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A B S T R A C T   

Prion diseases are associated with the conversion of the cellular prion protein (PrP) into a pathogenic conformer (PrPSc). A proposed therapeutic approach to avoid 
the pathogenic transformation is to develop antibodies that bind to PrP and stabilize its structure. POM1 and POM6 are two monoclonal antibodies that bind the 
globular domain of PrP and have different biological responses, i.e., trigger neurotoxicity mimicking prion infections (POM1) or prevent neurotoxicity (POM6). The 
crystal structures of PrP in complex with the two antibodies show similar epitopes which seems inconsistent with the opposite phenotypes. Here, we investigate the 
influence of the POM1 and POM6 antibodies on the flexibility of the mouse PrP by molecular dynamics simulations. The simulations reveal that the POM6/PrP 
interface is less stable than the POM1/PrP interface, ascribable to localized polar mismatches at the interface, despite the former complex having a larger epitope 
than the latter. In the presence of any of the two antibodies, the flexibility of the globular domain increases everywhere except for the β1-α1 loop in the POM1/PrP 
complex which suggests the involvement of this loop in the pathological conversion. The secondary structure of PrP is preserved whereas the polar interactions 
involving residues Glu146, Arg156 and Arg208 are modified upon antibody binding.   

1. Introduction 

Prion diseases are transmissible neurodegenerative disorders known 
as Creutzfeldt-Jakob disease of Gerstman-Straussler-Scheinker syn-
drome in humans and mad cow disease in bovines. The onset of prion 
disorders is associated with the conversion of the monomeric form of the 
prion protein (PrP) into its self-assembled multimeric conformation 
PrPSc (scrapie) [1]. The latter propagates by recruiting the non- 
pathogenic PrP, imposing its conformation upon it and ultimately 
aggregating into insoluble deposits known as amyloid fibrils, which are 
identified in the diseased tissue [2]. Structurally, the monomeric form of 
PrP consists of an unstructured N-terminal segment or flexible tail 
(residues 23–123) and a globular, folded domain (124–231) [3]. The 
globular domain is composed of three α-helices α1 (residues 144–156), 
α2 (172–193) and α3 (200–226), and a two stranded anti-parallel β-sheet 
(residues 129–132 and 161–163 for β1 and β2, respectively) [4] (Fig. 1a). 
The pathogenic conformer is rich in β-sheets, insoluble and highly 
resistant to proteolysis [5]. 

Up to date no treatment has been developed to prevent the devel-
opment or progression of prion diseases. β-breakers and small molecules 
were shown to interfere with PrPSc aggregation and various antibodies 
increased survival rates [6]. A proposed therapeutic approach is the 
design of monoclonal antibodies that bind to the monomeric form of PrP 
and stabilize its native conformation, thereby preventing any confor-
mational changes into the toxic conformer. The POM-family of mono-
clonal antibodies (POMologues) has been developed to recognize a 

variety of epitopes along the sequence of PrP [7]. One of such antibodies 
is POM1, which binds with nanomolar affinity to the globular domain of 
PrP [8]. When expressed in mice and cerebellar organotypic cultured 
slices it induces rapid neurodegeneration without distorting the 
conformation of the globular domain [8] (Fig. 1b). It has been proposed 
that POM1 acts as a PrPSc mimetic reagent whose toxicity is mediated by 
the flexible tail [8,9]. At the opposite pole, POM6 recognizes epitopes 
neighboring those of POM1, yet it was shown to be innocuous to cere-
bellar slices [8]. The mechanism of POM1 induced toxicity and its 
relation to PrPSc is largely unknown. Moreover, there is no explanation 
for the distinct biological response of POM6 despite binding to a similar 
epitope as POM1. 

Molecular dynamics (MD) simulations complement experimental 
studies and provide information on the structural details of free PrP, 
mutations thereof and PrP in complex with antibodies. Due to its im-
plications and correlation to prion disease susceptibility [10], a lot of 
attention has been directed towards the conformational behavior of the 
β2-α2 loop (Arg164 – Asn171) [11–15]. In particular, the Val166 – 
Tyr169 segment was shown to adapt conformation between a 310-helical 
turn or a type I β-turn, a conversion regulated by residue Tyr169, which 
stabilizes the 310-helical turn [12]. Wild-type PrP has a high free energy 
barrier to overcome in order to convert the β2-α2 segment from a 310- 
helical turn to a β-turn [12]. Mutations of the tyrosine decreased the free 
energy barrier the β2-α2 segment needs to overcome to attain the β-turn 
conformation [12,13]. Furthermore, together with the C-terminal part 
of the helix α2, the β2-α2 loop was proposed to play an important role in 
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PrP misfolding in an acidic environment [14]. Another segment of in-
terest is α1, as the preservation of the helix in its native state was asso-
ciated with a reduced probability of PrP misfolding [16–19]. Essentially, 
the detachment of the β1 − α1 − β2 segment from the α2 − α3 segment 
results in the exposure of α1 and its potential misfolding [17,20]. Sim-
ulations have shown that pathological mutations can favor fluctuations 
that promote α1 detachment from the native packing interface [16]. 
Additionally, the free energy barrier PrP needs to overcome in order to 
misfold is associated with the unbroken packing of α1 [20]. Up to date, 
the effects of antibody attachment on the structure and flexibility of the 
globular domain of PrP have not been explored by MD simulations. One 
exception is a combined simulation and experimental study which has 
shown that POM1 and neurotoxic mutations thereof induce the forma-
tion of a hydrogen bond between the backbone carbonyl group of 
His140 and the side chain of Arg208, which can alter the flexibility of 
the β2-α2 and α2-α3 loops [21]. In a recent simulation study with a 
simplified model of the membrane and implicit solvent we have focused 
on the interactions of the flexible tail of PrP with the membrane surface 
and the globular domain [22]. The simulations showed that the presence 
of POM1 or POM6 reduced the distance of the flexible tail from the 
membrane surface. Furthermore, the interactions between the tail and 
the globular domain were modulated differently by the two antibodies 
[22]. We did not address a potential influence of the antibodies on the 
intrinsic plasticity of the globular domain of PrP, which was kept almost 
rigid to prevent spurious alterations of its folded structure during the 
enhanced sampling at high temperature. 

Here, we investigate the effects of the binding of the neurotoxic 
POM1 antibody and the innocuous POM6 antibody on the globular 
domain of mouse PrP. The present study was motivated by the limited 
knowledge available from the crystal structures which show similar 
epitopes, [23,24] and thus raise the following questions. Are the contact 
interfaces and/or the intrinsic flexibility of the PrP globular domain 
influenced differently by the two antibodies? Are specific interactions 
between side chains of the globular domain affected by the antibodies? 
Is the PrP secondary structure preserved in presence of the antibodies? 
The simulation results show that the complex with POM6 is structurally 
less stable than the one with POM1. Furthermore, the presence of POM1 
or POM6 enhances the flexibility of the PrP globular domain without 
perturbing its regular elements of secondary structure. 

2. Methods 

In the following we address only the 125–225 segment of PrP and 
sometimes omit the term globular domain to simplify the text. For ease 
of comparison with previous publications, the numbering of the residues 

refer to the human sequence of PrP which differs from the mouse 
sequence by one residue. 

2.1. System preparation 

The starting configurations for the MD simulations were extracted 
from the solution NMR structure of mouse PrP (PDB ID: 1XYX), [25] and 
the X-ray diffraction structures of mouse PrP in the complex with POM1 
(PDB ID: 4H88) [8] or POM6(PDB ID:6AQ7). [24] To reduce computa-
tional cost, only the globular domain of PrP (residues 125–225, Fig. 1a) 
and only the variable domains of the antibodies were used (residues 
1–120 and 1–117 of heavy chain and 1–109 and 1–113 of light chain for 
POM1 and POM6, respectively, Fig. 1b-c). 

2.2. Simulation protocol 

The simulations were carried out using the GROMACS 2020.5 
simulation package [26,27]. All simulations were performed using the 
all-atom CHARMM36m forcefield [28] and the TIP3P water model [29]. 
Three sets of simulations were carried out (with different initial random 
velocities) for each system: ten 500-ns simulations of mouse PrP, ten 
500-ns simulations of PrP in complex with the variable domains of 
POM1 or POM6, and five 400-ns simulations of POM1 and POM6. The N- 
and C-termini of all fragments were capped with acetyl and N-methyl-
acetamide groups, respectively. All histidine side chains were modeled 
as neutral and protonated at Nδ. Each complex was then solvated in a 
cubic box (edge length of 7 nm for free PrP and 10.5 nm for the com-
plexes) with TIP3P water molecules [29] to which 150 mM NaCl were 
added, including neutralizing counterions. The volume of the simulation 
box was chosen such that the minimal distance between of the complex 
to the wall was 1.0 nm and no interaction between the periodic images 
was felt. Following the steepest descent minimization, the systems were 
first equilibrated under constant pressure for 5 ns, with position re-
straints applied on the heavy atoms of the proteins, followed by a 5 ns 
NPT equilibration in absence of restraints. The temperature and pressure 
were maintained constant at 300 K and 1 atm, respectively, by using the 
modified Berendsen thermostat (0.1 ps coupling) [30] and barostat (2 ps 
coupling) [31]. The production simulations were performed in the NVT 
ensemble in absence of restraints. The short-range interactions were cut 
off beyond a distance of 1.2 nm, and the potential smoothly decays to 
zero using the Verlet cutoff scheme. Periodic boundary conditions were 
used and the Particle Mesh Ewald (PME) technique [32] was employed 
(cubic interpolation order, real space cutoff of 1.2 nm and grid spacing 
of 0.16 nm) to compute the long-range electrostatic interactions. Bond 
lengths were constrained by means of a fourth order LINCS algorithm 

Fig. 1. Simulation systems. (a) Solution NMR structure of the mouse PrP globular domain, and the crystal structures of mouse PrP in complex with the variable 
domains of (b) POM1 and (c) POM6. The PrP globular domain includes a two-stranded β-sheet (residues 129–132 and 161–163 for strands 1 and 2, respectively), 
helix α1 (residues 144–156), helix α2 (residues 172–193), and helix α3 (residues 200–22). 
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with 2 iterations [33]. In all simulations the time-step was fixed to 2 fs 
and the snapshots were saved every 25 ps. 

2.3. SAPPHIRE analysis 

The SAPPHIRE (States and Pathways Projected with High Resolu-
tion) plot [34,35] displays the states sampled by a complex system and 
the order in which they are visited along one or multiple trajectories. In 
this plot, the snapshots are rearranged and grouped according to geo-
metric similarity as defined by a metric given as input. Starting from a 
random snapshot, the remaining snapshots are ordered by allowing the 
frame similar to any prior entry in the sequence to become the next item 
in the array of data. The data is thereby partitioned into basins con-
sisting of similar snapshots without any a priori clustering or overlap 
between the distinct states. The resulting sequence of snapshots is 
referred to as the progress index. The progress index is annotated with 
suitable variables, which highlight the conformationally and/or kineti-
cally homogeneous states and the dynamics between them. Here, we 
define the metric as the RMSD of interatomic distances, which have been 
identified to play an important role in the stabilization of the globular 
domain of PrP (Fig. S4). These distances have been selected from an 
analysis of the literature and by visual inspection. We perform the 
clustering analysis considering the trajectories of all systems except for 
the runs S5, S6, S9 and S10 during which the interface with POM6 is not 
stable. 

3. Results 

3.1. The interface stability is higher for POM1 than POM6 

The globular domain of PrP is structurally stable with average de-
viations from the crystal structures of 0.25 ± 0.02 nm for free and POM1 
complexed PrP, and 0.18 ± 0.02 nm for POM6 complexed PrP (Fig. S1). 
The variable domains of the antibodies are also structurally stable both 
in complex with PrP (0.15 ± 0.02 nm for POM1 and 0.21 ± 0.06 for 
POM6) and in absence of PrP (0.15 ± 0.01 nm for POM1 and 0.16 ±
0.02 for POM6, Fig. S2). In contrast, the PrP/antibody interface varies 
between the two antibodies. In the POM1 complexes the RMSDs of the 
antibody show small deviations from the crystal structure (Fig. 2a). The 
RMSDs of POM6 show heterogenous behavior ranging from small de-
viations from the initial positions (≈ 0.5 nm) to displacements up to 2 
nm (Fig. 2b). The latter correspond to rotations of the antibody around 

the binding site or partial detachments of POM6 from PrP. Despite the 
fact that POM6 recognizes a larger contact interface than POM1 [24] 
and has complementary net charge with PrP (−2, −4 and + 10 net 
charge for PrP and the variable domains of POM1 and POM6, respec-
tively), the simulations suggest that the POM6/PrP bound state is 
weaker than POM1/PrP. The stable POM1/PrP interface is consistent 
with the high affinity of POM1 for PrP (single-digit nanomolar [8]). The 
ability of POM1 to strip PrP from the POM6-coated surface in pair-wise 
mapping experiments [7] is consistent with the simulation results. 
Despite the favorable net charge complementarity of POM6 and PrP, 
localized polar mismatches may contribute to the instability of the 
interface. The electrostatic repulsion between Glu200 of PrP and Asp100 
of the POM6 heavy chain (hcAsp100) disrupts the Glu200–hcArg49 salt 
bridge (Fig. S4). In the following, for the comparative analysis of the two 
antibodies we exclude the four runs of POM6/PrP with RMSD larger 
than 1.5 nm (runs S5, S6, S9 and S10 in Fig. 2b). 

3.2. Antibody binding increases the flexibility of PrP 

The analysis focused on the protein flexibility reveals that the pres-
ence of the antibodies increases the overall intrinsic plasticity of PrP 
(Fig. 3). The higher fluctuations at the β-sheet are consistent with nu-
clear magnetic resonance spectroscopy data on the loosening of the 
β-sheet upon POM1 binding [8]. The most pronounced increase in 
flexibility is observed for the Arg156-Asn197 segment, with fluctuations 
almost three times as high when the antibodies are attached compared 
to the free state of PrP. The increased flexibility of this region is 
consistent with previous simulation studies of the POM1/PrP complex 
[21]. The Arg156-Asn197 segment encompasses the β2-α2 loop (Arg164 
– Asn171), which was previously shown to adopt 310-helical turn and 
β-turn conformations [10]. Unlike in previous studies in which muta-
tions in this segment altered the conformations of the loop [11–13], the 
presence of the antibodies has no significant impact on the secondary 
structure of the residues in the loop (Fig. S5a). Additionally, the solvent 
accessible surface of the segment Tyr169-Phe175 is essentially identical 
for all systems, i.e., 10.6 ± 0.03 nm2, 10.6 ± 0.02 nm2 and 10.5 ± 0.06 
nm2 for free PrP and in contact with POM1 and POM6, respectively. 
Overall, the flexibility of the globular domain of PrP is increased simi-
larly with the only difference at the Met138-Glu152 segment, i.e., POM1 
decreases whereas POM6 increases the flexibility of this segment as 
compared to free PrP. 

Fig. 2. The complex of PrP with POM6 is less stable than the one with POM1. Shown are the time series of the displacement of the POM1 (a) and POM6 (b) antibody 
with respect to the globular domain of PrP. The reference crystal structure is the complex with POM1 (PDB code 4H88) [23] or POM6 (PDB code 6AQ7). [24] First 
the structural alignment of the individual snapshots saved along the MD simulations is carried out on the Cα atoms of the PrP globular domain. Then for each MD 

snapshot the antibody Cα root-mean-square deviation (RMSD) is calculated as 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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respectively, of the antibody Cα atom i. Nab is the number of residues in the antibody variable domain. 
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3.3. Antibody binding alters two networks of polar contacts in PrP 

The overall increase in flexibility of the globular domain of PrP upon 
antibody binding correlates with the modifications in PrP intra-
molecular contacts. For instance, the network of polar interactions 
involving residues Lys204, Glu146, Asn143 and Arg208 is altered upon 
antibody attachment (Fig. 4). In the free state, the side chain of Glu146 

forms a favorable hydrogen bond with Asn143 (about 50% of the 
simulation time, Figs. 4b). The presence of POM1 promotes the forma-
tion of the Lys204-Glu146 and Glu146-Asn143 salt bridge and hydrogen 
bond, respectively, (Fig. 4a-c). Essentially, lcTrp94 from the POM1 light- 
chain contacts Glu146 (residue in helix α2), pushing it closer to Asn143 
(residue in the β1 − α1-loop) and allowing it to form more frequent 
hydrogen bonds with Lys204 (residue in helix α3) (Fig. 4e). The 

Fig. 3. Root mean square fluctuations (RMSF) profiles of 
mouse PrP. (left) Compared are the free PrP (black), PrP in the 
POM1/PrP complex (red) and PrP in the POM6/PrP complex 
(green). The RMSF profiles are calculated as the average over 
50 independent 100-ns profiles. For the POM6 simulations 
only 30 independent 100-ns profiles are used from the systems 
with a stable interface (rmsd below 1.5 nm). The discontin-
uous epitopes of PrP are highlighted (red and green vertical 
dashed lines for POM1 [23] and POM6 [24], respectively). 
(right) Fluctuations mapped onto the ribbon representation on 
PrP. The flexibility is highlighted by the coloring of the rib-
bons, i.e., from blue to red. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to 
the web version of this article.)   

Fig. 4. Polar interactions of PrP residue Glu146. (a), (b) Occupancy of a specific contact averaged per simulation system. Two residues are considered to be in contact 
if the distance between any of their non‑hydrogen side chain atoms is below 0.35 nm. The error bars represent the standard error of the mean calculated as the 
standard deviation of the average values over the independent runs (black points). (c) Distribution of the Glu146-Asn143 distance cumulated over all simulations. (d- 
f) Different contacts between the residues in the three analyzed systems. PrP is colored by the secondary structure assignment, POM1 and POM6 by pink and green 
ribbons, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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combined effect of these contacts reduces the plasticity of the Met138- 
Glu152 segment. In contrast, upon POM6 binding, Lys204 is pushed 
away from Glu146 by residues hcAsn51 and hcThr29 in the POM6 heavy 
chain (Fig. 4f). Interestingly, the attachment of POM6 has only a mar-
ginal effect on the Lys204-Glu146-Asn143 network of contacts and 
distance distributions (Fig. 4a-c), suggesting that the increased flexi-
bility of the Met138-Glu152 segment has a different source. 

In this sense, we identify Arg208 as a key residue, which contributes 
to the flexibility of the Met138-Glu152 segment. In the free state, the 
Arg208 side chain can form salt bridges with Glu146, Glu211 or 
hydrogen bonds with the backbone oxygen of His140 (Fig. 5a,b). In the 
POM1/PrP complex, the Arg208-His140-Glu146 pocket is located at the 
POM1 epitope (Fig. 5c), which promotes the formation of the 
Glu146–lcTrp94 contact. As a consequence, the occupancy of the 
Arg208-Glu146 salt-bridge is significantly reduced as compared to free 
PrP (Fig. 5a top). Additionally, due to the presence of the antibody, the 
conformational space of His140 is reduced, which in turn promotes the 
formation of the Arg208-His140 hydrogen bond (Fig. 5a,c) and subse-
quently leads to a more rigid Met138-Glu152 segment. In the POM6/PrP 
complex, only part of the pocket is located at the POM6 epitope and 
Glu146 contacts hcGln99 of the antibody heavy chain (Fig. 5d). The 
occupancy of the Arg208-Glu146 salt bridge is reduced, while the 
population of the Arg208-His140 hydrogen bond and Arg208-Glu211 
salt-bridge is comparable to free PrP. The net effect of these in-
teractions is to break the contact between helices α3 and α1 and thereby 
contributes to the increased flexibility of the Met138-Glu152 segment 

upon POM6 attachment. 
The increased flexibility of the β2-α3 segment in presence of both 

antibodies is correlated with the contacts involving Arg156. The 
attachment of the antibodies stimulates the formation of the Arg156- 
Asp202 salt-bridge and the Arg156-Asn153 hydrogen bond, and re-
duces the Arg156-Glu196 salt bridge (Fig. 6a). In the free state the 
Arg156-Asp202-Asn153 pocket is solvent exposed enabling the arginine 
side chain to be involved either in contacts with its immediate pocket 
neighbors (Fig. 6b) or to rotate and bind to Glu196 via a salt bridge 
(Fig. 6c). The latter connects the α1-β2 loop to the α2-α3 loop and thereby 
contributes to the reduced flexibility of the β2-α3 segment in free PrP 
(Fig. 3). In the POM1/PrP complex, the Arg156-Asp202-Asn153 pocket 
remains solvent exposed, which reflects on the comparable occupancy of 
the Arg156-Glu196 salt-bridge. In the POM6/PrP complex, the Arg156- 
Asp202-Asn153 pocket is part of the POM6 epitope. Thereby, the 
insertion of lcSer32 of the POM6 light chain reduces the formation of the 
Arg156-Glu196 salt bridge and promotes more frequent contacts within 
the Arg156-Asp202-Asn153 pocket (Fig. 6a,d). The complex interplay of 
these interactions reflects on the RMSF profile of the β2-α3 segment. 

3.4. SAPPHIRE analysis of the conformational space of PrP 

We annotate the SAPPHIRE plot with the interatomic distances dis-
cussed throughout this manuscript and additional intramolecular dis-
tances previously highlighted to discriminate between the complexes 
with POM1 or POM6. The barriers on the cut function (i.e., the local 

Fig. 5. Polar interactions of PrP residue Arg208. (a) Occupancy of a specific contact averaged per simulation system. Two residues are considered to be in contact if 
the distance between any of their non‑hydrogen side chain atoms is below 0.35 nm. For the occupancy of the Arg208-His140 hydrogen bond a contact is considered 
when the distance between the backbone oxygen atom of His140 and the Cz of Arg208 is below 0.4 nm. The error bars represents the standard error of the mean 
calculated as the standard deviation of the average values over the independent runs (black points). (b) Different contacts Arg208 can form in free PrP. (c) Snapshot 
of the Arg208-His140 hydrogen bond in the POM1/PrP complex. To facilitate the visualization, the prion protein is rotated by 90 degrees. (d) Snapshot of the 
network of contacts in the POM6/PrP complex. PrP is colored by the secondary structure assignment, POM1 and POM6 by pink and green ribbons, respectively. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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maxima on the profile in black in the bottom part of Fig. 7) separate 
individual metastable states. The statistical weight of each state can be 
quantified as the progress-index segment between two consecutive 
barriers. Importantly, recurrence across the individual simulations and 
systems shows that most basins are sampled several times and in 
different simulation systems (black, red and green dots in the middle 
part of Fig. 7). The first 8 × 104 snapshots along the progress index are 
grouped into a single basin, which includes states sampled predomi-
nantly by PrP in complex with the antibodies and less by free PrP (Fig. 7 
top left for a representative snapshot). In contrast, the following small 
basin (between 8 × 104 and 9 × 104) highlights states that are rarely 
identified in the POM1 complex and are characterized by the presence of 
the Arg208-Glu146 contact (see Fig. 5b-middle for a representative 
snapshot). The structural annotation highlights the consistency with the 
contact analysis involving residues Arg156 in Fig. 6 and Arg208 in 
Fig. 5. The basins between 3 × 105 and 4 × 105 highlight states that are 
populated mainly by the free PrP and PrP in complex with POM6. The 
states are characterized by close contacts in the Arg156-Asp202-Asn153- 
Tyr149 pocket, which stabilize the interaction between α1 and α3 (Fig. 7 
middle snapshot). The remaining basins are populated by all three 
analyzed systems. We highlight the basin between 4.2 × 105 and 4.7 ×
105, which is populated with predominance by PrP in complex with 
POM1 (higher density of red dots). This basin is characterized by the 
formation of the Arg208-His140 hydrogen bond and the formation of the 
Lys204-Glu146 salt bridge, both of which push the β1 - α1 loop closer to 
α3 and may contribute to the reduced flexibility of the Met138-Asp144 
segment in the presence of POM1 (Fig. 7 snapshot right and Fig. 3). 

3.5. Antibody binding increases the 310-helix occupancy of the C-terminal 
turn of helix α1 

The importance of the β2 − α2 loop and its association with toxicity 
has been repeatedly underlined [10] and investigated for free PrP and 
single point mutations in its globular domain [11–14]. Despite the 
substantially higher fluctuations in the β2 − α2 loop (Fig. 3), antibody 
binding has no effect on the secondary structure of the loop with the 310- 
helix remaining the most populated conformation (≈ 90% of the simu-
lation time, Fig. S5). The higher fluctuations are a consequence of rigid 
body motion (see Movie S1) which do not perturb the 310-helix 
conformation. On the other hand, antibody attachment affects the 
conformations of the C-terminal turn of helix α1, whose structural 
preservation is essential to avoid PrP misfolding [16,17,20]. In the free 
state, the Met154-Arg156 segment adopts mainly β-turn conformations 
(≈ 60% of the simulation time); it can occasionally transform into a 310- 
helix (≈ 30% of the simulation time) and is only rarely involved in a 
bend (Fig. 8 and Fig. S5). The presence of POM1 does not alter the β-turn 
occupancy of the Met154-Arg156 segment, which populates more 
abundantly the 310-helical conformation. The presence of POM6 further 
increases the occupancy of the 310-helical state up to 60% and reduces 
the population of β-turns by about 20%. 

4. Discussion 

The POM-family of antibodies has been designed to recognize 
different epitopes along the sequence of PrP and modulate prion induced 
toxicity [7]. Two of the developed monoclonal antibodies recognize 
similar epitopes on the surface of the globular domain and have different 
biological response, i.e., POM1 is neurotoxic and POM6 is innocuous [7]. 
The crystal structures of PrP in complex with these antibodies have been 

Fig. 6. Polar interactions of PrP residues Arg156. Same as Fig. 4 for residue Arg156.  
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resolved [23,24], yet little is known on their effects on the structural 
dynamics of PrP and correlations to toxicity. Here, we investigated the 
effects of POM1 and POM6 binding on PrP by molecular dynamics 
simulations. A number of similarities and differences arise from a 
comparison with previous simulation studies. 

First, we report on the increased plasticity of the β2 − α2 loop upon 
antibody attachment. This is consistent with previous simulations of 
POM1 in complex with PrP using the same initial conformation [21]. 
Effects of single point mutations on the plasticity of PrP and the 
conformational polymorphism of the β2 − α2 loop in context of cyto-
toxicity have been previously investigated. In particular, the β2 − α2 
loop can adopt a 310-helical conformation or a β-turn. The first is 
characterized by the inward conformation and thereby reduced solvent 
exposure of Tyr169 and the latter by the outward conformation of 
Tyr169, which was proposed to increase the propensity of PrP to 
transform into PrPSc [36]. Simulations showed that wild-type mouse PrP 
needs to overcome a high free energy barrier to transform the β2 − α2 
loop from the protective 310-helical turn to a β-turn [12]. Additionally, 
single point mutations in this segment were shown to decrease the free 
energy barrier leading to an increased population of the β-turn confor-
mation [12,13]. The present study shows that the β2 − α2 loop populates 

mainly a 310-helical conformation (≈ 90% of the simulation time, Fig. 
S5) independently of antibody binding. 

Second, our results inform on the modified network of intra-
molecular contacts in PrP upon antibody binding as compared to the free 
state. A recent experimental and computational study proposed that the 
attachment of the POM1 antibody induces the formation of a stable 
hydrogen bond between residues His140 and Arg208 (called H-latch), 
which controls the toxicity of PrP [21]. Our study confirms that the 
presence of POM1 promotes the formation of the His140-Arg208 
hydrogen bond, yet with less prevalence than previously shown [21]. 
This discrepancy may arise because of the different protonation states of 
the His140 side chain in the two studies and/or the use of different force 
fields. Additionally, we show that upon POM6 binding the hydrogen 
bond occupancy remains identical to the free state. Our results are 
consistent with the findings of Frontzek et al. [21], which showed that 
POM1 binding breaks the Arg156-Glu196 interaction and induces the 
formation of a Arg156-Asp202 salt bridge thereby increasing the α2 − α3 
flexibility. Additionally, we find that the attachment of the innocuous 
POM6 antibody has an even higher impact on these contacts, i.e., the 
Arg156-Glu196 bond is about 50% less populated and the Arg156- 
Asp202 salt bridge is more abundant than in the presence of POM1. 

Fig. 7. SAPPHIRE plot of the conformational space of PrP. (Bottom) The progress index corresponds to the reordering of the snapshots according to pairwise 
structural similarity. The cut function (black line) is constructed by counting transitions along the simulations such that its local minima and maxima correspond to 
states that are highly populated and barriers that are visited sporadically, respectively. The dynamic trace (black, red, and green dots) localizes the time development 
of the simulated system along the progress index and cut function. In other words, the dynamic trace reflects the sequence of events as it illustrates the visits to 
individual states and crossing of barriers for each simulation run where individual runs are separated by horizontal dotted lines. (Middle) PrP intramolecular dis-
tances discussed in this manuscript and intramolecular distances previously identified to contribute to the intrinsic plasticity of PrP. The complete list of distances 
used for the progress index metric is in Fig. S4. The values of the distances are grouped into seven bins (colour legend on top of cut profile). (Top) Representative 
snapshots extracted from the highlighted basins along the cut profile (stars). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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Thus, it is not possible to explain the toxic effect of POM1 by monitoring 
a small set of polar interactions within the globular domain of PrP. Our 
simulation results provide evidence on the combined effects of the 
network of intramolecular contacts on the plasticity of PrP. 

Third, we reveal that antibody binding increases the propensity of 
the 310-helical conformation in the C-terminal turn of helix α1, with 
POM6 having a higher impact than POM1. Additionally, POM6 reduces 
the occupancy of the β-turn in this segment, while POM1 has only 
marginal effect. Previous studies have shown that the loss of native 
structure in helix α1 leads to its detachment from the packing interface, 
which in turn may increase the probability of PrP misfolding 
[16,17,19,20]. In this context, the attachment of the antibodies stabi-
lizes the native 310-helix, but additionally POM6 reduces the propensity 
of β-turns, which may contribute to preventing the misfolding of PrP. 

5. Biological significance 

One of the most discussed hypothesis links prion pathogenesis to the 
gain of toxicity upon PrP conversion to PrPSc rather than the loss of its 
physiological function [8,37,38]. This is consistent with the fact that 
inactivation of the PrP gene in mice or cows does not cause neuro-
degeneration [37]. Toxicity was proposed to originate from PrPSc 

-induced aggregation of PrP on the cell surface, which would generate a 
neurotoxic signal [38,39]. In this context, PrPSc may block specific 

regions or PrP and alter its signaling properties [38]. POM1 binding was 
proposed to emulate PrPSc induced toxicity, thereby contributing to the 
misfolding of PrP [8,40]. Furthermore, experimental evidence suggests 
that the flexible tail plays a mediating role in PrPSc -docking (or POM1) 
associated toxicity [8,41,42]. 

Prion diseases take years to progress and the mechanisms associated 
with toxicity, such as structural conversions in the globular domain, 
exceed the temporal resolution of explicit solvent simulations. Our re-
sults provide insight into the early response of PrP to POM1 and POM6 
binding, which contribute to the interpretation of experimental obser-
vation. For instance, pair-wise mapping experiments revealed that 
POM1 can strip PrP from the POM6-coated surface [7]. We showed that 
the weaker POM6/PrP interface is ascribable to localized polar mis-
matches at the complex interface. Furthermore, nuclear magnetic reso-
nance spectroscopy data reported on the increased flexibility of the 
structured segments of PrP upon POM1 binding, yet without distorting 
the overall structure of PrP [8,43]. Here, we observed that the increased 
flexibility of PrP upon antibody binding correlates with the disruption of 
the native PrP intramolecular contacts involving residues Glu146, 
Arg156 and Arg208. Our results on the contact analysis do not allow a 
direct mapping to experimental toxicity, yet they inform on the more 
frequent formation of the His140-Arg208 hydrogen in the POM1/PrP 
complex as compared to wild-type or the POM6/PrP complex. This 
hydrogen bond has been recently suggested to play a relevant role in the 
toxicity of PrP [21]. 

Mutations and truncations in the flexible tail were shown to modu-
late prion induced neurotoxicity and neuroprotection [41]. The intrinsic 
disorder and the size (around 100 residues) of the flexible tail does not 
allow one to obtain statistically converged sampling by explicit solvent 
simulations. In a previous study, we used implicit solvent simulations 
and enhanced sampling techniques (with restraints on the dihedral an-
gles of the globular domain of PrP and the antibodies) to analyze the 
behavior of the flexible tail as well as its interactions with a simplified 
model of the membrane surface [22]. The wild type flexible tail of PrP 
and six different truncations thereof were investigated. Those simula-
tions provided evidence that the binding of POM1 and POM6 onto 
membrane-bound PrP reduces the distance of the flexible tail to the 
membrane surface and restricts the orientational disorder of the glob-
ular domain. Furthermore, the interactions between flexible tail and 
globular domain are affected differently by the two antibodies. In our 
previous work we characterized the role of the flexible tail (including 
interstitial truncations thereof) and the binding of the two antibodies to 
the membrane-bound prion protein. Here, we emphasize the influence 
of the antibodies on the dynamics and the structure of the globular 
domain of PrP and investigate the atomistic detail of the network of 
intramolecular contacts. Taken together, our explicit solvent simula-
tions (this study) and the previous simulations with a simplified model 
of membrane and solvent [22] provide a comprehensive picture of the 
influence of POM1 and POM6 on PrP. 

In conclusion, our results lay the foundation for the development of 
small molecules (e.g. organic compounds, peptides) that bind to PrP to 
modulate its dynamics and thereby prevent its toxic transformation. We 
propose a synergistic combination of atomistic simulations and in vitro 
experiments to optimize the design of the small-molecule modulators. In 
an experimental setup, the thermodynamics and kinetics of binding 
could be tested via surface plasmon resonance or isothermal titration 
calorimetry. In the next step, the good binders (low nanomolar binding 
affinity) would be evaluated in cellular assays by quantifying their ac-
tivity in rescuing prion-infected cultured organotypic cerebellar slices 
[44]. 

6. Conclusions 

We have investigated the effects of binding of a neurotoxic (POM1) 
and innocuous (POM6) antibody to the globular domain of mouse PrP by 
explicit solvent MD simulations. The analysis of the MD trajectories has 

Fig. 8. The antibodies stabilize the C-terminal turn of helix α1. The propensity 
for 310-helix (top), β-turn (middle), and bend (bottom) was calculated by 
CAMPARI version 4 (http://campari.sourceforge.net/V4/http://campari. 
sourceforge.net). 
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provided four main observations that go beyond the information avail-
able in the crystal structures. First, the POM6/PrP interface is less stable 
on a 5-μs time scale than the POM1/PrP interface, with displacements of 
the POM6 antibody up to 2 nm with respect to the crystal structure. 
Second, the flexibility of the antibody-bound globular domain of PrP 
increases everywhere except for the β1-α1 loop in the POM1/PrP com-
plex which is part of its discontinuous epitope. Third, the PrP intra-
molecular network of contacts is perturbed differently by the binding of 
the two antibodies. Fourth, both antibodies stabilize the 310-helix at the 
C-terminal turn of helix α1 (with POM6 having a more pronounced ef-
fect) and POM6 also reduces the β-turn propensity in this segment of the 
PrP sequence. The stabilization of the β1-α1 loop by the toxic antibody, 
and not the innocuous one, suggests a potential role of this loop in the 
conversion to PrPSc. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbapap.2022.140827. 
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