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Antibody binding modulates the dynamics
of the membrane-bound prion protein
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ABSTRACT Misfolding of the cellular prion protein (PrPC) is associated with lethal neurodegeneration. PrPC consists of a flex-
ible tail (residues 23–123) and a globular domain (residues 124–231) whose C-terminal end is anchored to the cell membrane.
The neurotoxic antibody POM1 and the innocuous antibody POM6 recognize the globular domain. Experimental evidence in-
dicates that POM1 binding to PrPC emulates the influence on PrPC of the misfolded prion protein (PrPSc) while the binding of
POM6 has the opposite biological response. Little is known about the potential interactions between flexible tail, globular
domain, and the membrane. Here, we used atomistic simulations to investigate how these interactions are modulated by the
binding of the Fab fragments of POM1 and POM6 to PrPC and by interstitial sequence truncations to the flexible tail. The sim-
ulations show that the binding of the antibodies restricts the range of orientations of the globular domain with respect to the mem-
brane and decreases the distance between tail and membrane. Five of the six sequence truncations influence only marginally
this distance and the contact patterns between tail and globular domain. The only exception is a truncation coupled to a charge
inversion mutation of four N-terminal residues, which increases the distance of the flexible tail from the membrane. The inter-
actions of the flexible tail and globular domain are modulated differently by the two antibodies.
SIGNIFICANCE Antibody binding modulates the toxicity of the cellular prion protein. Using computer simulations, we
show that the interactions of the protein’s flexible tail and its folded, globular domain are modulated differently by two
antibodies with contrasting biological response. We find that the antibodies restrict the orientations of the globular domain
relative to the membrane and decrease the distance of the flexible tail to its surface. We show that interstitial truncations in
the flexible tail have comparable effects, except for a mutant introducing a charge inversion. Thus, this study provides an
atomistic description of the mediating role of the flexible tail in the presence of both a toxic and an innocuous antibody and
for various, experimentally studied tail truncations.
INTRODUCTION

Prion diseases or transmissible spongiform encephalopa-
thies (TSEs) are neurodegenerative disorders, known as
Creutzfeldt-Jakob disease in humans, spongiform encepha-
lopathy (mad cow disease) in bovines, scrapie in sheep, or
chronic wasting disease in deer. TSEs are linked to the mis-
folding and aggregation of the cellular prion protein (PrPC)
into the insoluble and toxic isoform PrPSc (scrapie) (1),
which then propagates itself by imposing its conformation
onto PrPC. PrPC is a cell-surface glycoprotein (2), which
was shown to facilitate myelin homeostasis by flexible
tail-mediated agonism of the G-protein-coupled receptor
ADGRG6 (also called GPR126) (3).
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Structurally, the nonpathogenic PrPC consists of a long
flexible tail (residues 23–123) and a globular domain (resi-
dues 124–231) (Fig. 1). The first 22 residues are cleaved
during trafficking and the segment 232–253 is replaced by
a glycosyl-phosphatidylinositol anchor (GPI anchor), which
enables membrane attachment (4). The flexible tail includes
an N-terminal, positively charged five-residue segment
(charge cluster 1, abbreviated CC1, residues 23KKRPK27),
an octarepeat region (residues 50–90), and a C-terminal,
positively charged segment (CC2, residues 95–110). The
globular domain is composed of an anti-parallel b-sheet
formed between residues 128–131 (b1) and 160–162 (b2),
and three a-helices comprising residues 143–155, 171–
192, and 199–226 (a1, a2, and a3), with the latter two stabi-
lized by a disulfide bond. The pathogenic isoform PrPSc is
rich in b-sheets, is insoluble, and has a high propensity to
aggregate into amyloid-like fibrils (5).
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FIGURE 1 Unliganded PrPC simulation systems. Schematic illustration of the sequence of mouse PrPC (mPrPC) and the mutants with interstitial deletions

in the flexible tail. For the mutants, only the flexible tail is shown. The flexible tail (residues 23–123) includes two charged clusters (CC1 and CC2) and five

octapeptide repeats (R1 to R5, residues 50–90) while the globular domain (residues 124–231) includes two b-strands and three a-helices. In all simulations,

the globular domain of PrPC was anchored at the membrane surface to mimic the C-terminal glycosyl-phosphatidylinositol (GPI) and restrained to remain

folded. Only wild-type PrPC was used for the simulations of the complexes with POM1 and POM6. In the snapshot on the right, the elements in the schematic

representation are highlighted by matching colors on the wild-type mPrPC structure. To see this figure in color, go online.
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A proposed therapeutic approach to avoid the pathogenic
transformation intoPrPSc is to developmonoclonal antibodies
that bind to PrPC and stabilize its native structure (8). Some of
these antibodies have been shown to reduce the amount of
scrapie prion both in vitro and in vivo (8). The POM family
of monoclonal antibodies has been developed to recognize
a variety of epitopes along the sequence of PrPC (9). Anti-
bodies recognizing epitopes in the octarepeat region, e.g.,
POM2, POM11, and POM12, were shown to be innocuous
(10). Similarly, POM6, with a sequence-discontinuous
epitope in the globular domain, is also innocuous (10). In
contrast, while the POM1 antibody has an epitope in the glob-
ular domain similar to that of POM6 (b1-a1 loop, N-terminal
turn of helix a1, and part of helix a3), it is generally neuro-
toxic. Interestingly, mutants devoid of the octarepeat region
(D32–93) are resistant to POM1-induced toxicity whereas
CC2-truncated proteins (D94–110) record POM1-induced
neurodegeneration (10). The Aguzzi group has proposed
that neurotoxicity is a consequence of the docking of POM1
to PrPC,whichmay emulate the binding of PrPSc, and ismedi-
ated by the flexible tail (10,11).

Extensive experimental efforts have been dedicated to
investigating the effects of various truncations in the flexible
tail and their roles in modulating prion-induced neurotoxicity
and neuroprotection (12). Using scrapie-infected mouse neu-
roblastoma cells, it was demonstrated that the deletion of the
octarepeat region did not alter PrPSc synthesis, yet it required
longer incubation times thanwild-type PrPC (13,14). Further-
more, the deletion mutant restored susceptibility of PrPC

knockout mice to scrapie, allowing prion propagation and
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accumulation (14). Transgenic mice expressing PrPC devoid
of the 32–93 sequence showed no signs of neurotoxicity,
whereas those expressing longer truncations, i.e., 32–121 or
32–134, were displaying severe ataxia and neuronal death
(15). The expression of 105–125 truncated PrPC (D105–
125) in transgenicmice resulted in clear signs of neurodegen-
eration, which ultimately led to death (16). On the other hand,
transgenic mice expressing PrPC devoid of the CC2 domain
(residues 94–110) did not develop chronic demyelinating pol-
yneuropathy (CDP) (17), whereasmice expressing PrPC lack-
ing the 94–134 domain did develop CDP (18). Additionally,
the effects of the latter and of D105–125 could be reversed
by expression of wild-type PrPC (16,18). It should be kept
in mind throughout that animal models of the disease have
advanced tremendouslybut do not always offer simple, causal
interpretations (19).

Recent studies correlate the generation of spontaneous
ionic currents when expressing PrPC truncations in trans-
fected cell lines with toxicity (12,20,21). As an example, re-
sults from drug-based cellular assays and patch-clamp
assays indicate that the expression of the D105–125 deletion
in cells incurs large cationic channel activities and a decrease
in cell viability (20,22). The CC1 domain (residues 23–27)
seems to play an essential role in the channel activity of
D105–125 (20). In particular, mutations of the positively
charged residues in the CC1 sequence (23KKRPK27) to nega-
tively charged (23EEDPE27) ones did not show any ionic cur-
rents (23). Cell-based experiments provide information on
prion-induced toxicity, but they encounter difficulties in
exploring the structural details and dynamics at the atomistic
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level. Computer simulations are a complementary tool to
explore, capture, and explain phenomena exceeding experi-
mental spatiotemporal resolutions (24–26). Examples of
atomistic simulations include studies of the conformations
of the monomeric state of PrPC in solution (27), the dimer-
ization process of amyloidogenic peptides (28), and amyloid
fibril elongation (29–31). To date, simulation studies of the
prion protein have focused mainly on the globular domain
(32,33), with only fragments of the flexible tails attached
(34). Furthermore, mutations of residues involved in the sta-
bility of the globular domain (27,35,36) and interactions of
the globular domain with antibodies (37) are challenging
but appealing targets for simulation studies.

Here, we analyze the effects of different interstitial trun-
cations in the flexible tail of PrPC (Fig. 1), and the binding of
the POM1 and POM6 antibodies by implicit solvent simula-
tions with a simplified model of the membrane surface (see
materials and methods). The flexible tail poses a huge chal-
lenge due to its length, intrinsic disorder, and comparatively
hydrophobic sequence composition (the net charge per res-
idue is only 0.1, and there are only the two aforementioned
clusters containing a total of 11 charged residues) requiring
the use of implicit solvent and simplified membrane surface.
MATERIALS AND METHODS

System preparation

The starting configurations for the systems below were derived from the so-

lution nuclear magnetic resonance structure of the globular domain of

mouse PrPC (PDB: 1XYX (38)), the X-ray diffraction structure of POM1

complexed with the mouse prion protein (PDB: 4H88 (10)), and the

X-ray diffraction structure of POM6 in complex with the mouse prion pro-

tein (PDB: 6AQ7 (7)). Simulations of POM1- and POM6-bound PrPC were

performed only for the full-length sequence of PrPC (mouse wild-type res-

idues 23–231). Simulations of unliganded PrPC were carried out with the

wild-type and the following six interstitial truncations in the flexible tail

(Fig. 1):

� the D32–93 mutant, which requires longer incubation times than wild-

type and does not alter PrPSc synthesis (14);

� the mutant devoid of the D32–121 sequence, which causes severe ataxia

and neuronal death (15);

� the D94–110 truncation, which gave rise to conflicting results: it was re-

ported that there is no toxic influence on mice (17), yet it produces a large

ionic channel activity (20);

� the mutant devoid of the central region (D105–125), which induces cell

death (16);

� the mutant devoid of the octapeptide repeats and central region

(D51–90CR), which showed increased levels of cell death (20,22);

� the CC1 mutated prion protein (MutD105–125), which abolishes the ion

current activity of D105–125 (20).

For the unliganded systems, missing residues, in particular those in the

flexible tail, were constructed according to Engh-Huber covalent geome-

tries (39). Their dihedral angles were randomized using a CAMPARI-spe-

cific scheme obeying excluded volume interactions (http://campari.

sourceforge.net). This was done independently for every single copy. We

were not interested in sampling the ordered parts (see below), so this pro-

cedure ensures independent starting configurations for the most relevant en-

tity, namely the flexible tail.
To assemble the complexes with POM1 and POM6, we relied on prelim-

inary simulations. From models constructed by superposing the crystallo-

graphic structures with wild-type simulation structures, we identified

suitably compatible snapshots that could accommodate both tail and anti-

body. The end points of those simulations, which were propagated using

identical protocols as described below, were extracted, and the flexible

tail and the ionic bath were deleted. This yielded structures of stable anti-

body/PrPC complexes in the presence of the membrane and with all other

missing atoms reconstructed. From a handful of these, we started separate

runs in which the missing tail and the ions were constructed randomly but in

accordance with volume exclusion. This gave rise to ca. 80 independent tail

and bath conformations. These tail conformations are not at all at equilib-

rium with respect to the target conditions, which favor collapse. Thus, to

prevent this artifact from introducing bias, these systems were propagated

in the presence of exhaustive half-sided restraints between the Ca-atoms

of residues 1–100 in the flexible tail and the Ca-atoms of the antibody

(strength 0.1 kcal/mol/Å2, threshold distance 8.0 Å, 100� 431 and

100� 430 restraints for POM1/POM6, respectively). This was done to pre-

vent extended tail conformations from getting stuck on the surface of the

antibody. The systems were equilibrated in this manner for 5 million steps

at temperatures ranging from 350 K to 440 K using a protocol similar to that

described in the section ‘‘production simulations,’’ yet devoid of the Monte

Carlo moves. By visual inspection, this was sufficient to achieve proper, in-

dependent starting points of different random tail conformations. The goal

of this overall protocol was to mimic the process of the antibody binding to

PrPC while the latter is at equilibrium with its surroundings. It proved

necessary based on the analysis of the aforementioned preliminary

simulations.

Additionally, in the preliminary runs, both antibody-PrPC interfaces

proved to be at least partially unstable without optimization. For POM1,

we identified the buried carboxyl groups of D143 and D146 as culprits.

To address this issue, the POM1/PrPC system was generated by neutralizing

both aspartates. Both explicit solvent simulations (I.M.I. and A.C., unpub-

lished data) and the preliminary runs here revealed the POM6/PrPC inter-

face to be more volatile in general. To avoid the dissociation of the

POM6/PrPC complex at high temperatures, the solvation free energy of

the glutamates and the lysine at the interface was adjusted to �50 kcal/

mol, H34 in the heavy chain of POM6 was protonated, and a minimalistic

set of harmonic restraints was applied between residues at the interface.

Specifically, harmonic potentials restrained individual distances between

nearby atoms of K181-E184, V180-HC:F32, E177-HC:H34, E123-

HC:Q99 E129-LC:Y34 Y126-LC:Y36, and T176-LC:W96 to an upper

limit of ca. 5.0 Å, where HC and LC refer to heavy and light chain, respec-

tively. All starting structures of the complex simulations are available at

https://gitlab.com/CaflischLab/PrionImplicit.

The simulations were performed using the ABSINTH implicit solvent

model (40) with published parameters except for the partial charges, which

were taken from the CHARMM36 force field (41) as in recent work (42). In

explicit solvent simulations, a high amount of computational cost arises

from the interactions within the solvent bath in a bulk solution. In the

ABSINTHmodel, solvation effects are decomposed into a direct mean-field

interaction (DMFI) and a screening term for polar interactions. The use of

an implicit model is of particular benefit here, as the studied systems consist

of up to 640 residues (100 of which being largely unstructured) and require

exceptionally large simulations boxes (here 25 nm per edge). The

ABSINTHmodel has been employed in a large variety of simulation studies

ranging from the conformational landscape of amyloid peptides in the

monomeric state (43) to the self-assembly of diphenylalanine peptides

into nanotubes (44).
Membrane model and ions

To characterize the events at the membrane surface at a reasonable compu-

tational cost, we introduce here a stylized membrane model intended to cap-

ture the essential characteristics of the surface of a neuronal membrane.
Biophysical Journal 121, 2813–2825, July 19, 2022 2815
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This mimic uses the simplest anionic function, carboxylates in acetate mol-

ecules, to represent different sources of negative membrane surface charge.

Following this logic, we represent the excess in charge simply as 100 ace-

tate anions whose centers of mass are constrained to move in the (x,y)-plane

at the bottom of the simulation box (see Fig. 1 snapshot). To determine the

required anion concentration, we assumed an area per headgroup of approx-

imately 0.6 nm2 (45), which translates into an assumed fraction of nega-

tively charged lipids (predominantly phosphatidylserine and different

phosphatidylinositol phosphates) of approximately 0.1 in our model. Due

to the asymmetry of the environment and missing parameters, membrane

insertion is a difficult process to simulate accurately in continuum models.

Because here insertion would have to be coupled to the conformational

equilibrium of the tail, we limited the scope of the present study by restrict-

ing ourselves to modeling a nearby but impenetrable membrane. In prac-

tice, the impenetrability was described by a half-harmonic repulsive

potential. This potential constitutes the ‘‘bottom’’ z-side of the boundary

condition of the rectangular simulation box (see Fig. 1 snapshot).

Due to the charge of the headgroup layer, we also included a large excess

of explicit electrolyte ions forming a background of 150 mM monovalent

salt. In the ABSINTH model, the primary effect of the surrounding implicit

solvent is in the DMFI, and, as long as the proteins do not penetrate the

container walls, interactions in the interfacial layer should be approximated

reasonably well by the simplified model we have chosen here. This is

because the implicit hydrophobic solvation environment is never probed

directly.

PrPC is anchored to the membrane by a GPI moiety which is not repre-

sented explicitly in our simulations. To restrict the motion of PrPC, we

restrained, using quadratic flat-bottom potentials, the carbon atom of the

C-terminal carboxyl group of residue S231 to within distances of

0.8–1.5 nm from the surface of the membrane mimic (46) (z-direction),

and to an approximately central position in the x/y-directions. The latter

was done to minimize the impact of the side walls of the simulation

container, which are artificial.
Production simulations

All simulations were carried out using CAMPARI versions 3 or 4 (http://

campari.sourceforge.net). The container was an aperiodic cubic box of

25 nm side length with soft walls represented by an atom-based half-har-

monic potential for all six faces. As mentioned above, the ‘‘bottom’’ z-plane

was treated as a mimic of a headgroup layer with excess negative charge.

Explicit Kþ and Cl� ions were added to neutralize the charges and create

a salt concentration of 150 mM, which due to the large size of the box

amounted to approximately 1400 excess ions per type. This is important

to prevent an artificially high influence from the net charge of the headgroup

layer.

The systems were propagated by means of a hybrid Monte Carlo (MC)/

molecular dynamics (MD) sampler in the NVT ensemble. Stretches of

320 ps of MD were alternated with stretches composed of 16,000 elemen-

tary MC steps similar to prior work (47). The MC move set included pivot

moves (48) on side-chain dihedrals (40%) and on backbone 4= j angles

(56%). The primary role of the MC segments was to allow rapid large-scale

conformational changes of the flexible tail. In the MD stretches, the use of a

dedicated integrator (49) allowed two important advantages: the use of a

larger step (here, 5 fs) and explicit control over which internal degrees of

freedom to sample. Here, we decided to constrain backbone dihedral angles

for all ordered parts in both PrPC and the antibodies. This is important

because we employed the temperature replica-exchange method (50) to

enhance sampling over an evenly spaced range of 24 temperatures from

305 K to 420 K for the unliganded systems and from 345 K to 460 K for

the complexed systems. At high temperatures, the constraints ensure that

there are no unwanted, partial unfolding events in the structured parts. Simi-

larly, these constraints in conjunction with the interface modifications

described above were sufficient to ensure that no unbinding of POM1

and POM6 occurred at any temperature. As indicated above, the translation
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of acetate molecules in the z-direction was constrained as well. Within each

copy, temperature was maintained by an adapted Andersen thermostat

(49,51) with a coupling time of 2 ps.

Swaps between neighboring replicas were attempted randomly every

8000 steps, i.e., 8 and 2 random swaps for each 64,000-step stretch of

MD and each 16,000-step stretch of MC, respectively. Prior to the produc-

tion simulations, each system was pre-equilibrated following the same pro-

tocol for 30 million steps. The production simulations ran for 50 million

steps per replica, which corresponds to 0.2 ms of MD and 10 million MC

steps per replica. Each system required approximately 2450 node hours,

adding up to almost 22,000 node hours in total. The simulation system

(i.e., number of nonbonding interactions) scaled up to six nodes, and thus

each run required 17 days of wall clock time. The simulations were per-

formed on the PizDaint (2 � 18 core CPUs Intel Xeon E5-2695 v4) and

Eiger (2 � 64 core AMD EPYC 7742) supercomputers at the Swiss

National Supercomputing Center in Lugano for the unliganded and the li-

ganded systems, respectively. Nonbonded interactions were truncated

with a residue-based cutoff of 1.2 nm with the exception of all charge-

charge terms, which included all mobile ions (headgroups and salt) as

well as all charged residues in proteins. This means that for large distances,

a simplified monopole-monopole interaction was calculated for every

pair. Trajectory data were saved every 4000 steps. Input files required for

replicating the simulation settings exactly are available from the authors

upon request.

The results and discussion section focuses on the sampling at 370 K. Re-

sults at other temperatures are provided in the supporting material. Note

that there is not necessarily a stringent match between simulation and

experimental temperatures because of the approximations inherent in the

model (e.g., use of temperature-independent parameters, presence of con-

straints). Importantly, artifacts due to limited sampling are less likely to

occur at elevated temperature.
RESULTS AND DISCUSSION

We first analyze the interactions between PrPC and the
membrane surface, followed by the contacts between the
flexible tail and the globular domain. Both types of analysis
are carried out for unliganded PrPC (wild-type and six inter-
stitial truncations of the flexible tail, see Fig. 1) and for the
complexes of wild-type PrPC with POM1 and POM6.
Interactions with the membrane surface

Cells that do not express PrPC are not damaged by prion
infection (52), which suggests that neurotoxicity arises
from docking of PrPSc to PrPC anchored at the membrane.
Furthermore, ion channel-based toxicity triggered by a puta-
tive monomer has been characterized in association with
various interstitial truncations in the flexible tail (20).
Thus, we analyze here the effects of six such truncations,
along with the influence of the Fab fragments of POM1
and the negative control POM6, on the distance of PrPC

from the membrane surface and their relative orientation.
Notably, in our simulations, the complexes and protein folds
are stable by design, and only the flexible tail can undergo
large-scale conformational fluctuations while the entire as-
sembly swivels around the anchor.

In all truncated systems and the wild-type, the average
distance to the membrane surface is clearly more variable
for the flexible tail than the globular domain of PrPC (gray



Antibody binding modulates PrPC dynamics
area in Figs. 2, S1, and S2). Below, when we comment on
distances, we also refer to their averages across the length
of the simulation. An average distance of 2 nm by no means
implies that the instantaneous distances never explore values
close to zero, a fact illustrated by Videos S1, S2, and S3. The
strongest differential signals in the distance between the
flexible tail and the membrane surface are recorded by the
binding of the antibodies along with the MutD105–125 trun-
cation. The negatively charged cluster (CC1) of the
MutD105–125 truncation is repelled by the membrane,
which appears to push the entire tail away from the mem-
brane surface toward distances in excess of 3 nm. Interest-
ingly, the presence of the antibodies reduces by about
1–2 nm the average separation of the flexible tail from the
membrane surface. The separation is about 3 nm in the un-
liganded wild-type PrPC, and 1–2 nm in the complexed sys-
tems. In the latter, the two charged clusters are closer to the
membrane (Dz 1 nm separation) than in any unliganded
system.

Concerning the globular domain, the interstitial trunca-
tions have marginal effects on its residue-wise proximity
to the membrane. Fine details are only captured by
analyzing the differential distance from wild-type
(Fig. S2), which identifies a discriminatory signal for
MutD105–125. The presence of the Fab fragments of
POM1 and POM6 clearly reduces the distance of the glob-
ular domain to the membrane. The distance reduction is
and must be due to a change in relative orientation with
respect to the membrane’s surface as the fold of the globular
domain is preserved.

Because of the use of the replica-exchange protocol (see
materials and methods), the data between nearby replicas
are closely coupled. This is evident from Fig. S1, which re-
veals very systematic shifts with changes in temperature.
The analysis here focuses on 370 K, an intermediate value.
Note that thanks to the constraints and other approximations
in the simulation model, the elevated temperatures are
mainly a stratagem to improve sampling (see materials
and methods). Importantly, there are two limits where
different conclusions would be obtained: at the highest tem-
perature shared by all runs, the tail is coil-like and univer-
sally distant from the membrane with the exception of the
visible charge repulsion for the MutD105–125 variant;
conversely, at the lowest shared temperatures, the behavior
is increasingly heterogeneous and erratic and the distances
to the membrane generally decrease. This regime offers
too low sampling quality to arrive at meaningful conclu-
sions, and the chosen value of 370 K is a compromise be-
tween maintaining the expected polymeric behavior of the
tail and being able to sample the system with the resources
at hand.

The distribution of the angles formed by the three a-heli-
ces and the membrane surface illustrate the orientational
preference of the globular domain (Fig. 3). For the unli-
ganded systems, all helices cover broad distributions of
the angles, indicating a largely unrestricted tilting or swi-
veling motion of the globular domain. Except for the
MutD105–125 truncation, the unliganded systems show
essentially identical orientational disorder. Instead, the
much narrower angular distributions in the presence of the
Fab fragments of POM1 and POM6 indicate a substantially
reduced orientational disorder (we calculated the informa-
tion entropy of the distributions across 10 blocks for
POM1, POM6, and wild-type: the resultant p-values of pair-
wise Wilcoxon tests are all less than 0.01). In these com-
plexed systems, the domain preferentially samples a
subspace of orientations, here manifest as a subset of tilt an-
gles, which are less preferred in the unliganded systems.
This is particularly visible for helices a1 and a2. Impor-
tantly, the overlap between preferred orientations in the
presence or absence of antibody fragments is comparatively
low, and this is evident for all three sets of distributions (see
Fig. S3). The antibodies force the globular domain into a
more tilted conformation that has it stacked onto the mem-
brane surface, which is consistent with the reduced dis-
tances in Fig. 2. Notably, POM1 and POM6 have similar
but not identical effects.

The effect of the antibodies on the orientation of the glob-
ular domain is also evident from the illustrative snapshots
contained in Fig. 4 and from Videos S1, S2, and S3. This dif-
ference is less pronounced for a3 whose C-terminal end is
anchored to the membrane, and thus its flexibility is reduced
in all systems. Fig. 2 reveals that there is no persistent asso-
ciation of flexible tail and membrane, and it can thus be ex-
pected that the truncations in the flexible tail have no
substantial influence on the orientation of the globular
domain (except for MutD105–125). Conversely, the reduc-
tion of orientational disorder in the presence of antibodies
requires a more nuanced view. For example, the fragments
of POM1 and POM6 carry opposite net charges (�6
and þ9, respectively), so unlike for the MutD105–125 trun-
cation, there is no simple net charge effect to invoke. What
they share is a large exclusion volume that restricts the
conformational freedom of both the globular domain and
the flexible tail. Two signatures of this loss of freedom are
a shift of the ensemble toward tail conformations where
CC2 acts as something like a second anchor, and the glob-
ular domain being restricted to a more sideways orientation
on the membrane.
Interactions between flexible tail and globular
domain

In the wild-type PrPC, all of the 100 residues of the flexible
tail interact with a limited set of residues on the surface of
the globular domain, as illustrated by the contact map (top
left in Fig. 5).

Yet the region of the globular domain that is in contact
with the flexible tail is only a minor part of its solvent-acces-
sible surface. The main interaction region consists of the
Biophysical Journal 121, 2813–2825, July 19, 2022 2817



FIGURE 2 Average distance of PrPC to the

membrane surface. The Ca atoms were used to

calculate the distance to the (x,y)-plane, which is

the surface to which the centers of mass of the

head group mimics are constrained (solid line,

mean value; gray area, min/max errors from 10

equal blocks across the production portions of the

simulations). The rectangles highlight the PrPC a-

helices (red vertical rectangles), b-strands (or-

ange), charged clusters (green), and truncated seg-

ments (black and blue horizontal rectangles). The

two regions of PrPC that are in contact with the an-

tibodies in the crystal structures ([6]),7 are high-

lighted (red and purple dashed lines). The

horizontal dashed lines at 1 nm, 2 nm, and 3 nm

are drawn to facilitate the comparison. To see this

figure in color, go online.
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two b-strands and the C-terminal segment of a2 and is
conserved irrespective of the variant under study (ribbon
models in the top and bottom parts of Fig. 5). This is an
interesting observation in itself, since it suggests that the
free energy penalty for wrapping around and contacting
other parts of the domain is too large to overcome given
the largely compact/collapsed nature of the tail under these
conditions (see Fig. 4). Irrespective of the truncation, there
are no persistent interactions between the flexible tail and
2818 Biophysical Journal 121, 2813–2825, July 19, 2022
the two segments of the epitope. Only in the presence of
POM6 one observes occasional interactions between the
N-terminus of the flexible tail and the side chains of the
D143-E151 segment.

The fact that the simulations with the truncated versions
of the flexible tail preserve the same interaction sites on
the globular domain as wild-type is actually surprising.
This is true especially because the surface has no clear
patterning of, for example, charged residues, with the



FIGURE 3 Orientation of the globular domain with respect to the membrane surface. Distributions of the angles between the helical axes and the normal to

the membrane surface are shown. The helical axes are defined by the vectors between the centers of mass of the backbone atoms of residues D143 and R150,

N172 and T189, and Y224 and T200, for helices a1, a2, and a3, respectively. The latter vector is defined from the C-terminal to the N-terminal end of helix a3

so that the angle is smaller than 90�. The snapshots in the upper right corners show the definition of the vectors, with the green arrows highlighting the helix

vectors and the black arrow the normal to the membrane. The statistical significance of these distributions is assessed in Fig. S3. To see this figure in color, go

online.
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exception of the short helix a1. Clearly, the residues
involved in the tail cannot always be the same, leading to
some diversity in interactions between the two main entities
of PrPC. For example, the flexible tails of the variants devoid
FIGURE 4 Simulation systems and orientational disorder. Representative sna

POM6 complex (c) are shown together with the membrane surface (graywith ace

PrPC are highlighted (purple and yellow ribbons, respectively). (d) Four represen

visualize its flexibility. To see this figure in color, go online.
of the octarepeat region (D32–93 and D51–90CR) record
more abundant contacts with the b-sheet of the globular
domain. As a second example, the MutD105–125 variant,
which presents the strongest differential signal in Fig. 2,
pshots of unliganded PrPC (a), the PrPC/POM1 complex (b), and the PrPC/

tate ions colored by atomic element). The three a-helices and the b-sheet of

tative snapshots from the simulations of unliganded PrPC are overlapped to
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FIGURE 5 Contacts between the flexible tail and the globular domain. (Center) The matrix of pairwise contacts for the wild-type PrPC (top, left, color bar

on the left) shows the absolute frequencies while the other panels show differences relative to wild-type (higher or lower in blue and red, respectively, color

bar on the right). The two regions of PrPC that are in contact with the antibodies in the crystal structure are highlighted (vertical dashed lines). (Top and

bottom) The ribbon models of the reference structure of the globular domain illustrate the frequency of contacts with the flexible tail (higher frequencies

in darker colors and thicker ribbons). Two residues are considered to be in contact if the distance between any of their atoms is less than 0.5 nm. To probe

the statistical significance of the data, Fig. S7 shows the average number of contacts between the flexible tail and the globular domain per globular domain

residue. To see this figure in color, go online.
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shows enhanced interactions of the segment 50–60 of the
octapeptide region with the b-sheet and of residues 61–90
with a2, and weaker contacts for the rest of the flexible
tail. This trend of small incongruities between contact pat-
terns continues for the liganded systems. POM1 binding
leads to more frequent contacts between the N-terminus of
the flexible tail and the b-sheet, reduced contacts with a2,
and more persistent interactions with a3. Instead, POM6
docking extends the interaction hotspots on the surface of
the globular domain to encompass the formation of more
frequent contacts of the 50–70 segment with the
2820 Biophysical Journal 121, 2813–2825, July 19, 2022
C-terminus of a2 and the C-terminus of a1. Additionally,
the C-terminus of the flexible tail forms more contacts
with a3.

The data in Fig. 5 suggest that the D94–110 truncation has
the weakest impact relative to wild-type (light colors indi-
cating small differences and a very similar structural visual-
ization). At the other end of the spectrum, excluding
dramatic truncations such as D51–90CR, the MutD105–
125 variant as well as the POM6-bound form indicate the
strongest shifts in contact patterns, which is intriguing since
both are protective in admittedly different assays (10,20). To
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quantify this ranking, Fig. S7 highlights the significance of
differences in integrated contact probabilities on the glob-
ular domain relative to wild-type.

Overall, the simulation results presented above provide
evidence that the interactions of the flexible tail, which is
generally in a mostly collapsed conformation, with the glob-
ular domain are specific to each truncation and complexa-
tion (see Fig. 5). Even so, the binding of POM6 has
clearly a larger effect on the interaction pattern than most
of the sequence variants. These variants, unlike antibodies,
have only a marginal effect on the relative orientation of
the globular domain with respect to the membrane surface
(see Figs. 3 and 4). The protective mutant MutD105–125
is the only variant or complex that increases the distance
to the membrane surface of the flexible tail (Fig. 2). In
contrast, the antibodies promote proximity of tail and mem-
brane, with CC2 adopting a mediating function. None of
these observations is tied to secondary structure formation
in the tail (see Figs. S4–S6), which behaves like an intrinsi-
cally disordered protein of collapse-prone sequence compo-
sition (53).
DISCUSSION

Prion protein-induced neurotoxicity has been proposed to be
modulated by the flexible tail of PrPC (10,11). The tail’s
sequence composition puts it into the region normally occu-
pied by folded proteins (53), and it has been shown to be
essential for liquid-liquid phase separation (54) or to induce
currents even when fused to an unrelated protein instead of
the globular domain (23). Its primary role is thus very un-
likely to be similar to that of an entropic brush but it rather
appears to engage in multifarious interactions with itself, the
globular domain, the membrane, and the antibodies. Various
truncations in the flexible tail have been investigated to
elucidate the details of the mechanisms of tail-mediated
neurotoxicity and/or neuroprotection (12). Furthermore,
monoclonal antibodies designed to recognize a variety of
epitopes on the surface of PrPC have proved to annihilate
or induce toxicity (9). The monoclonal antibody POM1
binds to the globular domain of PrPC and is neurotoxic,
while POM6 recognizes a similar epitope as POM1 (though
with a slightly larger contact surface (7)) and is innocuous
(10). It has been proposed that POM1 toxicity, which has
a phenotype similar to that of prion infection, originates
from similarities in the docking of POM1 and PrPSc to
PrPC (10). It is necessary to keep in mind that the mecha-
nism of antibody action on toxicity is complex. For
example, earlier work highlighted that antioxidants block
POM1 toxicity (55). More recently, it was shown that
POM1 actually blocks amyloid formation for a specific
mutant of the globular domain (56), that its neurotoxicity
is rescued by a bispecific antibody targeting simultaneously
an epitope in the flexible tail (57), or that current induction
by POM1 was rescued by truncating residues 23–31 (23).
While a substantial amount of data has been acquired on
cerebellar slices and mouse experiments (10), simulations
can access high spatial resolution and thus provide insight
at atomic level of detail on the effects of interstitial trunca-
tions of the flexible tail and POM1 and POM6 binding. The
experimental evidence on the role of the flexible tail and the
limited knowledge of its interactions with either membrane
or antibodies motivated the present simulation study. In
particular, we first analyzed the distance from and orienta-
tion relative to the membrane surface of full-length wild-
type mouse PrPC and six interstitial truncations of the
flexible tail. Furthermore, we investigated the structural
and dynamic effects of the binding of the Fab fragments
of the two antibodies POM1 and POM6. To be able to obtain
significant sampling for such large systems, we used hybrid
rigid-body/torsional MC and MD simulations in implicit
solvent with a stylized model of a negatively charged mem-
brane surface. The main challenge was in sampling the flex-
ible tail, and, to overcome it, we resorted to an advanced
sampling technique (replica exchange) analyzed at elevated
temperature while restraining the folded parts.

Three main observations emerge from the simulation re-
sults. First, different truncations in the flexible tail and the
binding of antibodies influence the distance of PrPC to the
membrane. The strongest differential signals are recorded
by the MutD105–125 truncation, which pushes the flexible
tail away from the membrane, and the binding of the anti-
bodies, which instead increase the average proximity of
the flexible tail to the membrane by a similar shift. The flex-
ible tail is devoid of regular elements of secondary structure,
and its intrinsic disorder does not change upon antibody
binding (see Figs. S4–S6), which seems to rule out the for-
mation of b-sheets in the flexible tail as a toxicity mecha-
nism. Experimental evidence suggests that the role of the
flexible tail in toxicity is synergistic with the binding of
PrPSc (or POM1) to the globular domain of PrPC or with spe-
cific sequence truncations (10,12,23).

Second, the globular domain of PrPC is located closer to
the membrane in the presence of the antibodies than in the
unliganded state. The distributions of the angles show that
the orientational disorder of the globular domain is reduced
in the presence of both antibody fragments, consistent with a
tilting toward the membrane. Conversely, the different trun-
cations have no effect on the orientation of the globular
domain except for MutD105–125, which induces a shift in
the weight in the distributions, generally in the opposite di-
rection to the effect introduced by the antibodies.

Third, the contacts between flexible tail and globular
domain involve all the residues of the former and only three
segments of the latter, namely, the two-stranded b-sheet and
the three C-terminal turns of a2. Remarkably, while all con-
tact patterns differ somewhat, it is the antibody fragments
that have the strongest effects in terms of modulating which
residues on the globular domain are involved (Figs. 5 and
S7). This is despite the fact that they all use the full tail
Biophysical Journal 121, 2813–2825, July 19, 2022 2821
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(as in the wild-type), in contrast to the various truncations. It
is worth noting that the interactions between flexible tail and
the b-sheet in the globular domain are actually extended,
and occasional contacts are formed with additional regions
like a3.
Caveats regarding statistical significance

The statistical significance of the data presented throughout
this paper was probed by block averaging and by two-sam-
ple Wilcoxon tests (performed using built-in R functions
(version 4.1.3) with default parameter choices). Generally,
the data were split into 10 equal blocks across the
ensemble. In Fig. 2, the min/max values across these block
averages are shown directly to indicate variability. To iden-
tify the statistically relevant differences between systems,
we compared the average quantities of any given system
against the wild-type system. The statistically relevant
points, i.e., those quantities that indicated a significant dif-
ference (p-value <0.05) from the wild-type system, are
highlighted by the shaded area or by color-matching stars
(Figs. S3 and S7). The stars were used in the plots only
in case the standard error was too small for the shaded
area to be visible.

There are several aspects to consider when quantifying
uncertainty in this manner. First, we need to distinguish
two sources of errors: those by choosing synchronized
initial conditions (largely systematic) and those by random
events occurring at equilibrium (statistical). The notion of
independent repeats of entire simulations addresses the
latter but only to an extent that is contingent upon the level
of independence that can be achieved (58). Here, we studied
a system that is split into initially randomized parts (ions,
flexible tail) and more or less static parts (globular domain,
antibodies). We also employed the replica-exchange
method, which leads to ensemble averages constructed
from discontinuous pieces of conformationally independent
trajectories. From previous tests, we found that ensuring the
randomness of starting structures, in particular the tail con-
formations, across all replicas for all systems is critical to
avoid statistical errors from being masked by artificial initial
state bias. This is a nontrivial but key concern when discus-
sing the independence of, for example, repeat simulations.
Initial state bias, which is exceptionally difficult to remove
in post-processing (59), often leads to systematic relaxation
effects as the system reaches equilibrium. This is not
straightforwardly quantifiable in global terms, and we thus
relied on the well-established heuristic of discarding long
initial stretches as equilibration (i.e., 30 million steps) to
minimize the impact of this relaxation period. From the re-
maining data, we compute the error and significance mea-
sures mentioned above. We had to rely on block averaging
here because independent repeats of the simulations were
out of reach in terms of computational resources. This is a
caveat, as block averages still carry the additional danger
2822 Biophysical Journal 121, 2813–2825, July 19, 2022
of masking statistical errors through time correlation effects,
which motivated the choice of comparatively few blocks.
The situation is complicated further by the fact that replica
exchange mixes different trajectories but does so in a sto-
chastic manner. This means that the effective statistical
‘‘size’’ of a replica-exchange data set can vary strongly
across conditions (here, temperatures), further obscuring
statistical errors, and we have commented on the difficulty
of dealing with such data sets in previous work (60,61).
To quantify the level of mixing during the replica exchange,
the average effective acceptance rate and number of unique
geometric replicas visited are reported in Fig. S8. Readers
should keep the discussion above in mind when evaluating
the results.
Biological significance

The root of prion-induced toxicity remains elusive. Relying
on experimental findings, several hypotheses were gener-
ated. On the one hand, prion pathogenesis is not linked to
the loss of PrPC function but rather to a gain of toxicity
upon its conversion to PrPSc (10,62). On the other hand,
prion-mediated toxicity was shown to be associated with
misfolding and aggregation (63). Additionally, the toxicity
induced by the interstitial truncations was proposed to orig-
inate from abnormal activity at the neuronal surface rather
than from mislocalization or intracellular retention (62).
Furthermore, in vitro and in vivo experimental data suggest
that POM1 binding to membrane-anchored PrPC mimics the
toxic effect induced by PrPSc docking (10).

How do our computational results fit with existing
experimental hypotheses? Before considering this ques-
tion, it is important to point out that all proposed mecha-
nisms of toxicity are well beyond the reach of atomistic
simulations at this time. Our study provides a character-
ization of the conformational predisposition of the already
complex system of a single, membrane-anchored, possibly
liganded PrPC toward the onset of such mechanisms.
POM1 binding was proposed to emulate PrPSc-induced
toxicity, thereby contributing to the misfolding of PrPC

(10,11). The POM1 and the POM6 Fab domains compete
for the binding to the prion protein (7). The model intro-
duced here reproduces the flexibility of the flexible tail,
yet it cannot, by design, capture structural conversions
in the globular domain (or the antibodies) due to the
simulation setup (constraints imposed on the backbone
dihedral angles of the ordered parts). Thereby, structural
conversions in the globular domain remain a viable option
to explain the opposite biological responses of POM1 and
POM6.

Another proposed hypothesis links prion pathogenesis to
the aggregation of multiple prion proteins on the membrane
surface, which can induce membrane leakage (64). Here, we
studied the effects of interstitial truncations and antibody
binding on monomeric prion proteins. We show that the
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flexible tail must be considered as being able to fulfill two
somewhat antagonistic roles: sequestering parts of the glob-
ular domain surface from access by other species (shielding
interaction sites) and promoting association with other spe-
cies, including PrPC, PrPSc, and antibodies (disordered but
sticky). This is particularly important since the interactions
between the flexible tail and the globular domain at the
monomer level are comparatively sparse when considering
the globular domain (Fig. 5). It is a straightforward conjec-
ture that a second flexible tail will not be constrained to the
same interaction hotspots on the globular domain. Clearly,
studying the self-association of PrPC (including the flexible
tail) is a prerequisite to studying prion aggregation on the
membrane surface. The complexity of investigating this us-
ing a similar, atomistic simulation protocol as described in
this study will probably remain overwhelming in the imme-
diate future.

Prion toxicity has also been correlated with the generation
of spontaneous ionic currents (20,22, 23) and enhanced
channel activity (65). Previous studies have shown that the
interaction of the charges in the N-terminus of the flexible
tail (CC1) with the membrane is essential for the generation
of spontaneous ion currents, i.e., the deletion of or mutations
in CC1 lead to no spontaneous ion currents (20,65). Further-
more, it has been recently demonstrated that POM1 binding
enhances the channel activity of PrPC(65). The simulations
performed here are by design much more able to inform
about the onset of an ion channel-based toxicity (triggered
putatively by a monomer) than about an aggregation/conver-
sion-based mechanism. Our results focus on the events prior
to the generation of ionic currents and report on the possible
interactions of the flexible tail with the membrane surface. If
we accept this leap, our results show that current formation
is not a simple function of proximity of the flexible tail to
the membrane. For example, current-inducing truncations
such as D105–125 do not differ in an obvious manner
from the wild-type tail, which is innocuous. In fact, except
for the MutD105–125 variant, the results in Figs. 2, 3, and
5 provide little evidence that the truncations exert their
role through simple structure and shape considerations of
the protein. Conversely, the strong differential effect re-
corded by the MutD105–125 truncation is a rather intuitive
result of a charge inversion in one of the charged clusters.
Furthermore, our results show that antibody binding de-
creases the overall distance of PrPC to the membrane, inde-
pendently of their biological response. Indeed, the binding
of POM1 increases the proximity of PrPC to the membrane,
a conclusion supported by recent experimental findings
(65), yet we find that POM6 has a similar effect.
CONCLUSION

In conclusion, we have assessed geometric parameters at
atomic resolution that we hypothesized to be informative
about the role of the flexible tail in the mechanism of prion
disease. Surprisingly, we found stronger signals in these for
the binding of antibody fragments than for experimentally
established sequence truncations. The lack of a clear
correlation between the experimentally known effect of a
particular modification, which is often a complex, occasion-
ally ambiguous manifestation in different types of experi-
ments, is not necessarily surprising. Our data suggest the
MutD105–125 variant is interpretable in simple electrostatic
terms and that the two antibodies POM1 and POM6 do offer
a differential signal, consistent with their contrasting effects.
That said, the propensity to be toxic appears mostly related
to mechanisms not captured by simulations (e.g., structural
conversion in the globular domain, sequence specificities of
membrane interactions).

Nevertheless, the present simulation results should spur
the development of new agents (peptides, peptidomimetics,
and organic compounds of low molecular weight) that bind
to PrPC to modulate its interactions with the membrane sur-
face. A possible approach is to use simulation materials,
methods, and protocols similar to those in this study to
computationally design small molecules that interact with
the flexible tail and/or promote its association with the
globular domain of PrPC. The experimental validation
could make use of surface plasmon resonance to analyze
the kinetics and thermodynamics of binding. The most
promising candidates would then be evaluated in cellular
assays, for example by quantification of their activity in
rescuing prion-infected cultured organotypic cerebellar sli-
ces (66).
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Figure S1: Distance of PrPC to the
membrane surface for tempera-
tures between 345 and 420 K. The
C𝛼 atoms were used to calculate the
distances to the (x,y)-plane as in Fig.
2 in the main text. At lower temper-
atures (light colours), shorter aver-
age distances to the membrane are
sampled, and higher temperatures
(darker colours) push PrPC further
away from the membrane surface.
The rectangles highlight the PrPC

𝛼-helices (red vertical rectangles),
𝛽-strands (orange), charged clus-
ters (green), and truncated segments
(black and blue horizontal rectan-
gles). The two regions of PrPC that
are in contact with the antibodies in
the crystal structure are highlighted
(red and purple vertical dashed lines
for POM1 and POM6, respectively).
The horizontal dashed lines at 1.0
nm, 2.0 nm and 3.0 nm are drawn to
facilitate comparisons across pan-
els.
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Figure S2: Distance difference of
PrPC to the membrane between
each variant and wild-type PrPC

at 370 K. The C𝛼 atoms were used
to calculate the distances to the
(x,y)-plane. The rectangles high-
light the PrPC 𝛼-helices (red verti-
cal rectangles), 𝛽-strands (orange),
charged clusters (green), and trun-
cated segments (black and blue hor-
izontal rectangles). The two regions
of PrPC that are in contact with the
antibodies in the crystal structure
are highlighted (red and purple ver-
tical dashed lines for POM1 and
POM6, respectively). The horizon-
tal dashed lines at -0.5 nm, 0.0 nm
and 0.5 nm are drawn to facilitate
the comparison.
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Figure S3: Orientation of the globular domain with respect to the membrane surface. The shaded area represents the
standard error of the mean evaluated as the standard deviation of ten probability distributions along ten blocks equally spaced
along the trajectory. These shaded errors are shown only whenever a two-sample Wilcoxon test (computed using standard R
functions) comparing averages of any given system against the wild-type system indicated significant differences (p-value <
0.05).
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Figure S4: Secondary structure assignment per residue in the flexible tail at T = 370 K. The horizontal dashed lines delimit
the key regions in the flexible tail, i.e. CC1, the octarepeats and CC2. The systems were propagated over 50 million steps in the
canonical ensemble.
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Figure S5: Secondary structure assignment per residue in the flexible tail at T = 370 K. See caption Fig. S4.
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Figure S6: Secondary structure assignment per residue in the flexible tail at T = 370 K. See caption Fig. S4.
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Figure S7: Average number of contacts between the flexible tail and the globular domain. This plot is essentially the result
of integrating the contact maps in Fig. 5 across the flexible tail dimension. The shaded area represents the standard error of the
mean evaluated as the standard deviation of ten average values along ten blocks equally spaced blocks along the trajectory.
These shaded errors are shown only whenever a two-sample Wilcoxon test (computed using standard R functions) comparing
averages of any given system against the wild-type system indicated significant differences (p-value < 0.05). In case the standard
error was too small to be visualized, color matching stars were added instead. The rectangles highlight the PrPC 𝛼-helices
(red vertical rectangles), 𝛽-strands (orange) and charged clusters (green). The two regions of PrPC that are in contact with the
antibodies in the crystal structures (1) (2) are highlighted (red and purple dashed lines).

Figure S8: Average effective acceptance rate and number of unique geometric replicas visited. This plot shows the average
effective acceptance rate as a function of nominal temperature (red line) along with the number of unique geometric replicas
that visited that nominal temperature (green line) for wild-type and the POM6 complex. Both measures show drop-offs at both
limits and less than 100 % visitation throughout.
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Movie S1 Orientational disorder of unliganded PrPC at an average temperature of 400 K. The movie of the unrexed
trajectory shows the orientational flexibility of PrPC with respect to the membrane surface.

Movie S2 Restricted orientational disorder of PrPC in complex with POM1 at an average temperature of 400 K. The
movie of the unrexed trajectory shows the closer distance to the membrane surface and restricted orientational disorder of PrPC

compared to the unliganded state.
Movie S3 Restricted orientational disorder of PrPC in complex with POM6 at an average temperature of 400 K.

The movie of the unrexed trajectory shows the closer distance of the GD to the membrane surface and restricted orientational
disorder of PrPC compared to the unliganded state.
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