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The cellular prion protein (PrPC) has a C-terminal globular
domain and a disordered N-terminal region encompassing five
octarepeats (ORs). Encounters between Cu(II) ions and four
OR sites produce interchangeable binding geometries; howev-
er, the significance of Cu(II) binding to ORs in different com-
binations is unclear. To understand the impact of specific
binding geometries, OR variants were designed that interact
with multiple or single Cu(II) ions in specific locked
coordinations. Unexpectedly, we found that one mutant pro-
duced detergent-insoluble, protease-resistant species in cells in
the absence of exposure to the infectious prion protein isoform,
scrapie-associated prion protein (PrPSc). Formation of these
assemblies, visible as puncta, was reversible and dependent
upon medium formulation. Cobalamin (Cbl), a dietary cofactor
containing a corrin ring that coordinates a Co3+ ion, was
identified as a key medium component, and its effect was
validated by reconstitution experiments. Although we failed to
find evidence that Cbl interacts with Cu-binding OR regions,
we instead noted interactions of Cbl with the PrPC C-terminal
domain. We found that some interactions occurred at a bind-
ing site of planar tetrapyrrole compounds on the isolated
globular domain, but others did not, and N-terminal sequences
additionally had a marked effect on their presence and posi-
tion. Our studies define a conditional effect of Cbl wherein a
mutant OR region can act in cis to destabilize a globular
domain with a wild type sequence. The unexpected intersection
between the properties of PrPSc’s disordered region, Cbl, and
conformational remodeling events may have implications for
understanding sporadic prion disease that does not involve
exposure to PrPSc.

The cellular prion protein (PrPC) is a widely expressed,
conserved glycoprotein; it serves as a precursor to disease-
associated and misfolded isoforms, including a form desig-
nated scrapie-associated prion protein (PrPSc) found in the
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prototypical prion disease, scrapie. PrPC is attached to the
outer leaflet of the plasma membrane by a glyco-
sylphosphatidylinositol (GPI) anchor (1) and is abundant in
the central nervous system (2, 3). The C-terminal part of PrPC

has a globular fold with three α-helices and a short β-sheet,
whereas the N-terminal portion of the protein is natively
disordered and contains five octarepeats (ORs) and a hydro-
phobic tract (4). Besides having dissimilar amino acid
composition and folding properties, these two regions within
the full-length PrPC holoprotein can be separated physically by
physiological endoproteolysis events; α-cleavage in the vicinity
of residue 110 gives rise to N1 and C1 fragments, whereas
β-cleavage approximately 20 residues upstream of this site
generates N2 and C2 fragments, with the latter fragment
possibly subject to further cleavages (5–8).

PrPSc is associated with infectivity in experimental scrapie
disease and often has an intrinsic resistance to in vitro diges-
tion with the broad-spectrum protease proteinase K (PK), with
the coordinates of this resistant fragment, PrP 27–30, being
similar to those of C2 PrP. Furthermore, PrP species with a
similar electrophoretic mobility to PrP 27–30 exist in
Creutzfeldt–Jakob disease (CJD) (9). However, closer chemical
analyses indicate heterogeneities that add complexity to these
overarching ideas; some misfolded PrP is protease sensitive,
PK cleavage sites within the N terminus are different between
prion diseases, and PrPSc forms differ in their chemical
denaturation profiles (10–12). Indeed, these observations have
been marshaled into the notion of a “cloud” of possible PrPSc

forms (13). While considered to be natively disordered in so-
lution, the N-terminal part of PrP has a role in familial prion
diseases. Insertions and deletions in the OR are associated with
heterogeneous clinical manifestations, such as Gerstmann–
Sträussler syndrome (GSS), psychiatric disorders, and some
forms of genetic CJD (see the study by Lloyd et al. (14)). Some
binding partners have been identified for this region, with
transition metals being notable (15–22). Copper (Cu) ions
produce metalated forms of PrP, binding via four different
histidines located in the OR region (23, 24) and with a fifth site
described involving histidines 95 and 110 (mouse PrP [mPrP]
numbering scheme) (17, 25) (Fig. 1A). Interestingly, with
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Figure 1. Spontaneous production of protease-resistant PrP. A, schematic of PrP and positions of C1 and C2 fragments. The globular domain is indicated
by an extended oval and structures within this (dotted perimeter) include three α-helices and two β-strands, as well as N-glycosylation sites (“CHO”). The OR
region is shaded yellow and 1 to 5 refer to Cu-binding sites. B, expanded view of the OR region showing amino acid replacements in the S1, S3, and S3-F88W
alleles (modified from Lau et al., 2015 (28)). C, RK13 cells expressing WT-PrP, S3-PrP, or S1-PrP alleles were infected with the RML prion isolate and subjected
to PNGase F and PK digestion (50 μg/ml). RML BH refers to biological replicate samples of mouse brain homogenate from infected animals. The origin and
identity of the bands in S3 cells (lanes 3 and 4) is elaborated in Figure 3, D and E. D, protease digest comparison of stable clones of WT-PrP and S3-PrP and
untransfected RK13 cells grown in two different media, DMEM and Opti-MEM. Cells were grown for 3 consecutive weeks. Cell extracts were treated with
50 μg/ml PK and probed with Sha31 antibody. As a comparison, a brain homogenate of a WT mouse infected with RML is presented (“control”). E, S3 and
S3-F88W cells were grown for 3 consecutive weeks in Opti-MEM. Cell lysates were digested with PK as aforementioned. DMEM, Dulbecco’s modified Eagle’s
medium; OR, octarepeat; PK, proteinase K; PNGase F, peptide-N-glycosidase F; PrP, prion protein.

Cobalamin and PrP multimers
increasing stoichiometries of Cu(II), the PrP OR region adopts
different structures (18, 26) and interacts with a negatively
charged area on the globular domain (27). As these metal-
induced OR structures can interconvert in WT PrP, we
2 J. Biol. Chem. (2022) 298(4) 101770
created transgenic (Tg) mice encoding PrP with engineered
OR region variants, which blocked interconversion to poten-
tially delineate the biological properties associated with the
different structures (18, 28). Briefly, the S1-PrP allele has
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additional prolines in histidine-containing ORs 1 and 3,
PHGGGWGQ->PHGGGWPP; these substitutions hold the
OR region in an extended conformation and emphasize a
binding mode (component 1) where each OR can bind one
Cu2+ ion. Conversely, the S3PrP allele is engineered to pre-
clude component 1 binding that requires tetrahedral coordi-
nation of Cu2+ complexed with a water molecule; this is
achieved by swapping out glycine and tryptophan residues
needed for this binding geometry, PHGGGWGQ-
>PHGPGFGQ (Fig. 1B). While both S1 and S3 alleles sup-
ported prion replication in the brains of infected animals (28),
we encountered unanticipated effects for S3-PrP when
expressed in cells in the absence of prion infection. As
described here, these effects favoring protein assembly could
be traced to a cofactor, vitamin B12 (cobalamin [Cbl]) present
in a medium formulation commonly used to enhance the
success rate of de novo prion infections (29–33). Cbl comprises
a cobalt(III) (Co(III)) ion located in the center of a complex
coordinated structure; it is coordinated in a planar fashion by a
corrin ring structure and in an axial fashion by a fifth nitrogen
located within a dimethylbenzimidazole group (34). In studies
herein, the impact of Cbls upon PrP assembly was documented
by different end point measures and assessed versus known
metal coordination structures and tetrapyrrole-binding sites.
Figure 2. Medium composition and conditional production of protease-
resistant S3-PrP. A, S3, WT, and S1 cells were grown in DMEM (“O%”) or
Opti-MEM for a period of 3 weeks. Cell lysates were digested with 50 μg/ml
PK. Opti-MEM. B, as per panel A but with S3-PrP cells grown in different
ratios of DMEM:Opti-MEM. C, S3 cells previously grown in Opti-MEM for
several passages were grown for an additional 3 consecutive weeks in
either Opti-MEM or DMEM. Cell extracts were digested with 50 μg/ml PK.
DMEM, Dulbecco’s modified Eagle’s medium; PK, proteinase K; PrP, prion
protein.
Results

Conditional production of protease-resistant S3-PrP species

The S3-PrP allele (Fig. 1, A and B) expressed in the brains of
uninfected Tg mice (TgS3.F88W) gives abundant production
of a C2 fragment (28) with mobility similar to a PK-resistant
fragment that increases during prion infections (35–40). As
the C2 fragment is also notable in uninfected RK13 cells
expressing S3-PrP (“S3 cells”) (28), we first sought to under-
stand how these cells respond to prion infection. When
exposed to mouse-adapted scrapie prions (RML isolate),
S3-expressing RK13 cells produced a two-band signature of
deglycosylated PK-resistant PrP. This signature differed from
cells expressing WT mPrP or expressing an alternative OR
allelic form, S1-PrP, that was designed to have a different
metal-binding geometry from S3-PrP (28) (Fig. 1, B and C),
these producing signatures resembling PK-resistant PrP from
the brain. This behavior of S3 cells proved to be unrelated to
prion infection. Uninfected cells grown in standard Dulbecco’s
modified Eagle’s medium (DMEM) and expressing WT-PrP or
S3-PrP produced PK-sensitive PrP species (Fig. 1D, top panel)
but within 1 week after change into Opti-MEM, S3-PrP-
expressing cells—but not WT-PrP cells—produced
PK-resistant material (50 μg/ml PK). By gel mobility, these
species included full-length diglycosylated forms of PrP
(Fig. 1D, bottom panel). A variant of S3-PrP called S3-F88W
with a residue exchange in codon 88 also produced
PK-resistant species after culture in Opti-MEM (Fig. 1E); the
F88W substitution represents a change to the WT tryptophan
residue at codon 88. Control analyses indicated that the S1-PrP
OR variant also did not behave similarly to S3-PrP (Fig. 2A),
whereas mixing DMEM with increasing proportions of
Opti-MEM increased protease-resistant material from S3-PrP
(Fig. 2B). This experiment, as well as the procedure for sam-
ple processing that includes a pellet-washing step and resus-
pension in a different buffer before the PK digestion, excludes
trivial effects that could derive from inhibition of the in vitro
PK digestion reaction (41). To study the kinetics of PK-
resistant S3-PrP production, cells grown for several passages
in Opti-MEM were split into either fresh Opti-MEM or
DMEM; samples maintained in Opti-MEM remained PK
resistant (Fig. 2C), whereas cells switched back to DMEM
J. Biol. Chem. (2022) 298(4) 101770 3
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reverted to PK sensitivity within 1 week. Thus, PK resistance of
S3-PrP is a conditional and reversible phenotype. As PrP binds
Cu and zinc (Zn) (15, 23, 24, 42) and since S3-PrP has an OR
region that facilitates “component 3” Cu binding (18, 28), we
applied a broad-spectrum chelator, EDTA (used in calcium
[Ca]–EDTA form (43)); this chelator diminished the amount
of PK-resistant S3-PrP (Fig. 3, A and B), whereas addition of
Cu ions had the reverse effect (Fig. 3C). Using peptide-N-
glycosidase F (PNGase F) to remove N-linked sugars,
PK-treated lysates from S3 cells grown in Opti-MEM revealed
similar electrophoretic mobilities to those of PK-sensitive C1
and C2 PrP fragments of cells grown in DMEM (Fig. 3D).
Given the chelator effects in Figure 2, we profiled the metal
content of Opti-MEM and DMEM. We analyzed seven tran-
sition metals (chromium [Cr], iron [Fe], manganese [Mn],
cobalt, nickel [Ni], Cu, and Zn) as well as the levels of mag-
nesium (Mg), aluminum (Al), and Ca) (Table 1). The two
media had similar content of Mg, Mn, Ni, and Cu. DMEM had
twice as much Cr as Opti-MEM, whereas Opti-MEM had
Figure 3. Medium additives affecting the production of protease-resistan
without calcium (Ca)–EDTA. B, diminution of production of PK-resistant PrP foll
PK. C, copper addition to S3-PrP cells propagated in Opti-MEM increased the yi
Opti-MEM were digested (+) or not digested (−) with 50 μg/ml PK, and then
exposure of the second lane. E, S3 cells were grown in Opti-MEM, in DMEM alon
Cbl, or 40 μM lipoic acid. Cell lysates were treated with 50 μg/ml PK and PN
proteinase K; PNGase F, peptide-N-glycosidase F; PrP, prion protein.

4 J. Biol. Chem. (2022) 298(4) 101770
approximately twice the amount of Al, Ca, and Zn. Most
notably, Opti-MEM had almost 50 times more Co than
DMEM. With this information, we used reconstitution
experiments to define the particular medium components
relevant to producing PK resistance. Cells expressing S3-PrP
were grown in DMEM spiked with either Zn chloride, trans-
ferrin (Fe), or Cbl (Co) to obtain levels similar to those present
in Opti-MEM (Table 1). We also tested lipoic acid (cf. https://
www.thermofisher.com/) in these analyses to make recon-
stituted versions of DMEM. While supplementation of DMEM
with Cbl to a level of 0.85 μM produced the typical two-band
pattern produced by S3-PrP grown in Opti-MEM, addition of
Zn, Fe, or lipoic acid did not (Fig. 3E).

Assessing physical interactions between recombinant PrPs
and Cbl

We next considered direct Cbl–PrP interactions. Given
Cu(II) binding of the N-terminal region of PrPCs (23, 42, 44)
and a PrP–Co2+ interaction reported for histidine 110 (45), we
t S3-PrP. A, S3 cells were grown in DMEM alone or in Opti-MEM with or
owing titrated addition of Ca–EDTA. Cell lysates were treated with 50 μg/ml
eld of protease-resistant PrP. D, S3 cell extracts from cells grown in DMEM or
samples were treated with PNGase F. The third lane represents a higher

e, or in DMEM supplemented with 1.12 μM ZnCl2, 40 μM transferrin, 0.85 μM
Gase F. Cbl, cobalamin; DMEM, Dulbecco’s modified Eagle’s medium; PK,

https://www.thermofisher.com/
https://www.thermofisher.com/
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Cobalamin and PrP multimers
performed surface plasmon resonance experiments with
tethered recombinant PrP (recPrP) and divalent cations pre-
sented in a mobile phase. As shown in Fig. S1, recWT-PrP and
recS3-PrP responded to Cu (presented as Cu(glycine)2 chelate
to mimic dietary presentation (46, 47) or with free Cu2+) with
averaged KD values for chelated Cu of 101 and 78 nM,
respectively, when fitted to a model with 1:1 binding stoichi-
ometry. Cu presented in ionic form gave KD values of 65 and
100 nM for WT and S3 alleles (Table S1). These sub-
micromolar binding constants are in broad agreement with the
prior literature (18, 48–50). Unfortunately, use of Cbl in the
surface plasmon resonance flow buffer produced sensorgrams
with dramatic rise times, even in flow cells lacking recPrP,
indicating a confounding interaction with the chip surface.
Following an alternative analytical approach, it is known that
imidazole groups of surface-exposed histidines react with
diethylpyrocarbonate (DEPC) (51), and this reactivity, in the
case of PrP, is reduced by preincubation with ionic Cu (17).
This technique relies upon a 72.06 Da mass increase for each
modified imidazole, measured by MALDI–TOF mass spec-
trometry (MS) and can be performed at neutral pH and
physiological salt concentration; as previous experiments using
recPrP 23–231 and recPrP 23–98 defined shielding of reactive
His residues in the OR region (Cu sites 1–4), and at His 95,
here we sought to assess shielding mediated by Cbl. WT mPrP
23–230, measured by MALDI–MS, had an observed mass of
23,054.7 Da ± 4.3 (n = 6) for WT PrP (predicted,
23,063.43 Da). WT mPrP 23–230 reacted with DEPC to give
multiple adduct peaks with averaged increments of 70.46 ±
1.3 Da. These data (Table S2) define a strong effect deriving
from four reactive histidines (peaks assigned with one to four
modifications, 1m–4m) and further peaks of smaller signal
intensity and higher charge-to-mass ratio indicating additional
DEPC adducts, noting nine histidines in total for WT mPrP.
Preincubation with Cu(glycine)2 increased the relative size of
the “0m” peak (i.e., unmodified PrP) and peaks 2m–4m
became less prominent (Fig. S2B versus Fig. S2A), indicating
that the main effect of Cu(glycine)2 is to protect two histidines.
Cbl alone had little effect (Fig. S2C), and a mixture of
Cu(glycine)2 and Cbl produced a mass spectrum resembling
the Cu(glycine)2 mass spectrum (Fig. S2D versus Fig. S2B). For
S3-PrP, unmodified recS3-PrP 23–230 had a mass of
23060.9 Da ± 8.1 (n = 7), an observed mass increase over WT
of 6.2 Da (predicted, 4.1 Da). Following reaction with DEPC,
the relative yield of 2m–4m adducts was lower than that of
WT-PrP (Fig. S3A versus Fig. S2A), suggesting an intrinsic
difference between unmetalated S3-PrP and WT-PrP. Pre-
incubation with Cu(glycine)2 altered the repertoire of S3 DEPC
adducts (Fig. S3B versus Fig. S3A), though not as noticeably as
for WT-PrP (Fig. S3B versus Fig. S2B). Preincubation of S3-PrP
with Cbl before reaction with DEPC produced a different
profile for a mass spectrum with four discernible adducts
(Fig. S3C), an effect retained when Cu(glycine)2 was added
along with Cbl (Fig. S3D). Overall, these in vitro analyses
support conclusions that recWT-PrP and S3-PrP have high-
affinity Cu-binding sites and that Cbl addition does not
interfere with the ability of added Cu to protect prominent
J. Biol. Chem. (2022) 298(4) 101770 5
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DEPC-reactive histidines from chemical modification (these
mapped as lying within PrP 23–98 (17)). Consequently, we
considered effects of Cbl upon other areas of PrP.

Molecular dynamics and docking analyses reveal allelic
divergence in Cbl–PrP interactions

Cbl is a type of tetrapyrrole (52), containing a four-
membered planar corrin ring as well as an axial benzamida-
zole linked via a ribonucleoside structure. Given that other
tetrapyrroles interact with the PrPC globular domain (53), we
considered analogous events for Cbl. Two sets of WT and S3
mPrP 72 to 231 conformations with different orientations of
flexible N termini were obtained from different initial Protein
Data Bank (PDB) structures and subjected to molecular dy-
namics (MD) simulations prior to docking (Fig. 4, A–F),
whereas a third set of 119 to 231 conformations with truncated
N termini was generated for control analyses (Table S3).

Molecular dynamics

During MD simulations in a system with S3-72-I mPrP, we
observed substantial disruption of α-helical structure (from
Figure 4. Comparison of mPrP 72–231 structures. Comparison of WT-72-
2L39.pdb that was used to build WT-72-I and S3-72-I models. B, WT-72-I rep
unfolded; β-sheet S1–S2 reduced to shorter β-strands; transient short β-strand
150 ns MD simulations: C-terminal regions of α-helices H2 and H3 substantially
both WT-72-II and S3-72-II models. E, WT-72-II representative conformation af
representative conformation after 50 ns MD simulations: region S1–H1–S2 an
core between them; helix H1 considerably shifted toward C-terminal part of H

6 J. Biol. Chem. (2022) 298(4) 101770
40.6% in the original conformation in 2L39.PDB to 31.1%), the
formation of two stable short β-strands in the N terminus
(total β content increased from 3.7% to 6.9%), and transient
presence of an extended S1–S2 β-sheet. The structure of the
C-terminal half of helix H2 was disrupted, and similar
unfolding occurred in the C-terminal region of helix H3
(Fig. 4C). Changes were less notable for WT-72-I PrP (Fig. 4B);
disruption of helix H2 was found (but not H3), only transient
short β-strands appeared in the N terminus of WT-PrP, and
β-sheet S1–S2 was reduced to shorter β-strands because of
competitive interactions with the unstructured N-terminal tail.
Similar changes in secondary structure were observed during
MD simulations of systems mPrP WT-72-II and S3-72-II
(Fig. 4, E and F): C termini of all three helices were dis-
rupted, and total α-helical content was reduced from 39% to
25.8% in WT and 23.9% in S3. Formation of short β-strands in
the N terminus was observed as well, with total β-content
increasing from 3.8% to 8.1% in WT and 7.1% in S3. Inter-
estingly, we observed a wide opening of the hydrophobic core
between S1–H1–S2 and H2–H3 parts of PrP only in the case
of the S3-72-II construct (Fig. 4F), a type of opening that has
II and S3-72-II mPrP 72–231 structures. A, original WT structure based on
resentative conformation after 150 ns MD simulations: α-helix H2 partially
s appeared in the N terminus. C, S3-72-I representative conformation after
disrupted. D, original WT structure based on 2PRP.pdb that was used to build
ter 50 ns MD simulations: C termini of helices partially unfolded. F, S3-72-II
d bundle H2–H3 shifted away from each other exposing the hydrophobic
3. MD, molecular dynamics; mPrP, mouse PrP.
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been associated with PrP misfolding (54). Furthermore, a new
short β-strand appeared in position 194 of this construct,
within a displaced loop LH2H3.

To summarize, changes in the residues involved in β-sheets
and β-strands (mPrP numbering scheme) are as follows:

Original WT/S3-72-I model

β-strands: residues 78 and 81, β-sheets: residues 128 to
129 and 161 to 162; WT-72-I after 150 ns: β-
sheets: residues 105 to 106, 128 to 129, and 161 to
162. S3-72-I after 150 ns: β-strands: 91, 106, 114,
124, β-sheets: 128 to 132 and 159 to 162.
Original WT/S3-72-II model

β-strands: residues 115, 121, and 124; β-sheets: residues
128 to 130 and 160 to 162; WT-72-II after 50 ns:
β-strands: residues 87, 92, and 115, β-sheets: res-
idues 119 to 120, 125 to 126, 128 to 130, and 160
to 162; S3-72-II after 50 ns: β-strands: 90, 107, 116,
and 125 and β-sheets: 128 to 130 and 160 to 162.
Docking

Predicted docking sites are illustrated in Figures 5, S4 and
S5. Binding sites in the WT-72-I and S3-72-I globular domains
(domains with identical amino acid sequences) were predicted
from receptor cavities but differed for the two alleles (Fig. 5, B
and C). As seen in Fig. S4, positions of docking sites in 119 to
231 and 72 to 231 constructs are substantially different. While
the top docking models against 72 to 231 constructs exhibit
overlapping binding sites for Cbl and tetrapyrrole (Fig. S4, A
and E), secondary binding sites for these two ring compounds
are different (Fig. S4, B and F). For shorter 119 to 231 systems,
the trend was the opposite: the top docking models tend to
have different docking locations for Cbl and tetrapyrrole,
whereas the locations overlap for secondary docking models
(Fig. S4, C, D, G and H). Docking energies for tetrapyrrole are
lower than Cbl docking energies (Table S4) because of the
large size of Cbls. Both sets of WT-72-I/II and S3-72-I/II
conformations, based on different structures, result in over-
lapping docking sites (Figs. S4 and S5), which have somewhat
lower docking energy than their 119 to 231 counterparts.

In predicted docking models, there was an inward orienta-
tion of the corrin ring of Cbl (i.e., with the benzimidazole/
ribonucleoside axial structure pointing away from the globular
domain) in 8 of 10 models for WT-72-I and 6/10 models for
S3-72-I PrP. Only one WT model exhibited side docking of
Cbl, and the remaining models exhibited inward orientation
of the phosphate moiety side of Cbl (Table S4). The number of
Cbl contacts with PrP differed for the two allelic forms, with an
average number of three bonds per model for WT-72-I PrP
versus four per model for S3-72-I PrP (Table S5). For WT-72-I
PrP, most hydrogen bonds resulted from docking over the
β-sheet region with involvement of the C terminus of helix H3,
whereas for S3-72-I PrP, most hydrogen bonds were formed
with helix H2 and the N terminus of H3 (Fig. 5, D and E versus
Fig. 5, G and H; Table S5). Differences were also noted for the
involvement of N-terminal residues in Cbl docking—W72,
H84, N96, K100, and K105 for WT-PrP versus H76, P83, G87,
F88, G91, G93, and T94 for S3-PrP.

We next compared these Cbl docking sites to a tetrapyrrole-
binding site mapped to WT PrP. This tetrapyrrole-binding site
corresponds to helix H3 and loop LS2H2 as established by
solution NMR (55) and with overlapping, supportive findings
from docking calculations used previously where we detected
docking of tetrapyrrole to the site in the system WT-119-I,
model 6 (Fig. S4D), and docking of Cbl to the site in the sys-
tems WT-119-I, model 2 (Fig. S4D) and WT-72-I, model 5
(Fig. S4B). Importantly, we did not observe docking to tetra-
pyrrole site for any of S3 systems. An S3-119-I model 1 had
Fe(III)TMPyP docked to C terminus of H3, but those in-
teractions did not include the S2–S1 bundle.

In order to make the tetrapyrrole site open for docking, we
used a complementary set of WT-72-II and S3-72-II confor-
mations based on the 2PRP structure wherein the 89 to 120
region is shifted away from the site and interacting with the
beta-sheet bundle close to helix H1 (Fig. 4D). The represen-
tative conformations that we extracted from 50 ns MD
trajectories did indeed have an open tetrapyrrole site (Fig. 4,
E and F). Several models from conformation WT-72-II
exhibited docking in slightly shifted locations closer to the
S1S2 bundle (Fig. S5A). Nevertheless, docking to that site was
not observed for the S3 allele. Because Autodock Chimera
produces only top 10 docking models that correspond to the
lowest docking energies, one can hypothesize that the mere
presence of PrP residues 72 to 120 creates highly competitive
docking sites involving N terminus, substantially reducing the
probability of docking to the tetrapyrrole site defined by NMR
analyses.

One of 10 top docking models for Cbl for WT-72-I mPrP
exhibited almost the same site as published for Fe(III)TMPyP
(model 5; Fig. 5F). Differences included N-terminal capping
residue G63 (noting a shorter PrP construct, human PrP
90–232, in Ref. (55) and that G63 is G62 in mPrP) and slight
differences in binding interfaces: the tetrapyrrole ring faces the
helices H3–H2 of PrPs directly, whereas the corrin ring of Cbl
is slightly twisted. In both cases, functional groups at the
perimeter of the planar ring structures were involved in
the binding. Turning to mPrP S3-72-I, overlaps with the
tetrapyrrole-binding sites were not observed amongst the top
10 Cbl docking models. We extended this analysis to consider
docking to the globular domain region implicated in cis in-
teractions with a metalated OR region (Fig. 5, H and I,
Table S5); these cis relationships were elucidated by others for
the Zn2+-loaded OR region and extended using Cd2+ as a
surrogate for Zn prototype, defining a key role for E199
(56–58). Our analyses revealed that only Cbl binding model 2
for S3-72-I PrP overlapped the cis interaction site for a
metalated OR region (Fig. 5, H and I).

In sum, MD analyses revealed that (i) the tetrapyrrole site
defined previously using the globular domain alone (55) is
detected by docking to WT constructs, (ii) the globular
domain alone behaves differently by docking and MD when
extended by an N-terminal tail, (iii) cis effects are seen with the
longer constructs, and (iv) allelic effects are represented by
J. Biol. Chem. (2022) 298(4) 101770 7



Figure 5. Docking analysis of PrP–Cbl interactions. A, chemical structure of Cbl with predicted docking sites highlighted in blue. B and C, binding sites in
WT and S3 PrP structures (translucent red spheres with areas for compound centering highlighted in green) predicted from receptor cavities by the Biovia
Discovery Studio Visualizer. D–I, predicted docking sites of Cbls: WT mPrP 72-I, docking model 1 (D); WT mPrP 72–231-I, docking model 5 (E), and the
corresponding close-up view (F); S3 mPrP 72 to 231-I, docking model 1 (G); S3-72-I, docking model 2 (H), and the corresponding close-up view (I). D–I,
α-helices of PrP are indicated in purple, β-strands in yellow, and random coils and turns in gray; PrP residues involved in hydrogen bonds are colored green; N
and C termini for simplicity are presented as -NH2 and -COOH with the positions of occluded termini indicated by short black arrows; and atom/bonds of Cbl
are colored blue with the phosphate group depicted in orange. E and F, in addition illustrate overlapping relationships of Cbl-binding sites with tetrapyrrole
binding (globular domain contact residues for tetrapyrrole in orange). H and I, show relationships with Zn-loaded OR region (globular domain contact
residues in slate gray) (55, 58), see also Table S5. Cbl, cobalamine; PrP, prion protein; mPrP, mouse prion protein; OR, octarepeat.

Cobalamin and PrP multimers
some divergent performances of WT and S3 for docking of
tetrapyrrole versus Cbl (in addition to some overlapping
properties). Furthermore, we noted two remarkable and
unanticipated effects wherein (v) an N-terminal extension
caused the published tetrapyrrole site to swap the other side of
the globular domain, and (vi) S3 with an N terminus analyzed
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by MD is prone to open up the hydrophobic core between
S1–H1–S2 and H2–H3.

Formation of high–molecular weight PrPC assemblies

Noting that mammalian PrPC differs from recPrP by having
N-linked sugars and a GPI anchor, we used formaldehyde



Cobalamin and PrP multimers
crosslinking to assess formation of macromolecular assemblies
in PrP-expressing cells (59). Diffuse signals indicative of glyco-
sylated PrPC monomers were detected in all samples, irre-
spective of culture condition or crosslinking (Fig. 6A). A mild
diminution of these low–molecular weight signals and an in-
crease in high–molecular weight (HMW) signals was noted for
S3 cells grown in DMEM supplemented with Cbl and cross-
linked; thus, these experiments indicate a latent propensity for
HMW complex formation modulated by medium composition.

PrP aggregates frequently feature in prion diseases, and
these have altered solubility properties (60), suggesting the
Figure 6. Effect of Cbl on PrP assemblies and detergent insolubility. A, cells
untreated (−) or crosslinked in situ with 2.5% formaldehyde for 15 min at room
PrP was performed from crude cellular extracts using Sha31 antibody. Diglycosy
size of 66 kDa on this capillary-based Western analysis system (as shown pr
representation of formation of high–molecular weight (HMW) assemblies (highe
cells were grown for 1 week in DMEM containing increasing concentrations o
buffer were treated or not treated with 1% SDS (final concentration). Product
acetate were detected by incubation with Sha31 antibody. C, quantification of A
additives: 0.85 μM Cbl, 0.85 μM CoCl2, and 1.12 μM ZnCl2. Cell lysates were proc
Dulbecco’s modified Eagle’s medium; PrP, prion protein; RIPA, radioimmunop
basis for resistance to protease digestion noted previously
(Fig. 1, C and D). Accordingly, cells expressing WT-PrP and
S3-PrP were grown in DMEM or Opti-MEM before using a
filter-trap assay for SDS-insoluble aggregates (61). A further
control in these analyses was furnished by the S1 form of PrP.
Using 1% SDS, detergent-resistant aggregates were apparent
for S3-PrP grown in increasing fractional concentrations of
Opti-MEM, but not for other alleles (Fig. 6), and this was
confirmed by Western blot analysis (Fig. S6). In a mixing
experiment, as DMEM was progressively replaced with Opti-
MEM, immunoblot signals for aggregated PrP increased
expressing S3-PrP were grown in DMEM with or without Cbl. Cells were left
temperature. Immunoblot detection by capillary-based Western analysis of
lated monomeric forms of PrP with a mass of �35 kDa run with an apparent
eviously (109)) (lower bracket). In the presence of Cbl, there was increased
r bracket) with an apparent mobility of 300 to 400 kDa. B, WT-PrP and S3-PrP
f Opti-MEM. Cell lysates of WT-PrP, S1-PrP, and S3-PrP generated with RIPA
s were analyzed by filter-trap assay. The proteins retained by the cellulose
. D, WT, S1, and S3 cells were grown for 1 week in DMEM containing various
essed as in B. E, quantification of data presented in D. Cbl, cobalamin; DMEM,
recipitation assay buffer.
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(Fig. 6, B and C), whereas WT-PrP did not form SDS-insoluble
species under any conditions. We also tested how specific
medium components affected aggregate formation (Fig. 6,
D and E). Regardless of the culture medium used, all PrP
immunoreactivities for WT-PrP and S1-PrP became soluble
with 1% SDS. In contrast, S3-PrP formed significantly more
SDS-resistant signal in the presence of Cbl (Fig. 6E). Ionic Zn,
in all cases, had no effect, but a weak effect (versus Cbl) was
scored for ionic Co with S3-PrP; whether this outcome
reflected a contribution from binding at PrP site 5 (45) is
currently unclear. Parallel lysates from RK13 cells that did not
express mPrP did not show signals (Fig. S6C), excluding any
contribution of non-PrP proteins to immunoreactive signals
seen in these dot-blot assays.

Clustered cellular PrP assemblies

Next, cellular localization of WT PrPC and allelic variants
(S3, S3-F88W, or S1) with or without medium additives was
examined in stable cell lines. Equivalent expression of the S3
and F88W allelic forms versus WT-PrP in cell lines grown in
DMEM was established (Figs. 7A and S7), considering either
total PrP or PrP species of >24 kDa (to offset enhanced pro-
duction of protease-sensitive C2 PrP by S3 and F88W allelic
forms but not by WT PrP; (28), this article). Also, considering
cells cultured in Opti-MEM, S3 and WT did not significantly
differ with respect to species >24 kDa. A trend for higher
levels of total PrP for the S3 PrP allele produced by cells
cultured in Opti-MEM was attributed to <24 kDa species that
include C2 fragments.

Noting these comments about expression levels for cells
grown in DMEM or Opti-MEM, all three allelic forms of PrP
gave signals at the cell periphery, as well as yielding some in-
ternal immunoreactivity. However, processing cell monolayers
with guanidine thiocyanate, which denatures proteins to reveal
epitopes and renders cells more permeable to antibody entry,
revealed puncta of immunostaining, these being most apparent
for S3-PrP cells grown in Opti-MEM versus corresponding
WT-PrP and S1-PrP controls (Fig. S8). While some signals
corresponded to filamentous processes extending between
adjacent cells, puncta were especially notable for S3-PrP versus
a WT-PrP control, indicating these forms of PrP were clus-
tered into macromolecular complexes. Production of puncta
was also noted for S3-F88W PrP (Fig. 7B). Quantitative ana-
lyses confirmed this relationship for frequency of occurrence
versus allelic type regarding numerical aspects of morphology,
S3-PrP differed from the two other alleles with respect to area,
integrated pixel intensity, and size distribution (Fig. 7, C–F). In
these analyses, PrP signal intensities were measured from all
the pixels across regions of interest, and coefficients of varia-
tions (CVs) were calculated. In the presence of Opti-MEM,
clustered S3-PrP appeared as red puncta signals, whereas un-
der other conditions, PrP signals were more uniformly
distributed. Nonuniformity was quantified by computing the
pixel CVs across the entire regions of interests above threshold
PrP signals. In sum, for cells grown in Opti-MEM, S3-PrP
expressed at a similar level to WT-PrP had a heightened
tendency to form clustered assemblies, in line with data
10 J. Biol. Chem. (2022) 298(4) 101770
presented in Figure 6. In several respects, the S3-PrPF88W
allele had a performance intermediate between that of S3- and
WT-PrP.
Discussion

Conformers, cofactors, and a conditional PrP allele

While an intersection between Cbl and prion biology has
been considered previously, these earlier studies considered
effects upon PrP mRNA levels deriving from an endogenous
Prnp locus (62). Here, we demonstrate an alternative form of
PrPC (S3) with effects impinging upon a globular domain with
a sequence identical to that of the WT protein; this phe-
nomenon manifests as a conditional effect, observed most
strongly for the combination of an S3-PrP allele and growth in
a cell culture medium such as Opti-MEM containing Cbl.
Although S3-PrP exhibits a striking overproduction of C2
fragment in RK13 cells and brain, this property exists irre-
spective of culture conditions and is inferred to reflect
vulnerability to a membrane-anchored protease (28). Instead,
conditional phenotypic hallmarks noted for S3-PrP include
protease resistance, detergent insolubility, and a predisposition
to form HMW assemblies; these phenotypes were documented
by covalent crosslinking and formation of puncta seen by
immunostaining of permeabilized cells.

S3-PrP (and S3-F88W-PrP) contains OR region amino acid
substitutions that involve extra proline and phenylalanine
residues, but the properties of these alleles cannot be a simple
consequence of altered solubility, which might in any event be
considered a constitutive property. The intrinsic hydropho-
bicity of the amino acid changes in the S3 versus WT OR re-
gion does include four changes of tryptophan to phenylalanine
and increasing hydrophobicity, yet four other changes of
glycine to proline reduce hydrophobicity (63), and in practice,
robust production of monomeric glycosylated forms of PrP
was documented for all alleles in this study (Figs. 1, 2 and 5).
Also speaking to a lack of constitutive propensity for aggre-
gation, the abundant C-terminal protease-resistant PrP
fragments that can be generated by S3-PrP alleles (alongside
full-length PrP) do not encompass the mutant OR region that
define this allele; by this criterion, these protease-resistant
fragments differ from the 8 and 11 kDa species commonly
seen in GSS disease brain material that do include OR-derived
sequences (64–68).

From the studies here, production of assemblies of alter-
native forms is accentuated in media containing Cbl. For
S3-PrP, upon cell lysis with detergent, these clustered assem-
blies are rendered insoluble and include PK-resistant forms
with electrophoretic mobilities similar to full-length glycosy-
lated PrP as well as glycosylated forms of C1 and C2.
PK-resistant forms of C1 PrP are unusual but were found in
two cattle in Switzerland surveilled for bovine spongiform
encephalopathy (69). After PNGase F treatment, which in-
volves a further denaturation step, C2 and C1 fragments pre-
dominate with a putative �26 kDa full-length species visible
only in extended exposures. As other studies have inferred
interactions between a (methionine-bearing) PrP N-terminal



Figure 7. S3-PrP formed clusters under Opti-MEM culture conditions. RK13 cells expressing WT-PrP (WT), S3-PrP (S3), and F88W-PrP (F88W) were
cultured in Opti-MEM or DMEM. A, the cells were harvested at 10 days of culture, and the expression levels of PrP were determined by Western blot analysis.
Amounts of PrP immunoreactive species>24 kDa and<24 kDa are presented (also see Fig. S7). B, upper panel, representative images of each cell line grown
in Opti-MEM (top and middle). Lower panel, frequency of clustered PrP particles with size ranging from 1 to 30 μm2 (bottom). PrP in red; β-tubulin in green;
and nuclei in blue. The scale bars represent 10 μm. C, degree of clustered PrP was quantified by the coefficient of variation (CV) from regions exhibiting
above threshold PrP signals. N = 60, 62, and 87 for WT, S3, and F88W, respectively. A total of 24 different sites (160 μm2 for each) were analyzed. Data were
presented as percent frequency of the CVs. D, mean comparisons of CVs from each cell line cultured in Opti-MEM (left, the same data shown in C) and
DMEM (right, n = 60, 82, and 85 for WT, S3, and F88W, respectively). A total of 18 different sites, 160 μm2 for each, were analyzed). E, integrated PrP signal
densities (IntDen). F, sizes of individual cells (area) were analyzed from a total of 594 cells grown in DMEM and Opti-MEM. N = 154, 194, and 246 for WT, S3,
and F88W, respectively. Error bars represent SD. *p < 0.05 and **p < 0.01 by one-way ANOVA with Tukey’s multiple comparison test (A, D, E, and F) and
unpaired t test (C). The equality of variance was analyzed by F statistics (B). CV, coefficient of variation; DMEM, Dulbecco’s modified Eagle’s medium; PrP,
prion protein.
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22 to 31 peptide and a peptide spanning residues 218 to 225
(57) and as a 23 to 41 peptide was found in formic acid–
extracted PrP from GSS disease (65), it is possible that recip-
rocal products of C1 and C2 cleavage (often referred to as N1
and N2) are present in the initial detergent insoluble
complexes formed by S3-PrP but are depleted by subsequent
sample processing steps.

Some findings reported here bear a resemblance to unusual
forms of WT-PrP reported in normal human brains lacking
prion infectivity (70). Not least amongst these, the form of
J. Biol. Chem. (2022) 298(4) 101770 11
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WT-PrP identified by Yuan et al. (70) was termed “iPrP”; it
comprised 5 to 25% of net PrP and was characterized by more
than one PK-resistant fragment (20, 18–19, and 7 kDa, after
PNGase F treatment) and the presence of HMW aggregates.
More generally, in disease states, conformational change
transforms a cellular protein naturally expressed in the brain
into a pathological isoform; this transformation involves
remodeling PrPCs “three-helix bundle” globular domain to
form new structures enriched in β-sheet (71–76). Sporadic
disease is the most common epidemiological manifestation in
humans (77, 78), and its origins do not appear to lie in cryptic
infection events or environmental exposure to toxins (79);
sporadic CJD is defined de facto by the lack of missense mu-
tations in the C-terminal domain of PrPC that is converted to a
protease-resistant form. While in vitro studies have produced
misfolded PrPC or recPrP by use of low pH, chemical de-
naturants, or mechanical energy (80–83), the natural confor-
mational repertoire of mature N-glycosylated GPI-anchored
PrPC is less explored. Along the same lines, while there are
empirically deduced small molecule additives that help cell-
free amplification reactions to generate misfolded PrP from
native substrate (83, 84), dietary components defined as
authentic cofactors (because of their fixed stoichiometry with
apoproteins) are of interest since they could lie in the hinter-
land between physiology and pathophysiology that must
encompass the origins of sporadic disease.

Mechanistic origin of conditional PrP assemblies

Effects upon PrP described here have an allelic hierarchy—
that is, most noted for S3-PrP, least forWT-PrP, S3.F88W often
intermediate—yet are independent of (similar) expression levels
for the highest molecular weight forms of mature PrP, and
prompt the question of mechanism. As revealed by readouts of
solubility and protease resistance monitored with C-terminal
antibodies, how does the variant S3OR regionwork in cis in cells
to reconfigure PrP with a WT globular domain? One starting
point is to consider PrP metallochemistry. Many studies have
documented multiple binding sites for Cu and/or Zn in the OR
region of PrPs (19, 23, 42, 56, 85–89) and, concerning WT-PrP,
there are studies wherein Cu might favor multimerization (48,
90, 91). Furthermore, the pathogenic effects of extra ORs in
certain PrP alleles have led to consideration of metal-binding
geometries of the OR region and how these might affect the
globular domain, culminating in the definition of cis interactions
with a negatively charged pocket (56, 92). Yet, although recPrP is
described as binding ionic Co (5, 45, 93) and in silico studies
suggest that Co might induce a bigger distortion of PrP OR re-
gion compared with other metals (94), we found no compelling
evidence for direct interactions between Cbl (or, where studied,
Co ions) and OR histidines; this is in agreement with studies of
N-acetylated OR region peptides failing to reveal novel X-ray
signatures after the addition of Co (95). Nor didwe find evidence
byMD for effects upon globular domain cis interaction site with
a metalated OR region.

Another starting point to deduce mechanism concerns
PrP–tetrapyrrole interactions. Tetrapyrroles have been asso-
ciated with antipathogenic effects: attenuation of infectivity or
12 J. Biol. Chem. (2022) 298(4) 101770
reduced production of PK-resistant PrP or reduced toxic
effects of misfolded PrP accumulation (53, 96–98). The effects
of Cbl described here, that is, generating detergent-insoluble
protease-resistant forms of PrP, can be considered to be
propathogenic. Cbl contains a heterocyclic four-membered
corrin ring augmented by an axial dibenzylimidazole group,
whereas tetrapyrroles—which include porphyrins and phtha-
locyanines—are solely planar. With these observations in
mind, a simple explanation for the reciprocal effects of tetra-
pyrrole and Cbl effects on PrPC conformation is via alternative
interactions with the known globular domain tetrapyrrole-
binding site. However, as deduced from in silico analyses,
this explanation is only partly correct, and it is also incomplete
insofar as it does not encompass other types of interactions.
One reason for the discrepancies is that the globular domain
tetrapyrrole-binding site only comes to the fore with truncated
constructs (in our case, starting at residue 119 and, for solution
NMR studies, starting at residue 91) (55). With longer WT
constructs starting at residue 72, binding of Fe(III)TMPyP to
this site was not prominent in docking analyses, and a shift to
alternative sites was complete for analyses of the S3 allele.
Remarkably, Fe(III)TMPyP binding could switch to a new site
on the other side of the globular domain with long S3 con-
structs. Overall, lack of concordance between Fe(III)TMPyP
and Cbl-binding sites was most apparent for docking analyses
with the S3-72-1 construct and less apparent for WT-72-1.
Allelic effects were also noted for MD, where destabilization
of the hydrophobic core of PrP was apparent for S3-72-1
construct (as apo-PrP in the absence of Fe(III)TMPyP or
Cbl) and less apparent for WT-72-1.

In terms of equating in vitro/in silico results with in vivo
results, these structural biology effects and their allelic hier-
archy tally with endpoints scored in PrP-expressing RK13 cells,
specifically the heightened formation of PrP immunoreactive
puncta and detergent-insoluble complexes in S3 cells grown in
Cbl-containing cell medium. A recent and perhaps parallel
avenue of work on PrP concerns liquid–liquid phase separa-
tion (LLPS) effects, often studied with recombinant protein
presented on glass surfaces (99–101). Notably, the PrP
N-terminal region—the site of the S3 allele amino acid sub-
stitutions—has been deduced as being important for phase
separation effects (100, 101), a result in accordance with
possession of two polybasic regions (101), low sequence
complexity, and regular positioning of aromatic residues as per
the “sticker and spacer” model of phase transitions (102, 103).
It is also striking that the PrP paralog protein shadoo has an
N-terminal low-complexity region, in this case an RGG repeat
domain (104, 105), with this class of proteins being well
accepted as undergoing LLPS (106). Noting that protein
droplets may birth fibrillar aggregates (107, 108), it is possible
that phase separation within clusters of PrP molecules might
elaborate and emphasize conformational changes inferred for
individual molecules. While technologies to authenticate LLPS
phenomena in living cells have lagged behind those used for
recombinant proteins (106), future effort in this area might be
rewarding to understand how the N-terminal sequences of
PrPC might coerce a WT globular domain to undergo a
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fundamental conformation reorganization, as is commonly
seen in sporadic prion diseases.

Experimental procedures

Cell culture

Rabbit kidney epithelial (RK13) cells stably expressing
WT-PrP, S1-PrP, and S3-PrP have been described previously
(28). Chemical additives for DMEM were from Sigma: we
supplemented the cells with 0.05 ppm of Co, which correspond
to 0.85 μM Cbl and Co chloride; 0.07 ppm of Zn, which
correspond to 1.12 μM Zn chloride, and 40 μM lipoic acid
(Sigma). Opti-MEM (Gibco) was supplemented with 500 μM
Ca–EDTA, 100 μM Cu sulphate, or 100 μM Zn sulphate.

Western blot, PK proteolysis, and deglycosylation

Cells were lysed in radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris–HCl [pH 7.4], 1% NP-40, 0.5% sodium
deoxycholate, 150 mM NaCl, 1 mM EDTA prior to protein
analysis); other aspects of these methods have been described
previously (28).

Aggregation and filter-trap assay

About 100 μg of cell lysate was diluted in 100 μl of RIPA
buffer with or without 1% SDS (final concentration). A cellu-
lose acetate membrane (OE66; Whatman) was equilibrated in
Tris-buffered saline for 10 min, followed by the recommended
assembly of the 96-well dot blot apparatus (Bio-Rad). The
samples were vacuum filtered through the membrane, and the
samples were rinsed twice in Tris-buffered saline. Then, the
membrane was treated as outlined for Western blots.

Formaldehyde crosslinking

S3 cells were grown for 1 week in the presence/absence of
Cbl (0.85 μM). After two washes in PBS, cells were crosslinked
at room temperature in 2.5% formaldehyde in PBS for 15 min.
The reaction was quenched with 125 mM glycine for 10 min.
After two further washes in PBS, cells were lysed in RIPA
buffer, with lysates then analyzed by capillary Western, as
previously described (109) but using 60 to 440 kDa range
capillaries.

Immunofluorescence analysis of cell cultures

Cells were fixed in 4% paraformaldehyde and 4% sucrose
and permeabilized or not for 10 min with 0.2% Triton X-100.
After being blocked for 30 min in PBS containing 3% bovine
serum albumin and 0.3 M glycine, the cells were incubated
overnight with anti-PrP SAF83 antibody (Cayman; 1:2000
dilution) or Sha31 (Spi-Bio) and anti-β-tubulin (Novus Bi-
ologicals; 1:2000 dilution), followed by incubation with fluo-
rescently conjugated secondary antibodies (Invitrogen). For
the resistance to denaturation, before incubation with anti-
bodies, the cells were treated for 2 h at 4 �C with 3 M gua-
nidine thiocyanate. Cells were scanned with a NanoZoomer
2.0RS scanner and analyzed using NanoZoomer digital pa-
thology software (Hamamatsu Photonics). For confocal ana-
lyses, cells were plated on poly-D-lysine (Sigma)-coated
microscope cover glasses (Thermo Fisher Scientific). Cell im-
ages were acquired with the laser scanning confocal micro-
scope, ZEN Digital Imaging for LSM 700 (Zeiss), and analyzed
using Zen 2010b SP1 imaging software (Zeiss) and ImageJ
(https://imagej.nih.gov/ij/). For measuring PrP signals, an
identical threshold was applied to all images. Then intensities
of PrP signals and clustered particles were measured using
ImageJ software.

Immunocytochemistry

Cells were plated on poly-D-lysine (Sigma)-coated micro-
scope cover glasses (Thermo Fisher Scientific). For immuno-
cytochemistry, cells were fixed in 4% paraformaldehyde
(Electron Microscopy Sciences) for 15 min and immersed in
guanidinium thiocyanate for epitope retrieval. Then the cells
were blocked with 1% bovine serum albumin in PBS with 0.1%
Tween-20 for 30 min and probed with the first antibodies at 4
�C overnight: anti-PrP monoclonal antibody, Sha31 (Spi-Bio),
and anti-β-tubulin polyclonal antibody (Novus). To visualize
the target molecules, cells were then incubated with Alexa
Fluor 594-conjugated or 488-conjugated secondary antibodies
(Invitrogen). Counterstaining for nuclei was performed with
Hoechst 33342 (Invitrogen). Cell images were acquired with
the laser scanning confocal microscope, ZEN Digital Imaging
for LSM 700 (Zeiss), and analyzed using Zen 2010b SP1 im-
aging software (Zeiss) and ImageJ. For measuring PrP signals,
an identical threshold was applied to all images. Then in-
tensities of PrP signals and clustered particles were measured
using ImageJ software.

Metal analysis of cell media

Estimation of the media metal content was performed using
inductively coupled plasma MS using a PerkinElmer Elan
6000. About 0.1 ml HNO3, 0.1 ml internal standards (In, Bi,
and Sc) and 8.8 ml deionized water were added and mixed per
1 ml of medium to be analyzed. A nebulizer flow rate of 1 ml/
min was used. For sample measurements, 35 sweeps/reading,
one reading/replicate, and three replicates were used. Dwell
times were 10 ms for Na, Al, K, Cu, Zn, and Sr, and the others
were 20 ms, with the exception of Se (150 ms); the integration
time was the dwell time multiplied by the number sweeps.
Final results are presented as the average of three replicates.
Instrument conditions were as per the manufacturer’s in-
structions: inductively coupled plasma RF power was 1300 W;
dual detector mode; blank subtractions after internal standard
correction. Measurement units were counts per second; auto
lens on; four point calibration curves (0, 0.25, 0.50, and
1.00 ppm for Na, Ca, Mg, Fe, K, and P; 0, 0.005, 0.010, and
0.020 ppm for other elements. Bi, Sc, and In were used as
internal standards.

Production of recombinant proteins

PJex-WT-PrP plasmid was a generous gift from Dr Glenn
Millhauser (the University of California Santa Cruz) and was
reengineered to make an S3 equivalent allele using Escherichia
coli BL21(DE3)pLysS (Invitrogen). Recombinant proteins have
been produced as previously described (110).
J. Biol. Chem. (2022) 298(4) 101770 13
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In silico modeling and preparation of WT and S3 structures
for simulations

The coordinates of two solution-state NMR structures
(mPrP 118–231 determined at 37 �C and pH of 4.5 [PDB entry:
2L39, model 1 (111)] and Syrian hamster prion protein 89 to
230 [mouse residue numbering] determined at 30 �C and pH
of 5.2 [PDB entry: 2PRP, superseded by 1B10, model 6 (112)])
were used to build mPrP models denoted as WT-72-I and
WT-72-II, respectively (Table S3). To obtain model WT-72-I,
a sequence mPrP 72 to −117 was added to the former structure
2L39 using the Biovia Discovery Studio Visualizer (Dassault
Systèmes BIOVIA, Discovery Studio Modeling Environment,
Release 2017: Dassault Systèmes, 2016). The 2PRP structure
was used specifically to obtain a WT-72-II conformation
without direct interactions between regions 72 and 120 and
the C-terminal part of helix H3. To achieve this, we added a
sequence mPrP 72 to 88 and made residue substitutions (i.e.,
hamster PrP -> mPrP) in the 89 to 230 part using the Biovia
Discovery Studio Viewer. Mutations required to obtain the
corresponding S3-72-I and S3-72-II constructs (28) were as
described previously (68). Cbl coordinates were uploaded from
the PDB (entry: 2BB5). After adding hydrogens where neces-
sary, all the systems were prepared for simulations. Systems
were solvated in 155 mM NaCl to approximate the composi-
tion of the cell medium.
MD simulations, docking, and analysis tools

The WT-72-I, WT-72-II, S3-72-I, and S3-72-II constructs
(prepared as per Table S3) were subjected to minimizations,
equilibrations, and production MD simulations in the Gro-
macs 5.0.7 package, as outlined previously (68). A 40 ns long
equilibration/production step (“NPT”) was executed to make
the 72 to 120 part of the construct more compact. The pro-
duction simulations were conducted at a 310 K temperature
and at a pressure of 1 atm with isotropic pressure coupling
(NPT ensemble) with an 1 fs time step during 150 ns for WT-
72-I and S3-72-I systems and during 50 ns for WT-72-II and
S3-72-II systems. From the corresponding MD trajectories,
representative snapshots were obtained using the clustering
application in Gromacs. Representative conformations ob-
tained from the four production MD trajectories were used as
templates for subsequent ligand–protein docking. In addition,
two truncated models WT-119-I and S3-119-I were prepared
from the representative WT-72-I and S3-72-I conformations,
respectively (Table S3). The ligand–protein docking was per-
formed with Autodock Vina software implemented in the
UCSF Chimera package (113, 114). Docking scores in Auto-
dock represent the global minimum in the interaction energy
between the ligand and the protein, which are obtained via an
exploration of the system’s available degrees of freedom. Rapid
grid-based energy evaluation and torsional scanning were
performed using the Lamarckian Genetic Algorithm and
empirical free-energy scoring function, taking into account
contributions from dispersion/repulsion, hydrogen bonding,
electrostatics, and desolvation. The top 10 docking models
were chosen for subsequent structural analysis. Table S4 lists
14 J. Biol. Chem. (2022) 298(4) 101770
the 10 top docking models for systems WT-72-I, S3-72-I, WT-
119-I, and S3-119-I.

Data analysis and statistics

The number of biological and technical replicates of
compared groups were represented in corresponding figure
legends. Sample size (n) indicates biological replicates unless
otherwise stated. For the most statistical analysis, comparisons
of means were performed using the unpaired two-tailed Stu-
dent’s t test. The CV of PrP signals and the integrated PrP
signal densities were compared using ANOVA with post hoc
Tukey’s multiple comparison test. The equality of variance in
particle distributions was analyzed by F statistics. Statistical
analyses of all data were performed using PRISM, version 5
software (GraphPad Software, Inc).

Data availability

All data generated or analyzed during this study are
included in this published article and its supporting informa-
tion files.

Supporting information—This article contains supporting informa-
tion including references (115–118).
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