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Separate mechanisms act concurrently to shed
and release the prion protein from the cell
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The cellular prion protein (PrPC) is attached to the cell membrane via its glycosylphosphatidylinositol (GPI)-anchor and
is constitutively shed into the extracellular space. Here, three different mechanisms are presented that concurrently
shed PrP¢ from the cell. The fast a-cleavage released a N-terminal fragment (N1) into the medium and the extreme
C-terminal cleavage shed soluble full-length (FL-S) PrP and C-terminally cleaved (C1-S) fragments outside the cell. Also,
a slow exosomal release of full-length (FL) and C1-fragment (C1) was demonstrated. The three separate mechanisms
acting simultaneously, but with different kinetics, have to be taken into consideration when elucidating functional roles
of PrP¢ and also when processing of PrP¢ is considered as a target for intervention in prion diseases. Further, in this
study it was shown that metalloprotease inhibitors affected the extreme C-terminal cleavage and shedding of PrP<. The
metalloprotease inhibitors did not influence the a-cleavage or the exosomal release. Taken together, these results are
important for understanding the different mechanisms acting in parallel in the shedding and cleavage of PrP¢.

Introduction

The prion protein, PrPS, is expressed on the surface of many
mammalian cells as a glycosylphosphatidylinositol (GPI)
anchored glycoprotein, in particular on neural cells or cells of the
lymphatic system."? Following transport to the cell surface, PrP¢
is attached to the outer leaflet of the plasma membrane via its GPI
moiety. Internalization via membrane microdomains is followed
by constitutive cycling between the plasma membrane and a yet
unidentified intracellular compartment.? The normal function of
PrP€ is still obscure but it is essential for the pathogenesis and
transmission of prion diseases.* As part of its normal cellular pro-
cessing, in the brain and in cultured cells, PrP€ is N-terminally
truncated producing a soluble N-terminal fragment (N1) and a
GPl-anchored fragment denoted C1.%° The cleavage, referred to
as the a-cleavage, takes place between the alternative residues

K, /H  or H /M

110 111 111 112
occurs within a hydrophobic segment that is highly conserved

(human numbering).*® The a-cleavage

which underlines the importance of this processing. The hydro-
phobic region is characterized as amyloidogenic and is thought to
play a major role in the conformational change of PrP¢ to PrP%<”
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The N- and the C-terminal fragments produced after the cleav-
age are critically involved in physiological and pathophysiological
functions.®!!

Ectodomain shedding of PrP¢ into the cell culture medium
has been reported and analysis has revealed that the C-terminal
cleavage takes place between Gly228 and Arg229, three residues
away from the GPI-anchor attachment site.>>!* This cleavage
results in the release of a GPl-anchorless full-length (FL-S) frag-
ment and a Cl-terminal fragment into the extracellular medium.
In addition to this, exosomal release of PrP¢ and PrP’¢ has been
suggested and it has been demonstrated that PrP*-infected cell
cultures discharge both PrP¢ and PrPS into the extracellular
medium in association with exosomes.”*"> However, the impor-
tance and functional role of cell-released PrP, both for the physi-
ological function as PrP¢, and in disease transmission via PrP* is
still not known.

Members of the ADAM (a disintegrin and metalloproteinase)
family of proteases have been suggested to be involved both in
the a-cleavage and in the shedding of PrP¢. ADAMS8, ADAMY,
ADAMI10 and ADAM17 have been shown to possess a-cleavage
activities.'®'® Recently, studies have been done suggesting that
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ADAMIO0 instead is involved in the shed-
ding of PrP¢.1219:20

To investigate the a-cleavage and the
shedding of PrP€, a specific deletion muta-
tion in the a-cleavage site of PrP¢ was
designed. Multiplex western immunoblot
analysis was used to analyze the cleavage
events taking place at the cell surface and
the N1- and Cl-fragment, respectively,
were used as a veridical measurements of
the a-cleavage. Pulse-chase experiments
were performed to analyze the influence
of the deletion mutant on the shedding
of PrP¢. Also, the shedding of PrP< by
an exosome-mediated mechanism and
the role of ADAMs in the a-cleavage
and ectodomain shedding of PrP¢ were
investigated.

Results

Deletion of the a-cleavage site hindered
shedding of the N1 fragment into the
cell medium and the generation of C1
fragment in the cell lysate. In many
cell culture systems, as well as in brain
tissue, the full-length (FL) PrP€ is sub-
jected to a cleavage leaving a C-terminal
fragment called C1 anchored in the cell
membrane.**' The released N-terminal
part called N1 is a measure of the N1/
Cl1 cleavage, in the literature also named
the a-cleavage. It has been reported that
the a-cleavage is remarkably tolerant to
sequence variations but that deletions
in the site of the a-cleavage reduced
the cleavage.”** In order to analyze the
PrPA121-123
was created by deleting the three amino

a-cleavage, the mutant

acids encompassing the a-cleavage site,
K121H122V123
sponding to amino acid 110-112 in human
PrP) (Fig. 1A). After transient expression

(bovine numbering, corre-
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Figure 1. Deletion of the a-cleavage site of PrP¢ hinders the a-cleavage. (A) Schematic represen-
tation of the a-cleavage site. The deleted amino acids are underlined. Numbers indicate amino
acid positions in the bovine PrP. (B) Western immunoblot detection of PrP (N-terminal antibody
R505) in cell lysate and in cell medium from cells expressing PrPwt (lanes 2 and 4, respectively),
PrPA121-123 (lanes 3 and 5, respectively) and vector only (lane 1). The samples were treated with
PNGase F to remove N-linked oligosaccharides. IRDye800 goat anti-rabbit (green) was used as sec-
ondary antibody. The positions of full length (FL), GPI-anchorless FL (FL-S) and N1 fragments are
indicated. Approximate molecular masses are indicated on the left-hand side (kDa). (C) Inhibition
of the a-cleavage was quantified by measuring the amount of accumulated N1 in the cell medium
conditioned for 6 h from equivalent number of cells transiently expressing PrPwt (black column)
and PrPA121-123 (gray column). The amount of N1-fragment from PrPwt expressing cells was set
to 100%. Bars represent standard deviation based on two experiments. (D) Western immunoblot
detection of PrP (C-terminal antibody L42) in cell lysate from cells expressing PrPwt (lane 1) and
PrPA121-123 (lane 2). The samples were treated with PNGase F to remove N-linked oligosaccha-
rides. Alexa Fluor 680 goat anti-mouse (red) was used as secondary antibody. The positions of full
length (FL) and the C1 fragment are indicated. Approximate molecular masses are indicated on
the left-hand side (kDa). (E) Inhibition of the a-cleavage of PrP as detected by mAb L42. The ratio
of C1 to total PrP was determined for PrPwt (black column) and PrPA121-123 (gray column). Bars
represent the mean =+ standard deviation based on six experiments.

of wild type PrP (PrPwt) and PrPA121-123, the cell lysate and
the cell medium were analyzed for the presence of N1 by using
the N-terminal antibody R505. In the cell lysate after deglyco-
sylation with PNGase F, the N-terminal antibody detected the
FL fragment from both PrPwt and PrPA121-123 expressing cells
(Fig. 1B, lanes 2 and 3). Interestingly, although transfection con-
ditions were identical, the amount of PrP¢ present in the lysate
from the PrPA121-123 expressing cells was two to four times
larger than in the PrPwt expressing cells. This might reflect dif-
ferences in the protease sensitivity between PrPA121-123 and
PrPwt.

In medium conditioned for 6 h, in addition to a band migrat-
ing at the FL-PrP position, a band of around 11 kDa was seen
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(Fig. 1B, lanes 4 and 5). This band corresponds to the accu-
mulated N1 fragment released into the medium as result of the
a-cleavage. The N1 fragment could only be detected in the
medium and was not seen in the cell lysate (Fig. 1B). When using
the C-terminal antibodies L42 (Fig. 2, lanes 4 and 5) and 6H4
(not shown) the N1 fragment was not detected. The presence of
the N1 fragment in the medium demonstrated the a-cleavage
and as the N1 fragment was not detected in the cell lysate, it also
suggests that the a-cleavage took place at the cell surface releas-
ing the N1 fragment directly into the extracellular medium.
The PrPA121-123 had a marked effect on the a-cleavage,
which was hindered in the deletion mutant as was seen when
comparing the different amounts of released N1 fragment
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Figure 2. PrP populations with and without the GPl-anchor are shed into the cell
medium from PrP expressing cells in addition to the N1 fragment. Multiplex western
immunoblot detection of cell medium from PrPwt (lanes 2, 4 and 6) and PrPA121-
123 (lanes 3, 5 and 7) expressing cells. The samples were treated with PNGase F to
remove N-linked oligosaccharides. The PVDF membrane was probed with both

the N-terminal polyclonal rabbit antibody R505 and the C-terminal monoclonal
mouse antibody L42, followed by IRDye 800 goat anti-rabbit (green) and Alexa
Fluor 680 goat anti-mouse (red). Both colors were imaged in a single scan. The
N-terminal antibody (green, lanes 2 and 3) detected full-length PrP with intact
GPl-anchor (FL), GPl-anchorless full-length (FL-S), and the N-terminal fragment (N1)
and the C-terminal antibody (red, lanes 4 and 5) detected the FL, FL-S, the truncated
C-terminal fragments with intact GPl-anchor (C1) and without GPl-anchor (C1-S).
Yellow indicates merged overlapping colors (lanes 6 and 7). Approximate molecular

(Fig. 2, lanes 4 and 5). The slower migrating C1 band
migrated to the same position as the cell anchored
Cl fragment and the other, more abundant band,
migrated faster. This fragment did not react with the
N-terminal antibody and migrated slower on the gel
than N1 (Fig. 2, lanes 6 and 7). The slightly differ-
ent running behavior on the gel and the small shift
between the two C1 fragments demonstrates a trunca-
tion of PrP€, which corresponded to the Cl1 fragment
without its GPI-anchor (C1-S). Similarly, the FL band
seen in the cell medium corresponds both to FL and
FL-S (without GPl-anchor; see Fig. 3A, lanes 4 to 6).
The ratio between the C1 fragments and the FL band
in the cell medium were in PrPwt and PrPA121-123,
0.95 and 0.65, respectively. This demonstrates a 30%
decrease in the Cl production from PrPA121-123
expressing cells compared with the PrPwt expressing
cells. Taken together, these results suggested that both
GPI-anchored PrP and PrP without GPI-anchor are
released outside the cell.

The shed PrP population with intact GPI-anchor
was released in association with exosomes. When
medium was conditioned for more than 4 h and ana-
lyzed by western immunoblotting the C1 fragment
was detected in the medium, in addition to the faster
migrating C1-S (Fig. 2, lanes 4 and 5). GPI-anchored
proteins are membrane bound, thus, the shed GPI-
anchor containing C1 was likely to be bound to the

masses are indicated on the left-hand side (kDa).

lipid bilayer of a membrane. Association of PrP with

from PrPwt and PrPA121-123 expressing cells (Fig. 1B, lanes 4
and 5). The amount of accumulated N1 fragment in the cell
medium released from the PrPA121-123 expressing cells was
reduced by roughly 50% compared with the PrPwt expressing
cells, indicating a partial hindrance of the a-cleavage (Fig. 1C).
Furthermore, when the cell lysate from cell cultures expressing
PrPwt and PrPA121-123 were compared using a C-terminal
antibody, a decreased generation of the Cl1 fragment was found
in PrPA121-123 expressing cells (Fig. 1D). The ratio of ClI to
total PrP in the cell lysate was for PrPwt and PrPA121-123, 0.72
and 0.37, respectively (Fig. 1E) demonstrating the effect of the
deletion on the a-cleavage. In summary, deletion of three aa
in the a-cleavage site hindered the a-cleavage, which points to
a partial sequence specificity for the amino acids KHV in the
a-cleavage process.

In the cell medium, distinct PrP populations could be found,
one population with an intact GPI-anchor and one population
without GPI-anchor. It has earlier been shown that PrP frag-
ments are shed into the cell culture medium by a proteolytic cleav-
age in the extreme C-terminal end,’ situated three amino acids
from the GPI-anchor attachment site.?'? The cleavage results in
shedding of FL-S and C1-S (soluble fragments lacking the GPI
anchor) to the medium. When a monoclonal antibody directed
to the C-terminal part of PrP was used, an FL-sized band and
two separate Cl-sized fragments were seen in the cell medium
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exosomes has been described!™>?4 and the methodol-

ogy based on sequential centrifugation was used to
analyze the presence of exosome bound PrPwt and PrPA121-123
recovered from the cell medium. Cell culture medium condi-
tioned for 6.5 h was subjected to sequential centrifugation to
isolate exosomes. The 100,000 x g supernatant and pellet were
analyzed by western blot after deglycosylation to clarify the
nature of the shed PrP populations. In the pelleted, exosomal frac-
tion (E), the GPI-anchored FL and Cl-populations were detected
(Fig. 3A, lanes 2 and 5), and in the supernatant (S) the soluble
FL-S and C1-S were identified (Fig. 3A, lanes 3 and 6). In fact,
this separation demonstrated that the cell medium contained
both PrP molecules with GPI-anchor (FL and C1) and without
GPI anchor (FL-S and C1-S). Calculations based on the amount
loaded on gels and the intensity of the PrP bands shed in associa-
tion with pelleted exosomes compared with the proteolytically
shed PrP demonstrate that the steady-state of exosome-mediated
shedding is around 200 times lower than the protease-mediated
shedding and seemed not to be affected by the deletion in the
a-cleavage site. The exosome-associated Cl1 is probably anchored
in the exosomes via its GPI moiety as it co-migrated with the GPI-
anchored PrP present in cell lysate (L) (Fig. 3A, compare lanes 2
and 5 with lanes 1 and 4) and since treatment of the pelleted exo-
somes by PIPLC released this fragment from the pelleted fraction
(data not shown). Additionally, an increased population of FL
PrP was again found in the separated fractions from the PrPA121-
123 expressing cells compared with PrPwt expressing cells. The
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Figure 3. PrP with GPl-anchor is shed in association with exosomes. (A) Western immunoblot detection with the C-terminal antibody L42. Cell lysates
(L; lanes 1,4 and 8), 100,000 x g pelleted exosomal fractions (E; lanes 2, 5 and 9), and 100,000 X g supernatant fractions (S; lanes 3, 6 and 10) from cells
transiently expressing PrPwt (lanes 1-3), PrPA121-123 (lanes 4-6), and vector control (lanes 8-10). Untransfected control cell lysates (W; lanes 7 and 11)
are indicated. The same PVDF membrane was stripped and reprobed with antisera against Tsg101 and actin, respectively (below). The representative
western blot displayed is one of three experiments. All samples were treated with PNGase F. Molecular mass markers are indicated (MW) and given in
kDa. (B) The 100,000 x g pelleted exosomal fraction was analyzed by scanning electron microscopy (SEM) (panel 1) and immunogold transmission
electron microscopy (TEM) (panels 2 and 3). PrP was detected by mAb L42 (panel 2). Unspecific antibody antiBLV-gp51 (panel 3). Secondary antibody
was gold-conjugated anti-mouse mAb (10 nm gold particles). Bars indicate 100 nm.

cell lysate, PrP-containing exosomal pellet, and PrP-containing
supernatants were analyzed for the existence of TsglO1, a pro-
tein known to be enriched in exosomes and involved in the bio-
genesis of multivesicular bodies (MVBs)."“* As compared with
cell lysates, the PrP-containing pelleted fraction was enriched in
Tsgl01 (Fig. 3A, TsglO1 panel). Actin, which is confined to cel-
lular structures, was not found in the 100,000 x g supernatant
(Fig. 3A, actin panel). Interestingly, although the amount of
PrPwt lysate loaded was at least twice that of PrPA121-123 lysate
as judged by the actin signal, the amount of PrP detected was two
to four times larger in the latter. The trace amount of C1-S that
is seen in the exosomal pellet (Fig. 3A, lane E) is most probably

www.landesbioscience.com

residual C1-S that unspecifically remained in the exosomal pellet
due to the large excess of C1-S in the starting medium. However,
it cannot be ruled out the possibility that there was a low amount
of CI-S inside the exosomes. When the 100,000 x g pellet was
analyzed by scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM), membrane vesicles with size
of around 50-100 nm with the morphology of exosomes were
recovered (Fig. 3B, panel 1). Anti-PrP immunogold-labeling
resulted in labeled exosomes (Fig. 3B, panel 2) and a non-specific
antibody resulted in minimal labeling (panel 3). These findings
demonstrate that PrP€ in its GPI-anchored form is released into
the medium in association with exosomes.
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Figure 4. Kinetic analysis of the shedding
and cleavages of PrP<. Cell cultures express-
ing PrPwt or PrPA121-123 were pulse-
labeled with [35S]-methionine/cysteine for
15 min followed by chase for indicated time.
Cell lysates or cell media were subjected

to immunoprecipitation with mAb 6H4,
treated with PNGase F, analyzed by SDS-
PAGE, autoradiography and the radioactiv-
ity was quantitated by phosphoimaging.
The positions of GPl anchored FL and C1,
and GPI anchorless FL-S and C1-S are indi-
cated. Apparent molecular masses based
on migration of protein standards are indi-
cated (kDa). (A) Cell lysate. In the cell lysate
a-cleavage was seen after around 20 min of
chase as an appearance of the C1-fragment.
The strongest total labeling was reached
after 120 min of chase. (B) The ratios of C1
to total PrP in the cell lysate at 20, 40 and

60 min of chase are presented in a bar graph
for PrPwt (gray) and PrPA121-123 (light
gray). (C) Cell medium. Labeled PrP was
shed and accumulated in the cell medium
due to the extreme c-terminal cleavage as
FL-S and C1-S after around 40 min of chase.
(D) Fraction of cleaved PrP in C1-S and C1 to
total PrP in the cell medium for PrPwt and
PrPA121-123, respectively.

Kinetic analysis of the cleavage and
shedding of PrP€in PrPwt-and PrPA121-
123-expressing cells. In the cell medium
from PrPA121-123 expressing cells the
amount of shed FL-S fragment was larger
than that from PrPwt expressing cells as
measured by western immunoblotting
(Fig. 1B, compare lanes 4 and 5). This
was probably the result of an increase in
uncleaved PrP¢ in PrPA121-123 express-
ing cells due to the reduced a-cleavage at
the cell membrane. A pulse chase experi-
ment of transiently expressed PrPwt and
PrPA121-123 cells was done in order to
in real time analyze the shedding of PrP
into the medium and to elucidate if dele-
tion of the three aa encompassing the
a-cleavage site also would interfere with
the cleavage in the extreme C-terminal
end and/or the exosomal release of PrP¢.
Transfected cells were pulse-labeled with
3S-methionine and the radioactivity was
chased for various times. The kinetics of
the a-cleavage was measured in the cell
lysate as the generation of Cl-fragment.
Cell lysates and cell media were immu-
noprecipitated with mAb 6H4 and the
immunoprecipitates were analyzed by
SDS-PAGE followed by autoradiography
(Fig. 4A and C). The radioactivity of the
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Figure 5. Metalloprotease inhibitors interfere with the extreme C-terminal cleavage but did not hinder a-cleavage or exosomal release of PrPC.
Multiplex western immunoblot detection of shed PrP. Cell lysates and cell culture media (as indicated above the lanes) conditioned for 6 h from wt
PrP¢ expressing cells incubated in (A) 0, 60 and 120 wM O-phenanthroline orin (B) 0, 25 and 50 .M TAPI-1. All samples were treated with PNGase F.
The PVDF membranes were probed with both the N-terminal polyclonal rabbit antibody R505 and the C-terminal monoclonal mouse antibody L42,
followed by IRDye800 goat anti-rabbit (green) and Alexa Fluor 680 goat anti-mouse (red). Both colors were imaged in a single scan. The N-terminal
antibody (green) detected the full-length (FL), FL-S (without GPI-anchor) and the N-terminal fragment (N1). The C-terminal antibody (red) detected the
FL, the FL-S and the truncated C-terminal fragments C1 and C1-S (with and without GPI-anchor, respectively). Yellow indicates merged overlapping
colors. Apparent molecular masses based on migration of protein standards are indicated (kDa).

full length and Cl1 sized fragments were quantified by a phospho-
imager (Fig. 4B and D). In the PrPwt expressing cells, C1 could
be seen already at 20 min of chase and at 60 min almost half of
the label was seen in CI. A delay in the generation of C1 was
observed in the PrPA121-123 cell lysate compared with PrPwt
(Fig. 4A). The ratios of Cl to total PrP¢, were in the PrPwt and
PrPA121-123 expressing cells, 0.15 and 0.08 at 20 min, 0.30 and
0.14 at 40 min and 0.45 and 0.24 at 60 min of chase, respec-
tively (Fig. 4B). These differences corresponded to around 60%
decrease in the rate of a-cleavage in the PrPA121-123 express-
ing cells. In the cell medium radioactively labeled PrP was seen
at around 40 min of chase and at 240 min of chase around
15% of total cell labeling had been shed into the medium. The
time course experiments showed that there was no time delay
between the shedding of total PrPwt and PrPA121-123 into the
cell medium (Fig. 4D), which further indicated that the extreme
C-terminal cleavage was not affected by the a-cleavage site dele-
tion. The ratio of C1-S to total shed PrP¢ was at 240 min of
chase 0.87 and 0.72 (Fig. 4D), respectively, in the medium from
PrPwt and PrPA121-123 expressing cells. Since these fragments
lack the GPI-anchor (Fig. 3, lanes 3 and 6) and since the pulse-
chase experiments demonstrated shedding from the cell around
20 min after the a-cleavage, this shedding is probably due to the
proteolytic cleavage at the extreme C-terminal end by a shed-
dase activity not related to the a-cleavage protease. Furthermore,
the exosomal shedding of C1 with intact GPI-anchor was much
slower and released C1 could only be demonstrated as a minor
fraction at late time points (Fig. 4D). Based on these results, the
deletion of the three aa in the a-cleavage site did not appear to
affect the shedding of PrP¢ by the extreme C-terminal cleavage
or the release of exosomally associated PrP¢.

o-phenanthroline and TAPI-1 inhibit the extreme C-terminal
protease-mediated shedding but not the a-cleavage or the exo-
somal release of PrP€. Vincent and coworkers previously reported
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that including the general cell-permeable zinc-metalloprotease
inhibitor o-phenanthroline, or the ADAM inhibitor TAPI-1, in
the cell medium drastically reduced the shedding of N1 in trans-
fected cells and suggested that ADAMIO was one of the prote-
ases responsible for the a-cleavage.”® However, recent studies have
instead suggested that ADAMIO is the C-terminal sheddase of
PrPC.121920 In order to determine the effect of the inhibitors on
the a-cleavage in this system, the processing of FL to Cl was
measured in the cell lysates at different concentration of the
inhibitors. Quantification by measuring the intensity of bands
representing FL and C1 in western blot showed a very slight varia-
tion of 2-4% in the generation of C1 in both o-phenanthroline
and TAPI-1 treated cells (Fig. 5A and B, lanes 1-3). The effect of
the inhibitors on the extreme C-terminal cleavage was measured
as the amount of FL-S and C1-S shed to the cell medium. The
amount of CI-S in the medium decreased dramatically and the
decrease was consistent with increasing inhibitor concentrations
and probably due to inhibition of the extreme C-terminal cleav-
age (Tables 1 and 2). In addition, in the conditioned medium, a
band migrating to the position of C1 could be seen, preferentially
in samples from cells treated with o-phenanthroline and TAPI-1
(Fig. 5A and B, lanes 4-6). Thus, o-phenanthroline and TAPI-1
did not appear to inhibit the exosomal release of PrP¢ and the
results here indicate that the amount of C1 associated with exo-
somes was increased in cell medium from cells treated with these
metalloprotease inhibitors (Tables 1 and 2). This increase in the
amount of exosome associated C1 could be due to a change in the
route by PrP€ or an effect of more PrP being present in the mem-
brane and thus more accessible for inclusion in exosomes. These
data indicate that the metalloprotease inhibitors o-phenanthroline
and TAPI-1, have a very slight impact on the enzyme(s) respon-
sible for a-cleavage in the transient expression system used
here. Instead, the active protease(s) responsible for the extreme
C-terminal cleavage causing shedding of FL-S and CI1-S into the
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Table 1. Relative effect of o-phenanthroline on the accumulation of
various PrP-fragments in the cell medium

TS mepen, coumopen 0
FL + FL-S* 100** 70.8+12.3 751 +6.3
C1 100 154 £ 50.0 153 + 51.7
c1-S 100 52.2+10.6 42.0+179
N1 100 64.7 £ 25.1 447 + 22,2

*Signals from FL and FL-S could not be separated on these blots. **In
the untreated samples, the amount of the individual PrP-fragments are
set to 100. Mean values + standard deviation are presented. Results are
based on three experiments.

Table 2. Relative effect of TAPI-1 on the accumulation of various PrP-
fragments in the cell medium

PrP-fragment in

the cell medium O PMTAPET 25 uMTAPL1 50 uMTAPI-1
FL 100% 133 (129/137)** 187 (183/191)
FL-S 100 28.2(33.7/227)  24.8(17.7/31.9)
a 100 161 (165/158) 110 (95/125)
ci-s 100 33.4(17.3/49.5)  7.2(4.6/9.7)
N1 100 122 (124/120) 314 (414/214)

*In the untreated samples, the amount of individual PrP-fragments are
set to 100. **Mean value based on two experiments. Both individual
values are given in parentheses.

conditioned medium was inhibited. The amount of the N1 frag-
ment in the medium decreased under o-phenanthroline treatment
(Fig. 5A and Table 1) although the a-cleavage was fairly con-
stant at 0, 60 and 120 .M o-phenanthroline giving a ratio of C/
C1+FL of 0.43, 0.41 and 0.41, respectively. In the cell medium
from cells treated with TAPI-1 the amount of accumulated N1
increased compared with untreated samples. Measuring the inten-
sity of C1/C1+FL in the cell lysate showed that the a-cleavage was
not affected. Therefore, the increase of the N1 fragment in the
cell medium is likely an effect of strong inhibition of the extreme
C-terminal cleavage at 50 pM TAPI-1 leaving more substrate
(FL) PrP available for the a-cleavage.

PrP€ is shed from the cell by three separate mechanisms.
In the expression system used here, PrP was released into the

medium simultaneously by three mechanisms. The first mecha-
nism released the N1 fragment by a fast a-cleavage within the
neurotoxic region of PrP. The second mechanism released the
GPl-anchorless fragments FL-S and CI1-S by a proteolytic cleav-
age in the extreme C-terminal end, which was sensitive to inhibi-
tion by metalloprotease inhibitors. The third mechanism released
FL and ClI in association with exosomes. This process was much
slower and most likely took place after internalization of PrP¢
into the cell and subsequent recycling of vesicles back to the sur-

face for release (Table 3).
Discussion

In many cell types and tissues, PrP€ is processed by a specific
proteolytic cleavage that generate given N- and C-terminal
fragments designated N1 and Cl. This cleavage, termed the
a-cleavage, takes place prior to or very soon after the arrival of
PrP€ to the cell membrane. This leaves the N-terminally trun-
cated PrP¢ attached to the cell surface via its GPI anchor and the
N1 fragment is shed into the cell media or extracellular space.
The ratio between the different proteolytically generated frag-
ments varies in different tissues and cell culture systems, pointing
to differences in the activity of the proteases involved.>*

The membrane bound PrP¢ can be internalized into the cell
and recycled back to the cell surface.”” During this cycle, in the
endocytic compartment and/or at the cell membrane, a second
proteolytic cleavage in the extreme C-terminal end release solu-
ble PrP fragments from the cell. The physiological relevance of
these two endoproteolytic cleavages and proteases involved in the
processes has nevertheless still not been determined. Recently, it
was suggested that the cleaved fragments possess neuroprotective
functions and/or interfere with AB-associated toxicity.'>*® It has
also been shown that the cleaved fragments can act as an inhibi-
tor of PrP% formation.® These newly suggested roles for the pro-
teolytic fragments of PrP prompt further characterization.

Of special interest is the PrP¢ fragments released from the
cell and the focus of this study was laid on this aspect of PrP
biosynthesis. Analyzing the PrP¢ fragments in the cell medium
from PrP expressing cells will reflect different events at the cell
membrane. The cell system chosen here has earlier been used to
analyze different steps in the intracellular transport of PrP¢ and
mirror well the in vivo situation and is thus a valuable model for
studying the cellular processing of PrP5 In several reports it has

Table 3. Three separate mechanisms act concurrently to shed and release PrP¢ from the PrP-expressing cell culture system used in this study

. . Time course of Proposed
Mechanism of Time course of Suggested . A q q
release PrP fragment released PrPwt released i enzymatic Inhibition or hindering
PrPA121-123 P activity
N1 ) 20 min (rate inhib- Putative Deletions in the site for
a-cleavage 20 min . Cell membrane
(11 kDa) ited by 45%) «-PrPase a-cleavage
5 i FL-S i - o-phenanthroline,
Extreme C-terminal 40-60 min 40-60 min Endocytic Metallo p
cleavage C1-S compartment protease(s) TAPI-1
FL
Exosomal release . 5-6h 5-6h MVBs N/A

N/A, not applicable.
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Figure 6. Schematic representation of the three different mechanisms acting concurrently to shed and release the prion protein. The first mechanism
releases the N1 fragment via the a-cleavage and the second mechanism releases the FL-S and the C1-S (soluble fragments lacking the GPl-anchor) by
proteolytic cleavage in the extreme C-terminal. A circular arrow represents internalization of membrane bound PrP¢ and recycling back to the cell sur-
face, during which the extreme C-terminal cleavage is thought to occur. The third mechanism is a slow process that releases a GPl-anchored fraction of

PrP€in association with exosomes.

been demonstrated that the N1 and Cl1 fragments are present in
human and animal brain,”®*>' and found in exosomes in cere-
brospinal fluid.” Thus, the diverse intracellular and extracellular
PrP processing events observed in vivo appear to be faithfully
recapitulated in the transfected BHK cells.

The results presented here suggest that PrP€ is shed from the
cell by three separate mechanisms (Fig. 6). The first mechanism
releases an N-terminal fragment (N1) via the a-cleavage; a sec-
ond by proteolytic cleavage in the extreme C-terminal end gen-
erating GPI-anchorless FL-S (or recently named N3)*° and CI-S
fragments; and a slower third process releasing a GPI-anchored
PrP€ in an exosomal fraction (Table 3). Deletion of three amino
acids in the a-cleavage site reduced the a-cleavage as seen by the
reduction of the N1 fragment in the cell medium. The hindrance
of the cleavage was not absolute but a decrease of about 50% was
seen as measured by the steady-state condition of the N1 frag-
ment accumulation in the cell medium. The N1 fragment was
not seen in the cell lysate, probably because the a-cleavage took
place very soon after PrP¢ arrived at the cell surface (Table 3) or
due to degradation.

In time course experiments the deletion mutation hindered
the rate of a-cleavage around 63% compared with wt, indicat-
ing that the protease(s) involved in the a-cleavage possess some
degree of sequence specificity. The a-cleavage has been reported
to be independent of the precise sequence, change of charge and
hydrophobicity near the a-cleavage site.”? However, the degree
of deletion in the site affects the cleavage. The cellular site at
which the a-cleavage occurs has been discussed and both endo-
somal/lysosomal compartments, late compartments of the secre-
tory pathway and at the cell surface have been suggested.”**34
Previously, results showed that a-cleavage occurs prior to or very
soon after the arrival of PrP to the cell membrane since addition
of PIPLC to the medium directly released cleaved C-terminal
fragment, and not FL, to the medium. Taken together, previ-
ous results and those presented here, suggest that the protease(s)
responsible for the PrP a-cleavage possess some sequence specific-
ity and is located in a compartment close to or at the cell surface.

Time course experiments demonstrated that the a-cleavage
and the extreme C-terminal cleavage were separated in time,
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where the extreme C-terminal cleavage took place 20-30 min
after the a-cleavage. Earlier time course experiments® with PrPwt
but with other pulse times and chase periods further support the
data presented here. The delay between the a-cleavage and the
extreme C-terminal cleavage could be explained by the recycling
of newly synthesized PrP from the cell membrane to an endocytic
compartment and back before it was constitutively shed to the
cell medium.>*>33¢ These results indicate that the sheddase(s),
that are responsible for the extreme C-terminal cleavage, may
only be active in an endocytic compartment where PrP resides
during recycling; or the extreme C-terminal cleavage site is not
accessible in the “nascent” PrP traveling from the trans-golgi net-
work to the cell surface during biosynthesis. No difference was
seen between the PrPwt and PrPA121-123 expressing cells in the
shedding rate of the soluble fragments C1-S and FL-S. Thus, the
extreme C-terminal cleavage and the resulting release of soluble
PrP fragments appeared to be independent of the mutation in the
a-cleavage site.

In the cell culture medium conditioned for more than 6 h, a
fraction migrating as GPI-anchored PrP¢ was found. Differential
centrifugation demonstrated that this fraction was released
from the cell in association with exosomes.'*" Both full length
PrP€ and Cl1 fragment were present in exosomes and accounted
for around 1% of the total PrP recovered in the extracellular
medium. Treatment of the pelleted fraction with PIPLC released
the exosome-associated FL and C1 from the pellet, indicating
presence of a GPI anchor. The delay in processing of exosomally
associated PrP compared with proteolytically shed PrP suggests
different pathways (Table 3). As the total amount of PrP released
in association with exosomes was similar in PrPwt and PrPA121-
123 expressing cell cultures, it would seem that the deletion of
the a-cleavage site did not affect the exosomal release. These
results again support the notion of distinct pathways of release.

It could be of great value to define what enzymatic mecha-
nisms process the different modes of release of PrP from the
cell. Several enzymes in the family of A-disintegrin and metal-
loproteinase (ADAM) have been implicated in the shedding of
PrP€ and/or the a-cleavage in both cell culture systems and in
vivo. Suggestions have been made that these proteases could
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be seen as therapeutic targets. Increasing their activity could
deplete the cell of full length PrP needed for conversion to PrP%
with concomitant cleavage of the proposed toxic domain 106-
126 (human numbering)."”*33 In the cell culture system used
here the metalloprotease inhibitors o-phenanthroline and TAPI-
1, were used to modulate the protease activity acting on PrPC.
These inhibitors did not affect the a-cleavage as measured by the
generation of the Cl1 fragment in the cell and thus did not inhibit
the proteases involved in the a-cleavage. Likewise, other studies
indicated that members of the ADAM family are not involved in
the a-cleavage.”?° Differently, by using the N1 fragment released
into the medium as an assay for the a-cleavage, the disintegrin
ADAMI10 and TACE were reported to play an active role in the
generation and release of Nl-fragment to the cell medium.'s%
As was demonstrated in this report, the amount of N1 released
to the medium is affected differently by o-phenanthroline and
TAPI-1, respectively. In the higher concentration of TAPI-1 used,
the accumulation of N1 in the medium increased compared with
untreated. This is probably caused by increased availability of
substrate (FL) at the cell membrane, as a result of the strong inhi-
bition of the extreme C-terminal cleavage by the higher TAPI-1
concentration. Also, TAPI-1 seems to be a more specific inhibi-
tor of the extreme C-terminal cleavage then o-phenanthroline.
However, the shedding of the soluble CI-S and FL-S were
decreased with increasing inhibitor concentration and thus hin-
dering the extreme C-terminal cleavage. This was in line with
a recent report where ADAMI0 knock out mice were studied,
where an intracellular accumulation and loss of shedding of PrP
was observed.'”?® In a gain-of-function analysis it was also shown
that ADAM 9 and ADAMIO are involved in the shedding of
PrP,"? findings which are supported by the in vitro results in the
present study. The conflicting results on the proteolytic cleavage

and the proteases involved'>"2

might be due to not fully con-
sidering in which pathway the shed PrP fragment(s) is generated,
due to cell specific differences, or that several different proteases
possess a-cleavage activity. It can be of importance to observe
these three different pathways in further studies with inhibitors.
In addition, in this report the increase in N1 fragment recovered
in the medium when cells were treated with high concentrations
of TAPI-1, appeared to be explained by an increase in FL PrP in
the cell, rather than by a direct effect on the a-cleavage. However,
the relative influences of the different cleavages and release pro-
cesses are probably very difficult to unravel. This observation is
important to consider when studying the biological consequences
of cleavages in PrP.

The exosome-mediated release of PrP was not hindered by
o-phenanthroline or TAPI-1 but PrP was in fact increased in
the exosomal fraction as a result of the treatment. This increase
was probably due to the effect of these inhibitors on the extreme
C-terminal cleavage, resulting in more membrane bound PrP
being accessible for the exosomal pathway. Fevrier et al. showed
that purified exosomes from scrapie-infected cells could infect
both cell cultures and bioassay mice."" Because exosomes are
enriched in glycolipids, raft lipids, and raft-associated pro-
teins, such as GPI-anchored proteins,'*** PrP is almost certainly
enriched in exosomes. Since only very few molecules of PrP> are
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needed to transmit prion infection,”’ even a minute pathway of
release such as the exosome-mediated could still be important
for cell-to-cell spread of prion infection. In relation to this, the
proteolytic activity at the extreme C-terminal cleavage might be
a target for intervention as already has been suggested for the
a-cleavage. However, in one study inhibition or overexpression
of ADAM 10 did not affect the production of PrP* in scrapie-
infected N2a cells, which might indicate that the extreme
C-terminal cleavage is not important for Scrapie formation.'?

Materials and Methods

Reagents and inhibitors. Peptide: N-glycosidase F (PNGase
F) and prestained protein marker (broad range 7-175 kDa)
were from New England BioLabs. Proteinase K (PK) and pro-
tein molecular mass markers (MagicMark and SeeBlue Plus2)
were obtained from Invitrogen. Phosphatidylinositol-specific
phospholipase C (PIPLC), sodium deoxycholate, Triton X-100,
sodium salicylate and phenylmethylsulfonyl fluoride (PMSF)
were from Sigma-Aldrich. Dithiothreitol (DTT) came from
USB Corporation. Nonidet P40 (NP40) was from Fluka AG.
Complete protease inhibitor cocktail was from Roche. The
metalloproteinase inhibitors o-phenanthroline (1,10-phenanth-
roline) and TAPI-1 were from Sigma.

Antibodies. The bovine PrP (six octarepeats) numbering
scheme is applied throughout except where specifically stated
otherwise. mAb 6H4 (Prionics AG, Schlieren, Switzerland)
recognizes amino acid (aa) residues 155-163 of PrP.*' mAb L42
(R-Biopharm AG) recognizes aa residues 156-161.#*% mAb R505
(kind gift from Dr J. Langeveld, Central Veterinary Institute of
Wageningen UR, Lelystad, The Netherlands) is raised against
sheep PrP 100-111 (SQW NKP SKP KTN) corresponding to
boPrP 108-119 (GQW NKP SKP KTN). IRDye800CW goat
anti-rabbit (Li-Cor) and Alexa Fluor 680 donkey anti-mouse
(Invitrogen) were used as fluorescent secondary antibodies. Goat
polyclonal anti-Actin antiserum (I-19; Santa Cruz Biotechnology)
is raised against a peptide mapping at the C-terminus of actin of
human origin. Goat polyclonal anti-Tsgl01 antiserum (M-19;
Santa Cruz Biotechnology) is raised against a peptide mapping at
the C-terminus of Tsgl01 of human origin.

Cell lines, transfections and drug treatments. Baby hamster
kidney-21 (BHK) cells from ATCC (ATCC number CCL-10)
were grown in Glasgow medium supplemented with 5% fetal
calf serum, 10% tryptose phosphate broth, 2 mM glutamine and
20 mM Hepes. Transfections were performed with a Semliki forest
virus (SFV) replicon as described previously.” Transfected BHK-
cells were washed with PBS and serum-free medium was added.
For protease inhibitor treatments, o-phenanthroline or TAPI-1
dissolved in DMSO were added to the serum-free medium. After
7 h the serum-free cell culture media were collected, supple-
mented with EDTA-free protease inhibitor Cocktail, acetone-
precipitated and western immunoblotted with mAb L42. Cell
viability and morphology were not affected by the inhibitor con-
centrations chosen as judged by light microscopy.

Deletion of the a-cleavage site. Double primer pairs were
designed and two different PCR reactions resulted in two
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fragments that were ligated to form a fragment lacking the nine
nucleotides corresponding to aa 121-123 in the bovine prion pro-
tein. The primers for the first and second fragment, respectively,
were as follows: 5-CGA TCC CGG GTCATG GTGAAAAGC
CAC ATA-3', 5-CAT GTT GGT TTT TGG CTT ACT GGG
TTT GTT CCA TTG-3' and 5-GCA GGA GCT GCT GCA
GCT GG-3), 5-“AAC ACC CGG GTA ATG AAA ACA GGA
AGG TTG-3' (DNA Technology A/S). The ligated fragment
were cleaved with Xmal and inserted into the pGEM(Xmal)
vector to generate the plasmid pGEM (Xmal)-PrPA121-123. The
deletion was confirmed by sequencing (310 Genetic Analyzer,
ABI Prism) and chromatograms were analyzed with DNAStar
SeqMan Il version 5.52 (DNAStar, Inc.). The construct was then
transferred into the unique Xmal site of pSFV1 to produce the
plasmid pSFV1-PrPA121-123. The inserted fragment was con-
firmed by sequencing.

Metabolic labeling, immunoprecipitation and electrophore-
sis. Metabolic labeling and immunoprecipitation were performed
essentially as described previously’ Briefly, transfected BHK
cells were starved with methionine- and cysteine-free EMEM
for 30 min and pulse-labeled with [35S]-methionine/cysteine
(Redivue PRO-MIX; Amersham Biosciences) in methionine-
and cysteine-free EMEM for 15 min. Cells were washed and
chased as described earlier. Media were collected, supplemented
with EDTA-free protease inhibitor Cockrail and cells were lysed
with lysis buffer (0.5% Triton X-100, 0.5% Sodium deoxycho-
late, 5 mM TRIS-HCI [pH 7.4], 150 mM NaCl, 5 mM EDTA
and 10 pg/ml PMSF). Media and lysates were then subjected to
immunoprecipitation with mAb 6H4 and/or loaded onto SDS-
PAGE gels. Samples were dissolved in NuPAGE LDS Sample
Buffer (Invitrogen) supplemented with 0.1 M DTT and heated
for 10 min at 100°C. After boiling and reduction, samples were
centrifuged at 9,000 x g for 5 min at 25°C in a microcentri-
fuge and loaded onto 12% NuPAGE Bis-Tris Gels (Invitrogen)
and electrophoresed in 2-(N-morpholino) propane sulfonic
acid (MOPS) buffer (Invitrogen). Following electrophoresis
the gel was soaked in a scintillator (1 M sodium salicylate) for
30 min and dried. Autoradiography was visualized on X-ray film
(Hyperfilm MP; Amersham Biosciences).

Deglycosylation by PNGase F treatment. Proteins were
denatured and incubated in the absence or presence of PNGase
F according to the manufacturer’s protocol (New England
BioLabs). After PNGase F-treatment as indicated in the spe-
cific experiments, proteins were precipitated with acetone or
with trichloroacetic acid (TCA) using the PlusOne SDS-PAGE
Clean-Up Kit (Amersham Biosciences) according to the manu-
facturer’s protocol. The resulting protein pellet was prepared for
electrophoresis as described above.

Western immunoblot analysis: Enhanced chemilumines-
cence (ECL) detection. After electrophoresis, proteins were elec-
trotransferred onto PVDF membranes (Hybond-P; Amersham
Biosciences) which were then blocked for non-specific bind-
ing with 5% (wt/vol) non-fat milk in PBS with 0.05% Tween
20 (PBST). The filters were incubated with primary antibody
for 1 h at room temperature. After washing with PBST, the
membranes were incubated for 1 h at room temperature with
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peroxidase-conjugated rabbit anti-mouse, peroxidase-conjugated
rabbit anti-goat immunoglobulin or peroxidase-conjugated
swine anti-rabbit immunoglobulin (Dako A/S) depending on
the origin species of the primary antibody. The membranes were
washed again in PBST and bands were visualized on X-ray film
(Hyperfilm MP; Amersham Biosciences) by enhanced chemilu-
minescence (ECL; Amersham Biosciences). All antibodies were
diluted in 1% (wt/vol) non-fat milk in PBST.

Western immunoblot analysis: Two-color western blot detec-
tion with near-infrared fluorescence. After electrophoresis, pro-
teins were electrotransferred onto PVDF membranes (Millipore
Immobilon-FL PVDF Membranes, Millipore), which were then
blocked for non-specific binding with Odyssey Blocking Buffer
(Li-Cor Biosciences). The filters were incubated with primary
antibody diluted 1:10,000 for 1 h at room temperature. After
washing with PBST, the membranes were incubated with IRDye
800CW Goat anti-Rabbit (Li-Cor Biosciences) or Alexa Fluor
680 donkey anti-mouse (Invitrogen) diluted 1:10,000 for 1 h at
room temperature. The membranes were washed in PBST and
PBST with 0.02% SDS and then rinsed in PBS. Bands were visu-
alized with near-infrared fluorescent detection using the Odyssey
CLx System (Li-Cor Biosciences). For IR detection of two-col-
ors, blots were incubated with both primary antibodies (from
different types of host animal), followed by IR-labeled secondary
antibodies. Blots were imaged with the IR image in both 700 and
800 nm channels in a single scan.

Differential
Differential centrifugation and exosome isolation were per-

centrifugation and exosome isolation.
formed essentially as described.' Cell culture media from trans-
fected BHK cells conditioned for different times were recovered.
Media were then sequentially centrifuged for 5 min at 3,000 x g,
30 min at 10,000 x g and finally for 1 h at 100,000 x g onto a
809% (w/v) sucrose cushion. The interface was collected, diluted
with PBS and exosomes were recovered at 100,000 x g for 1 h.
Pelleted exosomes were resuspended in PBS and prepared for fur-
ther analyses as described elsewhere.

PIPLC-treatment of exosomal pellets. Conditioned cell cul-
ture media were centrifuged at 10,000 x g for 30 min followed
by centrifugation at 100,000 x g for 2 h at 20°C through a 20%
(w/v) sucrose cushion. Pellets were gently resuspended in 20 mM
Tris pH 7.4, 150 mM NaCl supplemented with complete prote-
ase inhibitor cockrail. Samples were incubated in the presence
or absence of PIPLC at 3.4 units/ml for 20 h at 4°C. Incubation
mixtures were then centrifuged at 100,000 x g for 2 h at 20°C.
Supernatant and pellet fractions were recovered and subjected to
deglycosylation before being prepared for SDS-PAGE and immu-
noblotting as described above.

Electron microscopic analysis. For EM immunolabeling,
grids [3.05 MM Copper grid, Formvar/carbon (TAAB)] were
floated at room temperature on drops (20 pl, placed on parafilm)
of the following solutions successively: (a) freshly prepared exo-
some preparation diluted 1:10 in PBS (3 min); (b) anti-PrP mAb
L42 or unspecific mAb diluted 1:5,000 in PBS (20 min); (c) three
washes in PBS, (5 min each); (d) anti-mouse IgG-Gold (Sigma
G7652-4ML), diluted 1: 100 in PBS (20 min); (e) three washes
in PBS, (5 min each); (f) 1% PTA pH 7,4 (3 min). Residual
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liquid was removed by gentle suction with filter paper. Samples
were analyzed by scanning electron microscopy (SEM) at 20 kV

in a Zeiss Supra 35 (Carl Zeiss SMT) and transmission electron
microscopy (TEM) at 75 kV in a Hitachi-710 (Hitachi).

Quantification of PrP fragments. Quantification of S-labeled
PrP was done with a Molecular Dynamics Phospholmager in
conjunction with the ImageQuant software (v. 4.02).

Western immunoblots were scanned and the relative amounts
of the bands of interest were obtained by computerized integra-
tion of peaks representing the bands using Image]64 software
version 1.45s (by Rasband W.S., October 2011 1.45; US National
Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.
nih.gov/ij/). Scanning was done on exposures within the linear

range of the photographic film.
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