) is located at the
end of strand S2 and H2. This site bridges the backbone oxygen of residue F175 and the
amide of R164; it also interacts with the side chain of D178. We analyzed the distance
between the atoms of the F175:0 - R164:N interaction; the probability distance distributions
of this interaction are depicted in Figure S6b. Interestingly, the mutant exhibits a bimodal
distribution with the higher peak position at ~5.5A, while the WT system has a peak position
of ~7.5A. The reduced distance between the interacting atoms indicates that the water-
mediated interaction at site 2 is strengthened in the mutant Y149F. We mention here that
there is very little overlap of the hydrophobic core residues with the residues participating in

these tightly bound hydration sites.

IV. Inter-domain salt bridge stability

The PrP® structure contains a diverse set of salt bridges that have been proposed to play an
important role in stabilizing secondary structural elements and maintaining the overall
tertiary fold.”® Hence, disruption of the salt bridge network may substantially destabilize the
folded conformation. To understand how a minor perturbation of the interactions that tether
HI1 to the rest of the protein may affect the stability of the salt bridge network, we examined
the three non-local salt-bridges that anchor H1 to H3: E146-K204, E146-R208 and R156-
D202. Previous studies have asserted that these salt-bridges contribute to the stabilization of
PrP® and that their abolition, either due to protonation of the acidic amino acids in response
to low pH or by relevant genetic mutations, decreases the stability of PrP€ and favors
misfolding.'® 2% " 7 77 In Figure 7a-c, we depict distributions of the salt bridge distances

(dsg) between each pair in the WT and the perturbed Y149F system. In Y149F, the dsp

18
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distributions shift to higher values compared to the unmutated system for all the three salt-
bridge pairs. In Table 1, we have reported the mean values of the inter-residue distances and
interaction energies of these salt-bridge forming residue pairs in the most populated cluster of
the WT and Y149F systems. The interactions for all the three salt-bridges are weakened in
Y 149F as compared to the WT system.

We note here that the formation of stable salt-bridge networks is generally associated
with a desolvation barrier.”*®' Thus, the overall destabilization of the salt bridge network in
Y 149F may be commensurate with a higher local desolvation barrier resulting from the
increased hydration accompanying the dynamical instability in this system. We probe this
effect by comparing the protein-water radial distribution functions, g(r), calculated between
the oxygen atoms of solvent water molecules and the Cg atom of the salt-bridge forming
residues for the WT and Y149F systems; these results are shown in Figures 7d-f.
Commensurate with stronger salt-bridge interaction in the E146 — K204, E146 — R208 and
R156 — D202 pairs in the WT, the first and second solvation peaks in g(r) are marginally
weaker in this system compared to Y149F. These analyses illustrate how a minor loss in the
H1-H3 association results in major perturbations within the salt-bridge network of the folded

domain of PrP°.

V. Secondary structural propensity

We finally attempt to understand if the disruption of HI1-H3 interactions and the resulting
conformational dynamics may cascade into secondary structural effects relevant for prion
propagation. In Figure 8, we compare the residue-wise helical and (-sheet propensities of
dominant clusters in the WT and Y149F systems, obtained with the STRIDE algorithm®? in

VMD™. The structure of helix H1 is found to be stable in both the WT and Y 149F systems.
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However, the region near the C-terminal end of H1, consisting of residues M;s4YR;sg, i
labile. In the WT system, these residues formed a 3j¢-helix in about 20% of the
conformations within the most populated cluster. On the other hand, in the Y149F system,
these residues adopt a-helical conformations. We note here that increased disorder is known
to exist in residues D;7EYSN7; in the S2H2 loop.® Our analysis shows that these residues
exhibit transient 3¢ helicity in both systems, but with a distinctly lower propensity in Y 149F.
We further note that experimental and computational studies have shown that residues at the
C-terminal end of H2 are frustrated in their helical state.® However, surprisingly, we observe
here that the N-terminal end of H2 up to the disulfide-bond forming residue, Cys179,
undergoes structural loss in Y 149F system, while the C-terminal region remains fairly stable.
Furthermore, we observed that the lengths of the B-strands in Y149F were enhanced relative
to the WT system. This was corroborated with an analysis of inter-strand backbone hydrogen
bonds in S1 and S2; the donor-acceptor distance threshold for a hydrogen bond was 4.0 A
and the angle connecting the donor, hydrogen and the acceptor atoms was more than 135°. In
the starting structure, the short anti-parallel B-sheet consists of four inter-strand backbone
hydrogen bonds, namely, M129:N - Y163:0; M129:0 - Y163:N and GI131:N - V161:0 and
M134:N - N159:0. These hydrogen bonds are fairly stable in the WT system. In addition,
two new hydrogen bonds, V161:N - G131:0 and A133:N — N159:0, are observed in the
Y 149F system, resulting in a slight elongation of the native B-sheet. The glycine at the end of
strand S1, which promotes a conserved f-bulge, was proposed to be a “negatively designed

"8 to prevent edge-to-edge intermolecular P-sheet aggregation in PrP¢*

element
Furthermore, residue R220 interacts with S132, thus sustaining the B-bulge in the edge strand
S1. We remark here that the enhanced fluctuation of the SIH1 loop in Y149F causes the

displacement of S132, which destabilizes the B-bulge. Interestingly, the disruption of the [3-
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bulge exposes the unsaturated amides and carbonyls on the edge strand S1, which results in
the formation of the V161:N - G131:0 bond. A fifth hydrogen bond, A133:N - N159:0 is
formed in Y149F. These additional hydrogen bonds in Y149F have the effect of elongating
and stabilizing the native B-sheet. This observation is consistent with previous simulation
studies on partially unfolded states of PrP®, effects of pathogenic mutations, and influence of

low pH environment.'” *

The effect of perturbing inter-domain associations is thus
manifested in notable secondary structural changes of the globular domain. However, it is
appropriate to keep in mind that secondary structure propensities could be sensitive to force
field effects. Therefore, the correlation between the conformational dynamics and secondary

structural propensities yielded by MD trajectories generated with other atomistic force fields

should also be compared.

Conclusions

In this work, we have examined the effects of the disruption of a single hydrogen bond
between the H1 and H3 helical domains on the overall behavior of the folded, C-terminal
globular domain of PrP®. We observed that this relatively minor perturbation in the inter-
domain association cascaded into several key conformational and dynamical effects. The
effect is manifested in the dynamics of the various secondary structural domains, which in
turn resulted in increased solvent exposure of residues of the hydrophobic core and overall
reduced stability of the inter-domain salt bridges. The changes were further accompanied by
an overall helical destabilization and subtle elongation of the [-strands, which could
potentially mark the onset of conformational transitions to the PrP% forms. We note that the
observed changes are consistent with the conformational changes observed in misfolding

studies, at low pH or in studies with pathogenic mutations. '>7-27%
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As mentioned previously, earlier studies have highlighted the role of several inter-
domain non-bonded interactions in the early structural determinants of PrP¢ to PrP®
transition.'” **>- 7" Our study strongly underscores that the cooperative interplay of various
non-bonded associations, particularly inter-helical hydrogen bonding between H1 and H3,
hydrophobic contacts and salt bridge network, are necessary to maintain the structural
integrity of the folded domain of PrP®. Small, transient perturbations in the network of these
interactions may critically disrupt this cooperativity and thereby induce dynamical and
conformational instabilities potentially leading to structures that are prone to pathogenic
transitions. In the light of these findings, it could be useful to design anti-prion strategies that
bias the folded state by reducing dynamical fluctuations and stabilizing key inter-domain
associations. Further investigations on longer timescales, coupled with precise experimental
measurements, are required to characterize the transient nature of the observed fluctuations,
and the extent to which they are capable of modulating the heterogeneous pathways inherent

to the PrP® to PrP>° transition.
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Tables
Table 1. Mean inter-residue distances, d (A) and interaction energies, E (kcal mol™) of the
salt-bridge forming residues of the most populated cluster of the WT and Y 149F

systems. Standard deviations are provided within braces.

Salt-bridge

WT Y 149F WT Y 149F

E146-K204 10.40 (£4.95) | 13.47 (£2.58) -21.21 (£32.38) -1.45(x2.74)

E146-R208 8.30 (#4.26) | 16.16 (x1.43) | -31.11(£37.33) -0.045(20.08)

R156-D202 5.15 (£2.10) 8.47 (£1.31) -59.61 (£30.79) -7.59(+6.46)
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Figure Legends

Figure 1. (a) Superimposed structures of prion protein of four different species: Human,
Mouse, Syrian Hamster and Bovine PrP.

(b) Structure of the C-terminal globular domain (residues 125-228) of Wild type human PrP©
indicating the Y149-D202 hydrogen bond (c) Mutant Y 149F, in which residue Y149 in HI is

replaced by a hydrophobic residue phenylalanine.

Figure 2. (a) Probability distributions of interaction energy strength between residues Y 149-
D202 in WT and F149-D202 in Y149F system. (b) Backbone RMS deviations from the

starting structure as a function of simulation time (c) Cumulative configurational entropy per

Cq atom of the WT and Y 149F systems.

Figure 3. Free energy landscape on the plane defined by the first (PC1) and second (PC2)
principal components for the a) WT ensemble, and b) the Y149F ensemble. Representative

structures for the most populated cluster are depicted.

Figure 4. Porcupine plots of the first principal component (PC1) obtained from PCA
depicting dominant motions of residues in (a) WT and (b) Y149F of the most populated
cluster. The dominant motions in PC1 are illustrated as cones colored in cyan. The length of
the arrows represents the amplitude of the cones while the direction indicates the direction of
motion. Dynamic Cross-Correlation Map computed for the most populated cluster of ¢) WT
and d) Y149F systems. Axes denote the residue numbers. The color scale for correlation and

anti-correlation are shown at the right of each plot.
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Figure 5. Distance between the sulfur atoms of the disulfide bond Cys179-Cys214 between

helices H2-H3 in the most populated cluster for the WT and Y 149F systems.

Figure 6. The hydrophobic core residues of PrP C-terminal globular domain at (a) H2-H3
interface (b) SIH1 loop-H3 interface. The residues are shown as translucent grey surface,
with side chains represented as sticks. (c) Probability distributions of SASA of hydrophobic
core residues calculated for cluster 1 obtained from PCA. (d) Per-residue side chain SASA of

the hydrophobic core residues.

Figure 7. Salt-bridge analyses of the most populated cluster obtained from PCA.
Distribution of the H1-H3 inter-domain salt-bridge distance, dsz, in the most populated
cluster obtained from PCA for the residue pairs (a) E146-K204, (b) E146-R208 and (c) E156-
D202. Radial distribution functions (RDFs) calculated between the oxygens of the solvent
water molecules, and the Cg of the salt-bridge forming residues (d) E146 - K204, (e) E146 -

R208 and (f) R156 - D202

Figure 8. Percentage of secondary structure content per residue in the WT (upper panel) and
Y 149F (lower panel) systems. The secondary structure assignments were done by STRIDE

algorithm in VMD.
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Figure 2.
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Figure 4.
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Figure 6.

O S1H1 loop

d)

c)

—o WT

~—a Y149F

| I G TN N T 1

11 1 1 1

— WT

— Y149F

nigeqosy

700 800

00
)

6l

500

0 400

30

SASA (A?

38



Page 39 of 40

Figure 7.
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