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Abstract

The cellular prion protein (PrP¢), mainly known for its role in neurodegenerative diseases, is involved in several physiological
processes including neuritogenesis. In addition, its ability to bind copper or zinc has been suggested for its role in metal
homeostasis. Although PrP¢ has been known as a copper-binding molecule, little is known about how copper can affect PrP©
physiological functions. By combining genomic approaches, cellular assays, and focal stimulation technique, we found that PrP©
neuritogenesis function is directly influenced by N-terminal copper-binding amino acids. Several recombinant mouse PrP
(recMoPrP) mutants at N-terminal copper-binding sites were produced, and primary hippocampal cultures were treated either
in bulk or exposed near the hippocampal growth cones (GC) of single neurons in local stimulation manner. While focal
stimulation of GC with wild-type recMoPrP induced neurite outgrowth and rapid GC turning toward the source, N-terminal
mutants fail to support this effect. Indeed, disrupting all the copper-binding sites at the N-terminus of PrP€ was toxic to neurons
indicating that these regions are crucial for the protein function. Mutants at both octarepeat and non-octarepeat region abolished
the neuritogenesis effect. Altogether, our findings indicate the crucial role of copper-binding sites in maintaining the

neuritogenesis function in PrP, suggesting a potential link between loss-of-function of the protein and disease initiation.
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Introduction

The cellular form of the prion protein (PrP) is known for its
central role in prion disease and related disorders [1, 2]. Recent
research has focused on PrP“ emerging role in the central ner-
vous system (CNS) describing its involvement in various cel-
lular processes such as neuritogenesis [3], cell adhesion [4, 5],
memory and cognition [6], neuroprotection [7, 8], and metal
homeostasis [9]. PrP© has two main copper-binding sites lying
on the octarepeat (OR) region and on the non-OR region at N-
terminal of the protein with the amino acid histidine as the key
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residue for copper coordination [10]. It has been suggested that
PrP€ acts as a copper-binding protein that buffers copper ho-
meostasis and it cooperates with copper in the S-nitrosylation
process to protect neuron from N-methyl-d-aspartate receptors
(NMDAR )-mediated excitotoxicity [8]. However, the inter-
dependence between PrP€ and copper in other neuronal func-
tion has not yet been investigated.

Copper ions play essential roles in many biological pro-
cesses and are found at high concentration in mammalian
brain [11]. Due to its redox ability of changing between oxi-
dized state (Cu**) and reduced state (Cu*), copper is able to
bind a wide range of proteins as a catalytic or structural cofac-
tor [12]. Under physiological condition, copper concentration
is strictly regulated. While copper deficiency or genetic muta-
tion of copper-transporting protein could lead to developmen-
tal defects [11-13], excess copper load would increase toxic-
free radicals and cause oxidative damage within the cell [13,
14]. There are several neurodegenerative diseases involved
perturbation of copper homeostasis such as the Menkes dis-
ease, Wilson disease, amyotrophic lateral sclerosis, Alzheimer
disease and prion disease [15].

In a previous study, we have shown that soluble form of PrP
could act as a signaling cue to promote neurite outgrowth and
growth cone (GC) guidance [16]. We also identified the
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functional region for that activity lying around the helix A and
octarepeat region of PrP. Focusing on the unstructured N-
terminal PrP, this region contains main copper/zinc-binding
site which is also critical regions in prion endoproteolysis
and prion conversion [17, 18]. Therefore, in this study, we
hypothesize the role of copper binding in modulating function
of PrP® in neuritogenesis. Substituting histidine residues with
tyrosine at OR and non-OR region, we found that disruption of
the copper-binding sites of PrP¢ perturbed its structural con-
formation and failed to induce neurite outgrowth signal.
Moreover, a minimal change in copper coordination due to
the mutation P101L (mouse homolog of Gerstmann—
Straussler—Scheinker (GSS)-linked mutation in human prion
disease) was sufficient to prevent PrP© function, supporting a
loss-of-function hypothesis in prion pathology. Overall, we
provide evidence for PrP© and copper to regulate neuronal
processes and suggesting potential link with disease pathogen-
esis in which alterations in PrP¢ function could lead to
neurodegeneration.

Materials and Methods
Antibodies and Reagents

Monoclonal antibody (mAb) to $3-tubulin (2G10, Thermo
Fisher Scientific) was used at 1:100 dilution for immunofluo-
rescence. For western blot experiments, (33-tubulin rabbit
polyclonal antibody (pAb) from Sigma was diluted at
1:5000. Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)
rabbit mAb (197G2, Cell Signaling Technology) was pre-
pared at 1:4000; p44/42 MAPK (Erk1/2) mouse mAb (3A7,
Cell Signaling Technology) was diluted 1:3000. Horseradish
peroxidase (HRP) - conjugated secondary antibody (1:1000)
and fluorochrome - conjugated secondary antibody (1:100)
were from DAKO. All antibodies used for detecting phos-
phorylated protein were prepared in TBST solution with 5%
BSA. Most of chemical reagents were from Sigma, otherwise
indicated.

Plasmid Construction and Protein Purification

Full-length MoPrP (23-231) DNA sequence was cloned into
pET-11a plasmid (Novagen) respectively by restriction-free
method. Histidine residues at octarepeat (OR) region (H60,
H68, H76, H84) and at non-OR region (H95, H110) were
mutated step by step to tyrosine residues and introduced into
pET-11a::MoPrP (23-231) by mutagenesis kit (Stratagene).
These plasmids were then used to produce three recombinant
mutant prion proteins at the N-terminal copper-binding sites
denoted as recMoPrP(H1234Y) with octarepeat H-to-Y mu-
tations, recMoPrP(H56Y) with non-OR mutations, and
recMoPrP(H123456Y) with all 6 histidine residues mutated.
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The mutation P101L was also introduced for producing of
additional mutant. The recombinant proteins were expressed
in Rosetta-GAMI E.Coli cells by 0.8 mM IPTG overnight (~
16 h) induction. Inclusion bodies containing the protein were
isolated after cell homogenization by Homogenizer Panda
Plus 2000 (Gea Niro Soavi) at around 1500 bar and following
centrifugation at 13,000g for 30 min, 4 °C. They were washed
in 25 mM Tris-HCI pH 8.8, 5 mM EDTA pH 8, 0.8% Triton
X100, and two times in bi-distilled water. Then, they were
solubilized in 6 M GdnHCI and 25 mM Tris base pH 8 and
shaken overnight, and the supernatant was collected for fur-
ther purification. The samples with recMoPrP-wt and H56Y
proteins were purified using 5 mL HisTrap column chroma-
tography (GE Healthcare) whereas recMoPrP(H1234Y) and
recMoPrP(H123456Y) were purified using size-exclusion
chromatography (column HilLoad 26/60 Superdex 200 pg,
GE Healthcare) because of lacking the histidine residues.
The recMoPrP(P101L) was also produced by the same proto-
col as recMoPrP-wt. All the purified protein samples were
in vitro refolded by dialysis against refolding buffer (20 mM
sodium acetate, 0.005% NaN3, pH 5.5) using a Spectrapor-
membrane (MWCO 3500) and exchanged to PBS (phosphate
buffer saline) pH 7.4 buffer prior to treatments in cell cultures.

Circular Dichroic Measurement

Purified and refolded proteins were dialyzed in phosphate
buffer pH 7.2 and diluted at concentration around 0.1 mg/
mL for circular dichroic (CD) measurement by spectropho-
tometer JASCO J-810. Measurements were carried out at
room temperature using 0.1 cm optical path length quartz cell.
Spectra were obtained in the 190 to 260 nm far-UV region and
accumulated at least three times. CD data were reconstructed
by CDSSTR program with reference data set 7 (Sreerama and
Woody 2000), NRMSD < 0.05 on DichroWeb server (http://
dichroweb.cryst.bbk.ac.uk/).

Cell Culture

Primary hippocampal neurons were isolated from P2 FVB
wild-type (wt) mouse brain as described previously [16]. P2
FVB wt mouse pups were sacrificed by decapitation in accor-
dance with the guidelines of the Italian Animal Welfare Act.
Dissociated cells were plated in an incubator with 5% CO,,
37 °C on the 0.1 mg/mL poly-ornithine (Sigma) coated cover-
slips in B27 supplemented neurobasal medium (Thermo Fisher
Scientific) with around 2 x 10 cells per coverslip. About 22 h
post-plating, the cells were used for local stimulation experi-
ment or treated in bulk with 2 uM of the recombinant proteins
or PBS control for further neurite outgrowth assay by immu-
nofluorescence. For latter experiments, the dissociated cells
were filtered through 40-pum cell strainer (Corning) prior to
plating to obtain evenly distributed cell culture.
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Fig. 1 Assessment of secondary
structure for recombinant wild-
type (wt) and mutant prion
proteins by circular dichroism
(CD). a Point mutation positions
shown on part of sequences of the
recombinant mutant MoPrP
proteins compared to the wt
recMoPrP. b Superimposed CD
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Immunofluorescence Fluorescent images were acquired at 40 x oil immersion ob-

After around 20 h of treatments with wt or mutant recMoPrP
proteins, the hippocampal neurons were fixed by 4% parafor-
maldehyde (PFA) in 20 min, washed three times in PBS, and
quenched with glycine 0.1 M. The fixed cells were blocked in
5% normal goat serum (NGS, Sigma) for 30 min, perme-
abilized in 0.3% Triton, and blocked again in 5% NGS solu-
tion. To appreciate the total neurite morphology, the cells were
incubated with monoclonal antibody to (33-tubulin (Thermo
Fisher Scientific) in blocking solution for 2 h at room temper-
ature, washed three times with PBS, and incubated for addi-
tional 1 h at room temperature with the goat anti-mouse fluo-
rochrome-conjugated secondary antibody in blocking solution.
After three washes with PBS, nuclear staining was performed
by incubated with 4',6-diamidino-2-phenylindole (dapi) for
5 min. The coverslips were eventually mounted on slides with
Vectashield mounting medium (Vector Laboratories).

jective by a Leica laser scanning confocal microscope with a
Krypton-Argon and UV lasers. Five to six projections of six
optical sections were randomly taken per coverslip at the re-
gion with cells evenly distributed and similar density between
treatments, usually away from the edge and from the center of
the coverslip. Total neurite length was measured using
NeuriteTracer plugin for ImagelJ [19]. Average neurite length
per neurons is calculated by dividing total neurite length to the
number of total neurons counted. Data were collected from at
least three independent experiments per treatment and ana-
lyzed with ImagelJ 1.49 software (http://rsb.info.nih.gov/ij/).

Liposome Preparation and Focal Stimulation
The liposome kit used for microvesicle preparation was from

Sigma (L4395). The liposome preparation protocol and op-
tical manipulation setup were previously described [16, 20].
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<« Fig. 2 Culture of hippocampal neurons treated with 2 pM recMoPrP-wt
showed significant neurite outgrowth and connections comparing to the
mock control and 0.5 uM concentration. a Representative
immunofluorescent images of 33-tubulin for P2 hippocampal mouse
neuronal cultures after about 22 h of incubation with mock control or
different concentration of recMoPrP(wt). Images were taken at 40 x oil
immersion objective by the Leica confocal microscope; scale bar 50 pm,
nuclear staining with dapi. b Quantitative analysis of average length of
neurites in different treatments by ImageJ; data represent mean (SD) from
at least three independent experiments with 28 to 88 images analyzed;
statistical comparison by one-way ANOVA with Games—Howell post hoc
test (***¥p < 0.0001; *p < 0.05)

Briefly, the lipid solution was prepared at the concentration
of 10 mg/mL in chloroform:methanol (2:1 v/v). The solution
obtained was then saturated with nitrogen and stored at —
20 °C. The lipid solution was dried in a vacuum oven for
24 h and then the lipid film was rehydrated with a PBS
solution containing desired concentration of recMoPrP and
100 mM sucrose which helps improve vesicle trapping. The
vial containing the rehydrated lipid film was vortex well and
incubated overnight at 4 °C. Liposomes with a diameter of
1-5 um should be formed. Then, they were gently washed
three times in PBS solution with 100 mM glucose by
centrifuging at 5000 rpm for 3 min each time. Final lipo-
some solution was then administered to the cell cultures on
the day of the experiment.

In particular, the recombinant wild-type or mutant prion
proteins were prepared in PBS at 4 uM and encapsulated in
liposomes one night before the experiment. About 22 h post-
plating, hippocampal single neurons with isolated growth
cone (GC) were focally stimulated after photolyzing one
trapped liposome containing the protein of interest at distance
of 10-20 pum. The optical manipulation setup was customized
from an inverted microscope (Nikon Eclipse TE-2000-E,
Japan). The microscope was installed with custom IR optical
tweezers used to trap the liposome and a UV laser-dissection
system (MMI-cellCut Plus, Switzerland) used to photolyze
the trapped one and deliver the protein molecules (Fig.S1).
The behavior of the stimulated growth cone was recorded by
time-lapse phase contrast imaging using a digital camera
(Orca Flash 4.0, Hamamatsu, Japan) at a frame rate of 2 s
and analyzed by our custom code developed in Matlab.

Western Blotting

Hippocampal neurons were plated at 4 x 10° cells/mL in a 6-
well plate. At day 1 in vitro, each well was treated with mock
control or 2 uM recMoPrP(wt) or recMoPrP(H56Y) for
25 min. Cells were then washed with ice-cold PBS 1X (pH
7.4) twice and lysed by lysis buffer (50 mM Tris HCI pH 7.5,
150 mM NaCl, 0.5% NP-40, and 0.5% sodium deoxycholate)
supplemented with protease and phosphatase inhibitor cock-
tails (both from Roche). Cell extracts were collected after cen-
trifugation at 14,000 x g, 4 °C, 15 min. Total protein amount

was measured using BCA kit (Euroclone). The same amount
of protein in each sample was loaded on SDS-PAGE gel 10%.
Proteins were transferred onto polyvinylidene difluoride
(PVDF) membrane (Immobilon-P, Milipore) at 300 mA,
4 °C, 150 min and then blocked in 5% BSA (for detecting
phosphorylated protein) or skim milk in TBST (TBS with
0.5% Tween-20) for 30-45 min. Membranes were probed with
primary antibody diluted in blocking solution overnight at
4 °C, washed two times (5 min each) with TBST, and then
probed with HRP conjugated secondary antibody for 1 h.
Immunoreactivity was detected by chemiluminescence HRP
substrate (Milipore) and imaged with UVITEC Cambridge
Imaging system. Densitometric analysis of band intensities
was performed using Alliance v16.14 software.

Viability/Cytotoxicity Test

After incubation with recMoPrP proteins for about 22 h, neu-
ronal cultures were subjected to cytotoxicity test by using the
LIVE/DEAD Viability/Cytotoxicity Kit (Thermo Fisher
Scientific). The staining protocol was applied from the man-
ufacturer manual. Briefly, the dye mix was prepared in PBS
1X with 2 uM calcein AM for live cell staining and 4 pM
EthD-1 for dead cell staining at final concentration. After be-
ing washed twice in warm PBS, the cells were incubated with
the dye mix for 20 min at 37 °C. Then the coverslips contain-
ing the cells were proceeded for observation under 20 x ob-
jective of the Nikon confocal microscope at laser 488 for the
signal of calcein AM and laser 561 for the signal of EthD-1.
Numbers of live and dead cells from each image in each treat-
ment were analyzed by the plugin Analyze Particles of ImageJ
1.49 software.

Statistical Analysis

Statistical data are presented as mean (SD) or + SEM depend-
ing on data type. Statistics for multiple comparison were ana-
lyzed using one-way ANOVA with Games—Howell or
Dunnett’s T3 post hoc test by IBM SPSS statistics 23. The
minimum significance was set at p < 0.05.

Results

Structural Integrity of N-Terminal Copper-Binding
Sites of PrP¢ Is Crucial for Its Function
in Neuritogenesis

To investigate whether copper-binding sites play a role in the
function of PrP® in neuritogenesis, we mutate the histidine
residues of the N-terminal of PrP involved in copper coordi-
nation [10]. In addition, we produced the homologous GSS-
linked mutation P101L (P102L in human) shown to alter
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<« Fig. 3 Neuronal culture treated with recMoPrP-wt showed significant
neurite outgrowth and connections whereas non-OR mutant PrP(s)
failed to promote the neuritogenesis in those treated cultures. a
Representative immunofluorescent images of (33-tubulin for P2
hippocampal mouse neuronal cultures after about 22 h of incubation
with mock control or 2 uM recMoPrP(wt) or non-OR mutants
including recMoPrP(H56Y) and recMoPrP(P101L). Images were taken
at 40 x oil immersion objective by the Leica confocal microscope; scale
bar 50 pm, nuclear staining with dapi. b Quantitative analysis of average
length of neurites in different treatment by ImagelJ; data represent mean
(SD) from at least three independent experiments with 23 to 88 images
analyzed; statistical comparison by one-way ANOVA with Games—
Howell post hoc test (****p <0.0001)

Fig. 4 Neuronal cultures treated (a)
with the OR mutant (H1234Y)
and all 6 His to Tyr (H123456Y)
mutant recMoPrP that folded into
completely different structures
from the wild-type protein also
failed to promote the
neuritogenesis. Especially, the
latter induced lethal toxicity to
neurons. a Representative
immunofluorescent images are
shown as (33-tubulin (green) and
nuclear staining dapi (blue) for P2
hippocampal mouse neuronal
cultures after about 22 h of
incubation with mock control or
2 uM or mutant proteins. Images
were taken at 40 X oil immersion
objective by the Leica confocal
microscope; scale bar 50 um. b
Quantitative analysis of average
length of neurites in treatments
with control and OR-mutant by
ImagelJ; data represent mean (SD)
from at least three independent
experiments with 30 to 88 images
analyzed. Images from cultures
treated with
recMoPrP(H123456Y) could not
be analyzed due to neuronal death
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copper coordination at the non-OR region [18] (Fig. 1a). The
purified and folded proteins were assessed using circular di-
chroism spectra. As result, substitution of histidine to tyrosine
at the OR denoted as H1234Y changed PrP secondary struc-
ture with very high o-helix-rich content comparing to the
wild-type (wt) protein. The same change was observed in
the construct were all 6 histidine residues were mutated to
tyrosine (6-H toY mutant (H123456Y)). However, mutations
at non-OR including H-to-Y substitutions or P101L had sim-
ilar structural patterns where changes favor more 3-sheet con-
tents. (Fig. 1b, c).

dapi

*®

recMoPrP(H1234Y) recMoPrP(H123456Y)

mock
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Fig. 5 Trajectories (red) of
representative growth cones’
responses monitored for about

15 min after the deliveries of
recMoPrP(wt), OR (H1234Y), or
non-OR (H56Y & P101L)
mutants by photolysis of the
encapsulating liposomes. Only
the growth cone stimulated with
the recMoPrP(wt) protruded
dynamically toward the protein
source. Blue arrows indicate
original positions of the chosen
liposomes before photolysis. Red
lines indicate traces of the growth
cone movement every 25 s
analyzed by our custom code
developed in Matlab

Recombinant PrP proteins are without GPI-anchoring res-
idues to mimic the soluble form of PrP which may act as a
signaling molecule for neuronal processes. The recombinant
molecules were delivered to the neuronal cell culture follow-
ing overnight incubation. Different concentrations of wt
recMoPrP at 0.5 uM, 1 uM, or 2 uM were used to treat the
P2 hippocampal neurons in bulk. After about 22 h of incuba-
tion in the presence or absence of recMoPrP, the cells were
fixed for the immunostaining with (33-tubulin as a specifically
neuronal marker. Neurites in cultures treated with 2 pM of wt
recMoPrP sample showed significant outgrowth and connec-
tion than that of the mock control treatment though the in-
crease in neurite growth could already be observed at 1-uM-
treated condition (Fig. 2).

We next investigate the effect of minimally structural change
in non-OR copper-binding site on the neuritogenesis process
using two mutants recMoPrP(H56Y) and recMoPrP(P101L).
After the cells were plated for 1 day, the neuronal cultures were
treated with either the mutant or wt recombinant proteins at
2 uM concentration. As a result, neither recMoPrP(H56Y)

@ Springer

+ recMoPrP(H1234Y)

nor recMoPrP(P101L) could enhance neurite outgrowth com-
paring to wt recMoPrP treatment (Fig. 3a). The cultures treated
with the non-OR mutants appeared to have shorter neurites than
in the mock control despite the differences which were of non-
statistical significance. Average length of neurites in wt
recMoPrP treatment could reach almost 200 wm after 2 days
in culture whereas, in recMoPrP(H56Y) and recMoPrP(P101L)
mutant treatments, neurites were about 80 and 70 wm shorter
respectively. (Fig. 3b).

With dramatic changes in the protein structure, it is expect-
ed that the OR and 6-H toY mutant proteins would show
altered PrP function. Indeed, while recMoPrP(H1234Y) failed
to increase the neurite growth comparing to the mock control,
recMoPrP(H123456Y) could surprisingly cause high toxicity
to neurons (Fig. 4 and Fig.S2). This data suggests that copper
binding may contribute to stabilize the unstructured N-
terminal of PrP maintaining its proper conformation for the
signaling function. Particularly, the toxic effect was observed
only with the additional substitution at the non-OR region
together with the OR-region. Hence, the total disruption of
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Fig. 6 Rose diagrams showing
angle « distribution between the
target GC(s) and the liposome
positions (protein delivery points)
during different stimulation
conditions. 0 < &« <90 indicates
the GCs are attracted toward the
protein source; vice versa 90 < « 180
<180° indicates the GCs are

repulsed from the protein source

(see also Fig.S3). The GC

responses to recMoPrP(wt) show

a clear polarity toward the 120
signaling cue whereas, in the
other conditions, the GCs turn to
the opposite direction many
times. The angles are analyzed
every 50 frames from all the
experiments for each treatment by
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copper binding at N-terminal of PrP, especially at the non-OR
region, leads the protein to become more vulnerable to struc-
tural alteration and conversion to toxic species.

Mutant Prion Proteins at the N-Terminal
Copper-Binding Site Fail to Induce Neuronal Growth
Cone Polarity and Protrusion

After assessing the overall effect of the above PrP mutants to
the growth of the neuronal network in cultures, we moved to
evaluate single neuronal focal stimulation to understand how
the mutants could affect the cell dynamics leading to the re-
duction in neuritogenesis. To this end, we applied an
established neuronal guidance assay based on optical tweezer
technique [16] to monitor the growth cone polarity and
protrusion-retraction movement after the stimuli delivery.
Briefly, recombinant PrP proteins were encapsulated in lipo-
somes at concentration of 4 uM. With the help of optical
tweezer composed of two focused IR laser beams, the lipo-
some was trapped and placed near a dynamic growth cone ata
distance around 10-20 um. The proteins were released after
photolysis by the UV (ultraviolet) pulse laser and diffused
toward the growth cone. The usage of IR and UV laser in this
assay was shown not to alter the protein conformation [16].

+ recMoPrP(H56Y)

0 180 0

+ recMoPrP(P101L)

150 40 30

180

+ recMoPrP(H1234Y)

Upon stimulation with wt recMoPrP, the GC trace (red
line) showed that it protruded forward and turned toward
the protein source (Fig. 5) which replicated our previous
finding about the function of wt PrP in promoting fast GC
navigation [16]. As for the OR and the non-OR mutants as
well as the PBS control, GC(s) have only spontaneous
movements around the original positions showed clearly
from the rose diagrams with angle distributions covering
0-180° (Fig. 6).

Stimulation with recMoPrP(P101L) showed only few
GC(s) moving toward the source, and the mutant protein
failed to significantly promote GC polarity (Fig. 5, Fig. 6,
supplementary video 1). As far as neurite growth was con-
cerned, wt recMoPrP stimulated GC outgrowth immediately
following vesicle photolysis and sprouted after 3 min whereas
all other cases started decreasing at the same time or main-
tained minimal changes in length (Fig. 7b). Wt PrP could
increase the GC maximum growth up to 12 wm within a few
minutes, threefold more than the control and fourfold than the
H56Y mutant (Fig. 7a). On average, GC stimulated with the
non-OR mutant (H56Y) did not increase growth and, in some
cases, even retracted indicating the protein may have inhibi-
tory effect (Fig. 7b, supplementary video 2). Interestingly, the
difference in behavior of GC upon stimulation with H56Y and
P101L mutants infer that the direct blocking of copper binding
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Fig. 8 Non-OR mutant recMoPrP(H56Y) did not increase activation of
ERK pathway observed in treatment with the wt protein. a Representative
western blot of phosphorylated ERK 1/2, total ERK 1/2, and (3-tubulin as
loading control. Around 18 pg of proteins were loaded in each well. b
Ratio of phosphorylated ERK normalized to total ERK calculated from
densitometric volume of each blotted signal; ratios of the control samples
were set to 1 and data are presented as fold of control. Only recMoPrP(wt)
treatment could significantly enhance phospho-p44/42 MAPK (Erk1/2)
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indicating elevated activation of the cascade whereas the
recMoPrP(H56Y) treated culture had a reduction of the ERK
phosphorylation level; *p <0.05, **p <0.01 one-way ANOVA with
Dunnett’s T3 multiple comparison. ¢ Ratio of ERK densitometric signal
normalized to (3-tubulin amount; PrP treated cultures appeared to have
higher expression of ERK in spite of non-statistical significance. Data
represents mean (SD), n=4 (b and ¢)
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has a strong impact on PrP function in neurite outgrowth than
the putative conformational changes at the non-OR region.

Non-OR Copper-Binding Site Is Essential for PrP
Trans-signaling in Neuritogenesis

Data from the previous neuritogenesis assays showed that
non-OR mutant recMoPrP(H56Y) treated culture had shorter
average neurite length (~117+46.7 pM) comparing to con-
trol (~ 147 £49.6 uM) (Fig. 3b) and GC protrusion dynamic
was even significantly lower than the one stimulated by
other non-OR mutant recMoPrP(P101L) (Fig. 7a). This data
set confirms that copper coordination mediated by both
His95 and Hisl10 (mouse numbering) could be relevant
for PrP function. Hence, recMoPrP(H56Y) is chosen for
further experiment to understand how non-OR copper-bind-
ing site affects PrP trans-signaling in neuritogenesis. Our
previous studies implied that wt recMoPrP could promote
growth signaling through NCAM-Fyn-ERK pathway [16].
In the present study, we could show direct activation of this
pathway by detecting phosphorylated form of ERK in the
hippocampal cultures after treatment with the recMoPrP
(Fig. 8a). Mitogen-activated protein kinases (MAPK) are
activated by phosphorylation cascade. p44/42 MAPK-
ERKI1 and 2 are phosphorylated by MEK 1 and 2 at
Thr202/Tyr204 and Thr185/Tyr187 respectively which even-
tually activate downstream transcription factors [21] such as
CREB for neuritogenesis [22].

To detect phosphorylation of ERK, the hippocampal
neurons after 1 day of plating were treated with 2 uM wt
recMoPrP or recMoPrP(H56Y) for 25 min prior to cell
lysis. As a result, wt recMoPrP could promote significantly
phosphorylation of p44/42 ERK 1/2 up to almost 20%
(1.2-fold) comparing to the mock control (Fig. 8b). The
mutation H56Y failed to induce this signaling event
resulting in about 40% less phosphorylated ERK ratio
comparing to the wt recMoPrP sample (Fig. 8a, b). The
total expression of ERK after being normalized to the load-
ing control (3-tubulin in the recMoPrP treated samples was
higher than that in the control although not statistically
significant (Fig. 8c). Interestingly, while the possible up-
regulation of ERK could lead to more activation of the
kinase by MEK in case of wt recMoPrP treated culture,
the phosphorylating cascade was much less efficient in
the cultures treated with mutants. Mutant PrP however
could act through other unknown mechanism to increase
ERK expression. Spontaneous activity of the pathway was
still present since phosphorylation of ERK was not dimin-
ished indicating other growth factors could compensate the
normal growth in the cells. As a conclusion, the non-OR
copper-binding site in PrP seems to play a major role in
inducing outgrowth signaling in hippocampal neurites.

Discussion

In the last few years, many attempts to investigate the
physiological role of PrP€ and its partners have been in-
tensively carried out. In the CNS, different proposed func-
tions of PrP have been proposed: synaptic regulation [23,
24], neuroprotection [8, 25], neurogenesis [25, 26], and
neuritogenesis [3, 27]. The latter may account for PrP® role
in memory and cognition [6]. PrPS and copper ions are
found abundant at synaptic clefts [28—-30], and some activ-
ity of PrP¢ at synapses has been proposed to act as a
copper-binding protein to regulate Ca®* influx signaling
[6]. In addition, PrP© and copper cooperate in regulating
NMDA receptor activity to protect neurons from glutamate
excitotoxicity [8, 31]. Interestingly, PrP expression in-
creases proliferation and differentiation at the
subventricular zone (SVZ) and dentate gyrus (DG) of the
hippocampus where neurogenesis constitutively occurs in
both developing and adult CNS [26]. Copper is also found
at high concentration in SVZ than in other brain regions
and its increased concentration during aging could reduce
neurogenesis [32]. On the other hand, moderate copper
deficiency at early developmental stage can affect dentate
gyrus and hippocampal maturation [33]. Since either high
or low copper concentration can disturb neurogenesis, the
involvement of PrP€ in neurogenesis should relate with its
regulating activity in metal homeostasis.

PrP€ has been also considered as a neurotrophic factor
that facilitates neuritogenesis process either through cis or
trans interactions between PrP“ and other soluble ligands
(laminin, vibronectin, STI1) and transmembrane receptors
(NCAM, integrin) [3, 16, 24, 34]. However, most of these
studies neglect to assess the role of copper binding in PrP¢
activity, although it has been shown that extracellular cop-
per can regulate PrPC expression and release of its GPI
anchorless form [35]. Following the observations about
co-existence and co-function between copper ions and
PrP€, we have attempted to study the role of copper bind-
ing in regulating PrP signaling. Altogether, in this study,
we could provide evidence for the involvement of copper
coordination in PrP signaling in neuritogenesis using spe-
cific point mutations to disrupt copper-binding sites on the
protein. Our data shows that copper binding stabilizes the
unstructured part on PrP. While disrupting copper binding
at OR region may change the protein structure, altered
copper coordination at non-OR cause minimal but suffi-
cient alteration in PrP structure that could prevent it from
inducing neuritogenesis signaling. Cu®* has high affinity to
PrP with a K4 of 107'* M for OR region and 4 x 10'* M
for non-OR region with His 96 and 111 (as human num-
bering) [36]. Therefore, higher affinity for copper at non-
OR may explain its vulnerability in structural alteration
due to different copper coordination.
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Intriguingly, the GSS-linked mutation P102L (P101L as
mouse numbering) seems to cause dysfunction of the protein.
This result supports the loss-of-function hypothesis for prion
pathology, particularly in the case of GSS syndrome. It has
been shown in previous studies that this mutant protein could
alter copper coordination at non-OR region making the His96
unable to participate in the interaction with copper at both
neutral and acidic pH [18]. This result suggests that copper
coordination at non-OR region may be critical to ensure cor-
rect conformation for this region, for correct interaction of
PrP© with its partners in signaling complexes. Indeed, the
non-OR mutant tested in our study failed to activate the
ERK signaling cascade—the central pathway for neurite out-
growth [16, 37, 38]—comparing to the wt PrP protein.
Moreover, this region has been suggested as a key site for
prion conversion [18]. Thus, conformational changes in this
region that would prevent copper binding could affect either
PrP€ function or increase its susceptibility to pathologic prion
conversion.

Overall, our data provide evidence about the critical role of
copper-binding residues in regulating PrP® function in
neuritogenesis. All copper-binding sites are important to pre-
serve the functional conformation of PrP€. The ability of PrP®
in binding copper is key for maintaining the protein function
and preventing its conversion to the prion state. Indeed, min-
imal structural changes at a non-OR copper-binding site may
be sufficient to alter PrP¢ conformation and function, which
may modulate its propensity to prion conversion. Our study
may contribute to shed light between PrP® physiology and
prion pathology.
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