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The cellular prion protein, PrP€, is attached by a glycosyl-
phosphatidylinositol anchor to the outer leaflet of the plasma
membrane. Its misfolded isoform PrP5¢ is the causative agent of
prion diseases. Conversion of PrP€ into PrP5¢ is thought to take
place at the cell surface or in endolysosomal organelles. Under-
standing the intracellular trafficking of PrP¢ may, therefore,
help elucidate the conversion process. Here we describe a time-
resolved fluorescence energy transfer (FRET) assay reporting
membrane expression and real-time internalization rates of
PrP€. The assay is suitable for high-throughput genetic and
pharmaceutical screens for modulators of PrP€ trafficking.
Simultaneous administration of FRET donor and acceptor anti-
PrP€ antibodies to living cells yielded a measure of PrP€ surface
density, whereas sequential addition of each antibody visualized
the internalization rate of PrP€ (Z' factor >0.5). RNA interfer-
ence assays showed that suppression of AP2M1 (AP-2 adaptor
protein), RAB5A, VPS35 (vacuolar protein sorting 35 homolog),
and M6PR (mannose 6-phosphate receptor) blocked PrP€ in-
ternalization, whereas down-regulation of GIT2 and VPS28
increased PrP€ internalization. PrP€ cell-surface expression was
reduced by down-regulation of RAB5A, VPS28, and VPS35 and
enhanced by silencing EHD1. These data identify a network of pro-
teins implicated in PrP€ trafficking and demonstrate the power of
this assay for identifying modulators of PrP€ trafficking.
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The infectious agent causing prion diseases (1) is a misfolded
and aggregated isoform (PrP5°) of the host-encoded cellular
prion protein (PrP<).” The primary translation product of PrP“
is cotranslationally translocated to the rough endoplasmic
reticulum (2), where it undergoes the addition of N-linked oli-
gosaccharide chains, the formation of an intramolecular disul-
fide bond, and the attachment of a glycosylphosphatidylinositol
(GPI) anchor (3). Distal sorting delivers PrP< to the plasma
membrane where it resides in lipid rafts (4). Mature PrP< is
then recycled between the plasma membrane and the endocytic
compartment (5).

Several processes have been reported to participate in the
endocytosis of PrP< (6—8). PrP“ located in lipid rafts may be
internalized by caveolin/dynamin-dependent endocytosis.
PrP€ is transported via caveosomes to early endosomes or to
lysosomes for degradation. Alternatively, internalization of
PrP“ may be mediated by a clathrin-dependent process (9—11)
whereby PrP¢ migrates to clathrin-coated pits and is then
transported to early endosomes. Dynamin-independent endo-
cytosis pathways may also be involved. This process may be
crucial for the conversion of normal PrP€ into PrP%, as the
conformational change seems to take place at the cell surface
and/or in the endocytic pathway. Real-time measurements of
PrP€ internalization are, therefore, of high interest and might
eventually help identify therapeutic targets against prion
diseases.

Fluorescence resonance energy transfer (FRET)-based meth-
ods are widely used for the detection of proteins (12) and to
validate the proximity of proteins in cells and tissues (13). FRET
is a quantum-mechanical process that transmits energy from an
excited donor molecule to an acceptor molecule, resulting in
red-shifted fluorescence emission by the latter (14). Time-re-
solved FRET methods based on the use of europium and allo-
phycocyanin (APC) as donor and acceptor, respectively, allows
for homogeneous-phase assays in the absence of background
fluorescence (15). The long fluorescence lifetime of europium

° The abbreviations used are: PrP<, cellular prion protein; recPrP, recombinant
mouse PrP; GPI, glycosylphosphatidylinositol; APC, allophycocyanin; Eu,
europium; LDL, lower detection limit; TR-FRET, time-resolved FRET; HTRF,
homogeneous TR-FRET; PI-PLC, phosphatidylinositol-specific phospho-
lipase C; BFA, brefeldin A; CPZ, chlorpromazine; MBCD, methyl-B-cyclo-
dextrin; M6PR, mannose 6-phosphate receptor; VPS35, vacuolar protein
sorting 35 homolog; AP-2, adaptor protein 2.
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Figure 1. Schematic representation of the antibody-binding sites for PrP
detection in the homogeneous TR-FRET assay. The assay is based on the
in-solution binding of two fluorophore-labeled POM antibodies to identical
or unique epitopes on PrP. POM antibodies were either labeled with euro-
pium chelate (Eu) donor fluorophore or APC-labeled acceptor. The antibody
pairs POM2-Eu/POM2-APC (upper), POM2-Eu/3F4-APC (middle), and POM2-
Eu/POM1-APC (lower) were used in the assays. POM1 binds to a-helix 1in the
C-terminal globular domain, POM2 binds to the octapeptide repeats (resi-
dues 51-91, mouse sequence) in the unfolded N-terminal part of PrP, and 3F4
binds to the charged cluster (CC). The close proximity of the donor and accep-
tor antibodies upon binding to PrP leads to a fluorescent TR-FRET signal at
665 nm after excitation at 320 nm, which is proportional to the PrP concen-
tration. HC, hydrophobic core region.

leads to a high signal-to-noise ratio and is thus suited to high-
throughput applications.

In the present study we applied the FRET technology to the
development of a robust and sensitive quantification assay for
PrP€ internalization. The assay was designed to detect either
cell-surface expression of human PrP€ or the internalization
rate of PrP€ in living cells. For the detection of PrP< on the cell
surface, anti-PrP antibodies were added simultaneously,
whereas the addition of the two FRET components at different
time points enabled the measurement of the endocytosis rate of
surface-resident PrP< by signal subtraction. Furthermore, we
show that this assay can be used to identify drugs and genes that
modulate PrP< surface expression and PrP endocytosis.

Results
A homogeneous-phase TR-FRET immunoassay for PrP

We first developed a homogeneous TR-FRET immunoassay
for the detection of recombinant mouse PrP (residues 23-231;
recPrP) and PrP€ in cell lysates. The principle of the assay is
shown in Fig. 1. We tested several candidate antibodies from an
in-house PrP-targeted antibody collection designated as POM
antibodies (16) and the previously characterized 3F4 antibody
(17) for their efficiency in this type of assay. Some of these
antibodies target linear epitopes in the N-terminal, unstruc-
tured “flexible tail” of PrP, whereas others recognize discontin-
uous, conformational epitopes within the C-terminal globular
domain of PrP (18 -20).

Antibodies were coupled to the europium chelate (Eu) donor
or the APC acceptor fluorophores. Various permutations of
antibodies in both donor and acceptor functions were tested for
their capability to detect recombinant and normal PrP€ in solu-
tion. We predicted, and confirmed experimentally, that repet-
itive binding of the POM2 antibody to the multiple octapeptide
repeats of PrP would allow for simultaneously utilization as
both the donor and acceptor antibody (Fig. 1).
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Among the different antibody FRET pairs, the antibody
combination POM1-Eu/POM2-APC exhibited a satisfactory
dynamic range over 3 logs (125 pg/ml-100 ng/ml) for the detec-
tion of recPrP diluted in crude Hpl Prnp '~ cell lysate, an
immortalized hippocampal cell derived from Prup~ /'~ mice
(21) (Fig. 2A), with signal linearity between 0.125 and 8 ng/ml
(Fig. 2B). A lower detection limit (LDL) of =0.125 ng/ml was
determined for the detection of recPrP.

We next assessed the specificity of the assay for PrP. We
prepared serial dilutions of murine N2a PK1 cell lysates in Hpl
Prap~'~ cell lysates followed by FRET measurement using
POMI1-Eu/POM2-APC for the detection of PrP“. PrP was
detected in lysates across a wide dynamic range (16-500
pg/ml) (Fig. 2C) with excellent linearity (Fig. 2D). An LDL of =
20 ug/ml of crude cell extract was determined for the detection
of PrP€ in cells.

The performance of the TR-FRET-based immunoassay was
further characterized by various validation parameters and
their defined acceptance criteria: the coefficient of variance
(%CV), the signal-to-noise ratio, and the Z' factor (22), a widely
used indicator for high-throughput suitability. A Z' factor >0.5
is generally considered sufficient for cell-based high-through-
put campaigns. These data are listed in Table 1. Hence, the
above data demonstrate a robust and accurate performance
of the assay with high specificity, which makes it suitable for
the detection of both recPrP and PrP€ in high-throughput
assays.

Design and development of cell surface PrP“ FRET
immunoassays

PrP€ is present at the surface of neurons and on various non-
neuronal tissues and leukocytes (23). To adapt our assay to
human cells, we first assessed PrP® expression in several cell
lines using a PrP“-specific ELISA (supplemental Fig. S1). The
human lung epithelial cell line A549 and HeLa cells were iden-
tified as human cell lines with the highest total PrP€ expression.
To identify the most efficacious antibody pair enabling detec-
tion of PrP< by FRET, several POM antibodies were again
screened in various combinations of FRET donors and accep-
tors for A549 cells (supplemental Fig. S2). The FRET pair
POM2-Eu/POM2-APC, which binds to the octapeptide repeats
(Fig. 1), yielded the highest FRET signals within the POM anti-
body library. As this antibody pair also yielded a good signal for
HeLa cells (supplemental Fig. S2B), we selected it for further
use in the assay.

We then determined the optimal cell number to be used in
the assay by plating different numbers of HeLa and A549 cells,
respectively, into 384-well plates. On the following day cells
were washed with ice-cold Tris-Krebs buffer and labeled with
POM2-Eu/POM2-APC for 30 min at 4 °C. A cell number-de-
pendent FRET signal was detected in a large dynamic range for
both human cell lines without (homogeneous time-resolved
FRET (HTRF) mode), which is more suited for automated high-
throughput screening applications and after washing out
unbound antibodies (TR-FRET mode) (Fig. 34), whereas no
signal was obtained for PrP-deficient cells (Hpl Prup~'~) used
as negative control. These results confirmed the specificity of
the assay.
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Figure 2. TR-FRET immunoassays for the detection of recombinant PrP and PrPCin crude cell lysates. A, dilution range of recPrP using the antibody
tandem pair POM1-Eu/POM2-APC. Recombinant PrP (128-0.125 ng/ml) was serially diluted in 1 mg/ml Hpl Prnp~/~ cell lysate in polystyrene 384-well
microtiter plates and detected by TR-FRET. The sensitivity (LDL) of the assay is =<0.125 ng/ml. B, dynamic range of recPrP detection. The assay shows high
linearity (R* = 0.93) at concentrations of 0.5-8 ng/ml for the detection of recPrP. C, dilution range of PrP“ in murine N2aPK1 cell lysates using the
antibody pair POM1-Eu/POM2-APC. Cells were lysed in RIPA buffer and serially diluted (1024 -1 wg/ml) in 1 mg/ml Hpl Prnp =/~ cell lysate detected by
TR-FRET. The sensitivity (LDL) of the assay is =20 pg/ml crude cell extract. D, dynamic range of PrP¢ detection. The assay shows a high linearity (R? =
0.92) in a concentration range between 500 and 30 ug/ml for the detection of PrP<. Each dilution was performed in 10 replicate measurements
(duplicates). Error bars in the linear regression blots represent the standard deviation (£S.D.) of six replicate measurements. Student’s t test: *, p < 0.05;

** ) < 0.01; *** p < 0.0001.

For A549 cells, a linear dynamic range was found between
500 and 4000 cells/well (R* = 0.69) (Fig. 3, B and C) in HTRF
mode. The linear correlation was improved (R* = 0.94) in TR-
FRET mode (Fig. 3, D and E). Similar results were obtained
when titrating numbers of HeLa cells using the same antibody
pair (Fig. 3, F and H). Again, essentially linear dynamic ranges
were found from 500 to 8000 cells/well in the HTRF mode (R?
= 0.90) and in the TR-FRET mode (R* = 0.98) (Fig. 3, G and I).
For both cell lines and in both measurement modes, 500 cells
were sufficient to generate a statistically reliable FRET signal.
Conventional assay performance acceptance criteria (Z' factors
of >0.5, coefficient of variance values of <10%, signal-to-noise
ratio values of >8) were achieved for HeLa cells in the range of
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8,000 to 32,000 cells in TR-FRET and HTRF mode and for A549
in the range 0f 2,000 to 32,000 cells in TR-FRET and 32K cells in
HTRF mode (Table 2). These data validated the assay as a
robust and accurate assay for the detection of cell surface PrP“
on intact cells under these conditions.

Manipulation of human PrP€ cell-surface expression on living
cells using HTRF and TR-FRET

We then assessed the applicability of the assay to the detec-
tion of cell-surface PrP€. 500 intact, viable cells were preincu-
bated with varying concentrations of unlabeled POM2 anti-
body. After removing unbound POM2 by washing, cells were
incubated with labeled POM2-Eu/POM2-APC. Results in the

SASBMB
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Table 1

Performance of the homogeneous FRET assay for recPrP (upper table) and PrP“ from murine N2aPK1 cell lysates (lower table). The assay was evaluated according
to three parameters: coefficient of variation (%CV), signal-to-noise ratio (S/N) and the Z’ factor. Acceptable values were: %CV values < 10% S/N > 8 and Z' > 0.5.

Hpl PrnP”/~ 025 0.5 1 2 4 8 16 32 64 128
ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml
%CV 13.24 1220 8.14 3331 1141 470 955 686 214 528 8.16
S/N 259 466 196 6.31 16.20 9.11 1294 3759 17.06 11.25
VA <05 <05 <05 <05 075 062 073 08 079 0.70
Hpl PrnP”/- 2 4 8 16 32 64 128 256 512 1024
pg/ml  ug/ml pg/ml  pg/ml  pg/ml pg/ml pg/ml pg/ml  pg/ml  pg/ml
%CV  37.69 35.63 40.17 37.65 30.59 17.77 1405 1094 962 787 6.71
S/N -0.09 -0.15 -0.01 090 140 250 343 549 791 10.76
VA <05 <05 <05 <05 <05 <05 <05 <05 <05 0.6l

HTRF (Fig. 4A) and TR-FRET mode (Fig. 4B) showed an
increase in the FRET signal intensity with decreasing concen-
trations of unlabeled POM2 antibody, as expected from binding
site saturation by competing antibodies.

To control the level of PrP€ cell-surface expression on intact
cells, the GPI anchor of PrP© was enzymatically cleaved with
phosphatidylinositol-specific phospholipase C (PI-PLC). A549
cells were initially labeled with POM2-Eu/POM2-APC and
exposed to different concentrations of PI-PLC. FRET signals of
cell-surface retained and released PrP“s were measured after
transferring the supernatant into a new plate (Fig. 4, C and D).
With increasing PI-PLC concentrations, we found decreasing
levels of surface PrP€ and elevated levels of PrP< in the super-
natant. To monitor cytotoxicity of PI-PLC exposure on A549
cells, we established an alamarBlue® cell viability assay (supple-
mental Fig. S3). No effect of PI-PLC treatment on A549 cell
viability was detectable (supplemental Fig. S3).

We next tested the performance of the assay in detecting
the pharmacological manipulation of PrP< surface expres-
sion in living HeLa and A549 cells. Cells were treated with
0-10 ug/ml brefeldin A (BFA) diluted in 0.75% DMSO (24).
BFA inhibits the transport of proteins from the endoplasmic
reticulum to the Golgi apparatus and thus reduces their dis-
play at the cell surface. We found that a BFA concentration
of 1 ug/ml in 0.75% DMSO decreased the PrP€ expression
level at the cell surface of ~66% in the HTRF (Fig. 4E) and
~75% in the TR-FRET mode (Fig. 4F) without affecting the
cell viability.

Next, we investigated the applicability of our assay to the
genetic manipulation of the cell-surface PrP< expression of
intact A549 cells. We first used a small interfering RNA
(siRNA) targeting the human PRNP gene. The PRNP siRNA
was also fully functional as shown by qPCR (supplemental Fig.
S5) and had no toxic effects on the cells as monitored by the
alamarBlue assay (supplemental Fig. S4). We found that the
siRNA efficiently down-regulated the expression of PrP“ on

SASBMB

the surface of living A549 cells in a concentration-dependent
manner (p < 0.0001), whereas scrambled siRNAs used as neg-
ative controls had no significant effect on PrP“ expression (Fig.
4@G). Complete suppression was reached at a concentration of
50-100 nm siRNA, as shown by a comparison of the Net-FRET
signal to those of Hpl Prnp "~ -deficient cells. These data demon-
strate that the assay can be applied to high-throughput pharmaco-
logical and genetic PrP© cell-surface manipulation screens.

PrP€ endocytosis measured by FRET

In a next step we modified the assay format toward a PrP“
endocytosis assay to assess its suitability for the identification of
modifiers controlling the cell-surface expression and endocy-
tosis of PrP“. The principle of the modified assay is shown in
Fig. 5A. In a first set of experiments, various antibody combi-
nations and cell culture conditions were tested. Satisfactory
results were obtained with A549 cells cultured in DMEM
medium (without phenol red, antibiotics and FBS) during
endocytosis using the antibody combination POM2-Eu/
POM2-APC. After labeling A549 cells with POM2-Eu, free
antibodies were removed by washing and endocytosis was
induced at 37 °C after 5 min of preincubation. At specified time
points (¢ = 0-70 min) POM2-APC was added to different wells
(15 time points in 6 wells). After the last addition of POM2-
APC at 70 min, FRET signals were measured for all wells (Fig.
5B). A gradual decrease of Eu-POM2-labeled cell-surface PrP“
was observed over time; the decrease was almost linear bet-
ween 0 and 30 min (R* = 0.79; Fig. 5C). Similar data were also
obtained for HeLa cells (supplemental Fig. S6A). We found that
PrP€ undergoes endocytosis also when antibodies are added in
areversed order (supplemental Fig. S6B). The endocytosis rate
of PrP€ was calculated for A549 cells according to the endocy-
tosis index formula (see “Experimental procedures”). After 30
min of incubation, 80% of cell-surface-resident PrP“ was endo-
cytosed (Fig. 5D), which is in agreement with previously
reported PrP€ internalization rates (5).

J. Biol. Chem. (2017) 292(20) 8356-8368 8359
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Table 2

Assay performance of the cell-surface FRET assay in the HTRF mode (without washing steps) and TR-FRET mode (after washing) in A, (upper tables) and HeLa cells
(lower tables) was assessed by three parameters: coefficient of variation (%CV), signal-to-noise ratio (S/N) and the Z’ factor. Acceptable values were: %CV values < 10%,

S/N > 8 and Z' > 0.5. K: cell number in thousands.

HTRF 32K 16K 8K 4K 2K 1K 0.5K 025K 0.13K 0.06K 0K
%CV 3407 3.120 5.056 3.152 3.244 2.071 6.239 4921 4.638 8.126  3.863
S/N 8.34 7.25 4.54 5.66 4.35 3.86 1.46 0.19 0.87 -0.18  0.00
7 0.53 <05 <05 <05 <05 <05 <05 <05 <05 <0.5 <0.5
TR 32K 16K 8K 4K 2K 1K 0.5K 0.25K 0.13K 0.06K 0K
%CV 13.02 7216 6.609 7330 7.043 1654 11.19 23.16 4796 64.86 82.06
S/N 7.59 13.66 14.89 1342 13.77 5.83 7.73 3.50 1.63 1.01 0.00
VA 0.58 0.76 0.78 0.75 0.75 <05 <05 <05 <0.5 <0.5 <0.5
HTRF 32K 16K 8K 4K 2K 1K 0.5K 025K 0.13K 0.06K 0K
%CV 2421 1.114 3400 7.895 2051 5.153 5177 2767 1197 3.086 3.863
S/N 22.0 30.3 12.9 4.63 9.29 3.69 1.15 0.95 -0.72  -2.16  0.00
VA 0.81 0.86 0.69 <0.5 054 <05 <05 <05 <0.5 <0.5 <0.5
TR 32K 16K 8K 4K 2K 1K 0.5K 025K 0.13K 0.06K 0K
%CV  8.190 5421 5856 11.18 7.243 8366 23.43 6348 064.15 6231 82.11
S/N 11.9 16.9 14.2 7.71 6.67 3.69 1.54 0.58 -0.06  0.14 0.00
VA 0.70 0.77 0.71 <05 <05 <05 <05 <05 <0.5 <0.5 <0.5

Pharmacological blocking of PrP¢ endocytosis pathways

We then used the endocytosis assay to gauge the effects of
compounds inhibiting clathrin-mediated endocytosis (chlor-
promazine/CPZ) and clathrin-independent uptake (methyl-3-
cyclodextrin/MBCD) on internalization of PrP< in A549 cells
(25). CPZ causes clathrin lattices to assemble on endosomal
membranes and prevents the assembly of coated pits at the
plasma membrane (26), whereas MBCD selectively extracts
cholesterol from the plasma membrane (27). Cells were pre-
treated for 30 min with CPZ or MBCD in a dose-dependent
manner and subsequently labeled with POM2-Eu (Fig. 6). After
30 min of incubation at 37 °C, POM2-APC was added, and inhi-
bition of PrP“ uptake was assayed by TR-FRET. Fig. 6A repre-
sents the internalization of PrP< in A549 cells in the presence of
CPZ. CPZ decreased the entry of PrP€ in A549 cells in a dose-
dependent manner. A concentration of 0.28 um CPZ was suffi-
cient to block clathrin-mediated endocytosis of PrP€ without

affecting the cell viability of A549 cells as determined in an
alamarBlue assay (Fig. 6B). On the other hand, a concentration
of 5 mm MBCD inhibited the uptake of PrP< without any toxic
effect on cell viability as monitored by an alamarBlue assay (Fig.
6, C and D). The combination of CPZ and any inhibitor block-
ing clathrin-mediated internalization did not cause any further
decrease in the uptake of PrP“. These data support recent findings
on MBCD in initiating PrP“ endocytosis (28) and the importance
of cholesterol for the endocytosis of PrP< (29) as well as the inhib-
itory effect of CPZ on the internalization of PrP“ (30).

Identification of genes that differently impact cell-surface
expression and endocytosis of PrP©

Next, the potential of the endocytosis assay toward genetic
manipulations was tested by using seven hand-picked siRNAs
targeting major proteins of the membrane-trafficking machin-
ery and their downstream organelles (Fig. 7 and Table 3). We

Figure 3. FRET immunoassay for the detection of PrP€ on the cell surface of intact human cells. A, schematic representation of the cell-surface PrP< FRET
detection assay. The FRET signal was assessed either in the HTRF mode or after a washing step (TR-FRET mode) to remove unbound chromophore-labeled
antibodies. B and F, cell number dilution range in HTRF mode. A549 and Hela cells were serially diluted (sextuplicates) in DMEM medium starting from 32,000
to 30 cells/well in polystyrene 384-well microtiter plates. Hpl Prnp ™/~ cells were used as negative controls. C and G, linear range of PrP€ cell-surface detection
of A549 and HelLa cells in the HTRF mode, respectively. D and H, cell number dilution range of A549 and HeLa cells in TR-FRET mode. E and /, linear range of PrP©
cell-surface detection of A549 and Hela cells in the TR-FRET mode, respectively. Error bars represent the standard deviation (=S.D.) of 6 replicate measure-
ments. Student’s t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001.
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Figure 4. Suitability test of the FRET immunoassay for the manipulation of PrP€ cell-surface expression. A, saturation binding curves of PrP<, A constant
number of HeLa cells was incubated with unlabeled POM2 antibody at different concentrations followed by FRET signal detection with POM2-Eu/POM2-APC
in HTRF mode. B, saturation binding curves of PrP< after removing unbound POM-2 antibodies (TR-FRET mode). C and D, release of cell-surface PrP< by PI-PLC
treatment. A constant number of A549 cells was labeled with POM2-Eu/POM2-APC followed by PI-PLC digestion at various concentrations. PrP€ cell-surface
FRET signal was measured after PI-PLC treatment at the cell surface (C) as well as in the cell culture medium (D). E, inhibition of PrP< cell-surface expression by
BFA treatment. A constant number of Hel a cells was exposed to different BFA concentrations. PrP< cell-surface expression was measured by POM2-Eu/POM2-
APC in the HTRF. F, same as E, but in the TR-FRET mode. G, siRNA mediated PRNP knockdown. A549 cells were treated with different concentrations of PRNP
siRNA and control siRNAs for 3 days. PrP© cell-surface expression was detected with the POM2-Eu/3F4-APC FRET antibody pair. Scrambled and GAPDH siRNAs
as well as Hpl Prnp~/~ cells were used as negative and positive controls, respectively. Error bars represent the standard deviation (+S.D.) of six replicate

measurements. Student’s t test: ***, p < 0.001; ****, p < 0.0001.

expected that some of these siRNAs would modify the endocy-
tosis rate and cell-surface expression of PrP<, resulting in a
reduced FRET signal. The efficacy of PRNP knock-down was
again controlled using a siRNA targeting the PRNP gene,
whereas untreated cells acted as a negative control. The func-
tionality of the siRNAs was verified by quantitative PCR (sup-
plemental Fig. S5), and potential toxic effects of the siRNAs to
the cells were controlled by performing cell viability assays
(supplemental Fig. S4).
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We found that knockdown of the small GTPase protein
RAB5a, which controls clathrin-dependent endocytosis (31—
33) and early endosome dynamics (34), significantly reduced
the cell-surface expression (t0) and strongly blocked the endo-
cytosis (t0-t30) of PrP€ (Fig. 7 and Table 4). Also. AP2M1 (AP-2
adaptor protein), a gene involved in clathrin-dependent endo-
cytosis pathways (35), blocked the uptake of PrP<. Other genes,
such as M6PR (mannose-6-phosphate receptor) (36) and
VPS35 (vacuolar protein sorting 35 homolog) (37), which are

SASBMB
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Figure 5. Principle of the endocytosis FRET immunoassay and detection of PrP< uptake by human cells. A, schematic representation of the endocytosis
FRET assay. PrP< on the cell surface is first labeled with the donor FRET Eu-labeled antibodly (t = 0; 4 °C). After removing excess antibody, cells are exposed to
37 °Ctoinitiate the uptake of Eu-labeled cell-surface PrP“ (t = 1). During the course of internalization, Eu-labeled cell-surface PrP< is endocytosed from the cell
surface into the cell, and residual Eu-labeled cell-surface PrPC is measured by adding the acceptor FRET antibody at various time intervals (t = 1-4). The
endocytosis rate of PrP< is calculated according to the endocytosis index formula (see “Experimental procedures”). B, time course of PrP¢ endocytosis. A549
cells were first labeled with POM2-Eu at 4 °C followed by the exposure to 37 °C to initiate the internalization of PrP<. At different time points (t = 0-70 min)
POM2-APC was added, and the Net-FRET of the remaining cell-surface POM2-Eu-labeled PrP was measured. C, linear range of PrP< internalization. Error bars
represent the standard deviation (S.D.) of six replicate measurements. D, determination of the internalization rate. The PrP“ endocytosis index was calculated
according to the formula in “Experimental procedures” and reached a half-life time of ~25 min. E, time course of cell-surface PrP< A549 cells were labeled with

POM2-Eu/POM2-APC at 4 °C followed by exposure to 37 °C. The Net-FRET of cell-surface PrP© was measured at different time points.

involved in retrograde transport of proteins from endosomes to
the trans-Golgi network, also suppressed the internalization of
PrP<, and VPS35 also reduced PrP< cell-surface expression.
Moreover, the VPS35 protein was recently shown to reduce the
expression of a-synuclein in a prion-like seeding model in
transgenic mice, thus protecting them from neurodegeneration
(38). We also tested EHD1, a gene that encodes the EH domain-
containing protein 1 that is involved in endocytosis (39). Sup-
pression of EHD1 slightly increased the cell-surface expression
(t0) level of PrP< (Fig. 7 and Table 4) without affecting endocy-
tosis. For VPS28, a gene that encodes the vacuolar protein sort-
ing-associated protein 28 homologue involved in endosomal
sorting of cell-surface receptors (40), an increased endocytosis
rate and reduced PrP€ cell-surface expression was found.
Silencing of GIT2, a gene that encodes the ARF GTPase-acti-
vating protein GIT2 (41), increased the uptake of PrP< without
affecting PrP cell-surface level (Fig. 7). Hence, we were able to
identify a number of genes involved in clathrin-dependent
internalization of PrP“ and its trafficking to early endosomes.
This demonstrates the potential of the assay for comprehensive
high-throughput screens of compounds and genes that target
the internalization and endocytosis pathway of PrP<.

SASBMB

Discussion

The exposure of PrP€ at the surface of target cells is a pre-
condition to prion replication and to prion neurotoxicity (42,
43). Several studies have shown that masking PrP€ with anti-
bodies (44) or suppressing its expression with siRNA (45) can
reduce prion replication and prolong the life of prion-infected
mice. Therefore, an in-depth understanding of the factors con-
trolling PrP“ expression at the cell surface may pave the way to
treating human prion diseases.

High-throughput screening platforms to identify modulators
of the transcription, translation, and protein cycling turnovers
that regulate cellular PrP may point to druggable targets, which
could be used to selectively reduce human PrP€ in the treat-
ment of CJD patients (46). Being a single-pot method, FRET is
suitable to high-throughput assay formats. However, FRET
does not allow for the extensive signal amplification afforded by
enzyme-linked immunoassays. We, therefore, wondered
whether FRET-based PrP€ detection in high-density microtiter
plates would provide the analytical power necessary for this
type of assay. Indeed, the assays described here provide high
scalability, high specificity, a wide dynamic range, and sensitive
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Figure 6. Effect of pharmaceutical compounds on PrP€ endocytosis. A, a constant number of A549 cells was prelabeled with POM2-Eu and treated with
various concentrations of chlorpromazine. After 30 min of incubation, PrP¢ endocytosis was assessed by the addition of POM2-APC. B, cell viability was
measured by the alamarBlue assay. C, same as A, but for MBCD. D, same as B, but for MBCD. Error bars represent the standard deviation (+S.D.) of six replicate
measurements. Student’s t test. *, p < 0.05; **, p < 0.01.
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Figure 7. Manipulation of PrP€ endocytosis rate and cell-surface expression by siRNA treatments. A549 cells were treated for 3 days with 50 nm siRNA.
PrP< internalization (t,~t;,) and cell-surface expression (t,) was measured by FRET using the antibody pair POM2-Eu/POM2-APC, and the endocytosis index
(Table 4) was calculated according to the Equation 4 under “Experimental procedures”. Untreated and PRNP siRNA-treated cells were used as controls. Error
bars represent the standard deviation (+S.D.) of six replicate measurements. Student’s t test.

Table 3
Overview of the tested siRNAs on PrPC endocytosis rate and cell-surface level
For the study of PrP“ endocytosis and cell-surface expression, seven siRNAs acting in protein recycling pathways and their downstream organelles were selected.

Abbreviation Description

AP2M1 Encodes the adaptor protein 2 (AP-2), which is involved in clathrin-dependent endocytosis

EHDI1 Encodes the EH domain-containing protein 1, plays a role in endocytosis

GIT2 Encodes the ARF GTPase-activating protein GIT2

MG6PR Encodes the mannose 6-phosphate receptor, interacts with AP1 clathrin adaptor complex

RABSA G-protein, required for the fusion of plasma membrane an early endosomes

VPS28 Encodes the vacuolar protein sorting-associated protein 28 homolog, involved in endosomal sorting of cell-surface receptors
VPS35

Encodes the vacuolar protein sorting-associated protein 35 homolog, involved in retrograde transport of proteins from endosomes
to the trans-Golgi network

detection that compare well with enzyme-linked immunosor-
bent assays (47). Moreover, the assays exhibit broad dynamic
ranges and were found to be highly target-specific by spiking,
competition, and blocking experiments and required only nano-
molar quantities of antibodies. The large detection window and
the Z' factor finally allowed us to identify compounds and genes

that differently impact the cell-surface expression and endocytosis
rate of normal PrP<, thus demonstrating the practicality of the
FRET assays for high-throughput screening applications in a 384-
well format (46, 48).

We then studied the applicability of the FRET-based immu-
noassays for the simultaneously identification of compounds
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Table 4

PrP© membrane expression and internalization rates

Effect of siRNA treatment on PrP< endocytosis rate and cell-surface expression

PrP€ cell-surface expression, influence of siRNA treatment on PrP€ cell-surface expression. Cells were incubated for 3 days with siRNAs. PrP cell-surface level was detected
with the POM2-Eu/POM2-APC antibody pair. PrP cell-surface expression of siRNA-treated cells is expressed as -fold untreated cells. PrP endocytosis, influence of siRNA
treatment on the endocytosis rate of PrP<. Cells were incubated for 3 days with siRNAs and labeled with POM2-Eu at 4 °C. To induce endocytosis, cells were exposed to
37 °C. At time point ¢, = 0 min and ¢, = 30 min POM2-APC was added. The endocytosis rate was calculated as described under “Experimental procedures.”

PrP€ cell-surface expression

PrP€ endocytosis

siRNA Mean = S.D. (¢,) Normalized to untreated (z,) Mean * S.D. (t,—t,,) Endocytosis rate
Untreated 448.43 = 103.37 1+023 213.62 * 110.26 0.48 + 0.36
PrP 229.24 +108.70 0.51 = 0.24 52.65 = 118.97 0.23 = 0.63
AP2M1 443.52 = 19.41 0.99 £ 0.04 40.64 * 30.35 0.09 = 0.07
EHD1 493.18 = 28.72 1.10 = 0.06 254.44 * 80.13 0.52 + 0.19
GIT2 459.97 = 50.50 1.03 = 0.11 228.70 = 90.94 0.50 = 0.25
M6PR 435.74 = 82.25 0.97 £0.18 79.65 = 102.08 0.18 = 0.27
RAB5A 202.00 * 89.66 0.45 = 0.20 —51.60 = 115.41 —0.26 = 0.46
VPS28 349.60 * 125.23 0.78 = 0.28 199.25 *+ 136.61 0.57 = 0.59
VPS35 344.96 * 122.54 0.77 £0.27 65.19 = 137.30 0.19 =047

and genes that differently affect the level and internalization
rate of cell-surface PrP“. We first studied the internalization of
endogenously expressed human PrP< on cells. A cell-surface
half-life time of ~25 min of PrP< was determined, which is in
agreement with previous results (5). No PrP< was detectable in
the culture medium during the endocytosis experiment, con-
firming that PrP© is mainly endocytosed rather than released
from the cell surface. We also observed no loss of FRET signal
intensity over the whole time period (75 min under cell culture
conditions) in the cell-surface PrP< FRET assay, demonstrating
that the PrP-mAbs-Eu complex is stable in our experimental
settings. We further concluded from the good agreement of our
internalization rate with previously published results (5) that
the stability of the PrP-mAbs-Eu complex is also not signifi-
cantly affected in endosomal compartments and that the bind-
ing of POM2, even if it might modulate interactions of PrP“
with other membrane proteins, had no significant effect on PrP
endocytosis. In control experiments, MBCD and CPZ inhibited
endocytosis of PrP“ without affecting cell viability at the chosen
concentrations as already reported earlier (31, 49).

We tested the suitability of the FRET-based endocytosis
assay for the identification of cell-surface and endocytosis mod-
ulators of PrP<. The siRNAs repressing RAB5A and AP2M1
(encoding the pu subunit of the AP-2 complex) showed the
strongest inhibition of PrP€ internalization. These data suggest
clathrin-mediated endocytosis of PrP<, as hypothesized by ear-
lier studies showing that AP-2 co-localizes with PrP< (10).

RAB5a suppression brought about a strong reduction in
PrP€ cell-surface expression and completely blocked the endo-
cytosis of PrP€ after 30 min. Similar results were reported by
Magalhaes et al. (46), who showed that green fluorescent pro-
tein (GFP)-tagged PrP<, but not GFP-GP], is endocytosed via
Rab5-containing early endosomes (50). Knockdown of VPS35
and M6PR also suppressed endocytosis of PrP<, albeit less
prominently. This suggests additional physical or epistatic
interactions of these genes with PrP<. Finally, knockdown of
VPS28 resulted in an increased uptake of PrP€ by reducing
PrP€ cell-surface expression.

In summary, we provide proof-of-concept for FRET-based
assays that are suited as high-throughput screening platforms
to identify small molecules or compounds that genetically or
pharmacologically block or induce PrP¢ endocytosis. The
assays can be used to measure the internalization rate, to char-

SASBMB

acterize the different endocytosis pathways, and to perform
large-scale RNAi screenings to identify genes regulating PrP“
expression, biosynthesis, and endocytosis. The knowledge
gained from these experiments is likely to lead to the discov-
ery of novel compounds for the treatment of prion diseases
and perhaps even for other protein misfolding and aggrega-
tion diseases, which share pathways with those active in
prion diseases.

Experimental procedures
Cell culture

N2a PK1 (a subclone of neuroblastoma N2a cells) and Hpl
Prup~'~ cells (21) were cultured in 75-cm? tissue culture flasks
in Opti-MEM medium supplemented with 10% (v/v) fetal
bovine serum (FBS) and 1% penicillin/streptomycin. Human
HeLa and A549 cells were cultured in DMEM medium sup-
plemented with 10% (v/v) fetal bovine serum and 1% penicil-
lin/streptomycin. In FRET experiments, all cell lines were
cultured in medium without FBS, antibiotics, and phenol
red. To determine cell numbers and cell viability, resus-
pended cells were stained with trypan blue and counted in a
Neubauer chamber.

FRET antibody labeling

Monoclonal POM antibodies were labeled in-house for
FRET applications. The donor fluorophore was europium che-
late (Eu-W1024 ITC chelate, AD0096, PerkinElmer Life Sci-
ences). Coupling to proteins occurs at alkaline pH via reaction
of lysine residues and free N termini with the aromatic isothio-
cyanate group of the europium chelate. To remove possible
contaminants interfering with labeling, antibodies were dia-
lyzed overnight in 1 ml of 100 mm sodium carbonate buffer
(Na,CO,, pH 9-9.3). Dialysis cassettes (Slide-A-Lyzer®,
Thermo scientific) with a 7-kDa cut-off were used. Dialysis was
done under stirring in a volume of 2 liters of 100 mm Na,COs,,
pH 9-9.3, at 4 °C overnight. Dialysis buffer was changed after
4-6h.

Antibodies were concentrated by Centricon concentrators
(Millipore). Protein concentration was adjusted by the Brad-
ford or BCA assay to a concentration of ~5 mg/ml. A molar
excess of 24X of europium chelate over IgG was added into the
protein solution on ice and incubated in 100 mm Na,CO; over-
night at 4 °C. Separation of the labeled protein from non-re-
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acted chelate was performed by size exclusion chromatography
(Superdex 200 column, GE Healthcare). Elution from the col-
umn was done with 50 mm Tris-HCl, pH 7.8, + 0.9% sodium
chloride. Sample fractions of 500 ul were collected. Fractions
were pooled and concentrated with Micron centrifugal filters
(Amicon). Labeling ratio and concentration of labeled proteins
were assessed by a europium standard solution (PerkinElmer
Life Sciences) and NanoDrop measurement, respectively. APC
(AnaTag™ Labeling Kit 72111, Anaspec) was used as acceptor
fluorophore for conjugation to POM antibodies. Maleimide
groups of APC reacted with sulthydryl groups on the target
antibody to form a covalent bond. POM antibodies were con-
centrated to 2—10 mg/ml in a volume of 100 ul with Centricon
concentrators (Millipore). Antibodies were reduced with 20 ul
of dithiothreitol per ml of IgG solution for 30 min without agi-
tation at room temperature. Depending on reaction volume,
reduced antibodies were desalted either by spin or gravity col-
umns. Protein concentration was assessed by NanoDrop mea-
surement. For the conjugation reaction, 1.5 mg of activated
APC per mg of reduced IgG was added to the reduced antibod-
ies solution and incubated for 1 h at room temperature with
agitation. Free thiol groups were blocked by adding DMSO and
N-ethylmaleimide for 30 min at room temperature. To remove
free APC molecules from the antibody solution, reaction mix-
ture was purified via a protein G-Sepharose column (Sigma).
The column was washed with water and 10 volumes of 20 mm
phosphate buffer, pH 7, to equilibrate. Samples were added and
washed with 5 volumes of 20 mm phosphate buffer, pH 7. Flow-
through was collected. The column was eluted with 0.1 m gly-
cine pH 2.3 and diluted with 1 m Tris HCl, pH 8. APC-labeled
POM antibodies were characterized by NanoDrop (A4,g,
and Agzp)-

Time-resolved fluorescence measurements

The Wallac EnVision multilabel reader (PerkinElmer Life
Sciences) was used for all FRET experiments using protocols
installed by the manufacturer. A nitrogen laser device (337 nm)
excites Eu, which activates APC in a distance-dependent man-
ner. Fluorescence emissions were monitored both at 615 nm for
Euand at 665 nm for APC. An integration time of 100 or 400 us
was used after a time delay ranging from 50 to 100 us to remove
short-lived background signals.

Data analysis

The distance-dependent energy transfer between the chro-
mophore-conjugated antibodies determines the FRET signal
intensity in the presence of PrP and is henceforth reported as
“net FRET” signal. Net FRET signals are the number of APC
counts depending on FRET events and calculated by using the
equation,

NetFRETsignal = (counts — APCyp.nidapc
— P(counts — buffer)s, (Eq.1)

where “counts” are the raw FRET-dependent signals in APC
and Eu channel minus the background fluorescence. The pro-
portionality factor P defines spectral overlap compensations
and is measured by Equation 2.
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(EUpiank — buffer)pc

p= (EUpiank — buffer)g, Fa.2)

Euyp,nc and APC, . correspond to all reagents except Eu or
APC in the Eu or APC channel, respectively. In addition, cells
deficient of PrP were used as negative controls.

To show the reliability of FRET-based immunoassays for
high-throughput applications, the statistical parameter Z’ fac-
tor (22) was calculated by the formula,

3 X SD,s + 3 X SDipeq
Mpos — Mneg

Z'=1 (Eqg.3)
where S.D. is the standard deviation, and w is the mean of the
positive and negative controls. An assay is considered to be
excellent for high-throughput applications if the Z' factor is
equal or superior to 0.5.

PrP€ cell-surface FRET assay

Cells were plated 1 day before into 96-well or 384-well micro-
titer plates (PerkinElmer Life Sciences) in cell culture medium
without phenol red at the desired density. Cells were washed
once, and FRET antibody labeling was performed at 4 °C con-
taining 1 nM Eu-labeled and 5 nm APC-labeled antibodies in
Tris/Krebs buffer (20 mm Tris, pH 7.4, 118 mMm NaCl, 5.6 mm
glucose, 1.2 mm KH,PO,, 1.2 mMm MgSO,, 4.7 mm KCl, 1.8 mm
CaCl,, 1% BSA). FRET signals were measured with the Wallac
EnVision reader (homogeneous TR-FRET assay) with a time
delay of ~100 s between the excitation and fluorescence
measurements. Thereafter, plates were washed with Tris/Krebs
buffer, and the FRET signal was measured again (TR-FRET
assay).

Pharmacological treatment of cells was performed with
brefeldin A diluted in DMSO for 18 h of incubation at 37 °C.
DMSO concentration was kept constant at 0.75%. Cells were
washed once with ice-cold Tris/Krebs buffer and labeled with
FRET antibodies as mentioned above. Enzymatic treatment of
cells was done with PI-PLC. PI-PLC was dialyzed in PBS over-
night, and protein concentration was assessed by the Bradford
assay (Bio-Rad). Digestion was carried out either at 4 °C or at
37 °C for 1 h with shaking (450 rpm). The supernatant was
transferred into a new plate and medium, and cells were labeled
with FRET antibodies. The neuronal Hpl Prup~ '~ cell line
was used as the negative control for assay development and
optimization.

PrP€ endocytosis FRET assay

Cells were plated and cultured for 1 day in 96- or 384-well
microtiter plates (PerkinElmer Life Sciences) at the desired
density. Cells were washed once and labeled with 1 nm Eu-
labeled POM antibodies in Tris/Krebs buffer for 30 min at 4 °C.
After washing out unbound antibodies, cells were preincubated
for 5 min at 37 °C. At different time intervals, 5 nm APC-labeled
antibodies were added in cell culture medium without phenol
red. FRET signals were measured with a Wallac EnVision
reader in the homogeneous FRET assay mode or after a washing
step in the TR-FRET mode. The internalization rate of PrP€
was calculated with Equation 4,
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(FRETPrPS_ ) — (FRETPrPS_))
FRETcell-surfacePrPS_,

Uptake = (Eq.4)

To suppress PrP< endocytosis, A549 cells were treated with
ascending doses of CPZ or MBCD and subsequently labeled
with POM2-Eu. After 30 min of incubation at 37 °C, POM2-
APC was added, and inhibition of PrP< uptake was assayed by
TR-FRET.

siRNA treatment

To transfect siRNA into mammalian cells, Lipofectamine™
2000 (Invitrogen™) was utilized. One day before transfection,
2500 cells in 80 wl of DMEM cell culture medium without anti-
biotics were seeded into a 96-well plate per well. siRNA-
Lipofectamine™ 2000 complexes were prepared as follows. 5
wl of siRNA (1 um) was diluted in 5 pul of pre-warmed DMEM
cell culture medium without serum and antibiotics and
mixed gently. 0.1 ul of Lipofectamine™ 2000 was diluted in
9.9 wl of prewarmed DMEM cell culture medium without
serum and antibiotics. After an incubation of 5 min at room
temperature, the diluted Lipofectamine™ 2000 was com-
bined with the diluted siRNA. To allow formation of siRNA-
Lipofectamine™" 2000 complexes, the combined solutions were
mixed and incubated for 20 min at room temperature. 20 ul of
siRNA-Lipofectamine™ 2000 complexes were added to each
well of the 96-well plate, and cells were cultured at 37 °C in a
CO, incubator for 72 h.

Quantitative PCR

Cell cultures were prepared and incubated as stated above.
Cells were washed once with PBS, and total RNA was extracted
using the RNeasy® mini kit (Qiagen) according to the manufa-
cturer’s protocol. RNA concentration and purity was deter-
mined by NanoDrop measurements. cDNA was synthesized
from 0.5 ug of total RNA with QuantiTect reverse transcription
kit (Qiagen) using random hexamers according to the manufa-
cturer’s protocol. Before cDNA synthesis, genomic DNA was
eliminated. Successful cDNA synthesis and contamination of
total RNA with genomic DNA was tested by PCR with a primer
specific for GAPDH. Quantitative real-time PCR was per-
formed using the SYBR Green master mix (Applied Biosys-
tems) on an ABI Prism VIIA7 sequence detector (PerkinElmer
Life Sciences). -Fold regulation was calculated relative to un-
treated cells after normalization to the GAPDH signal. The
following primer pairs were used: VPS28 sense (NM_016208),
5'-TTG TTC CCA GGG GCT CCT AT-3’; antisense, 5'-ATC
TTC CCG ACC GCG AG-3'); RAB5A sense (NM_004162),
5'-TTA GAA AAG CAG CCC CAA TG-3'; antisense 5'-GTA
CTT CTG GGA GAG TCC GC-3'); AP2M1 sense (NM_
004068), 5'-AAT CAT GGC GGC AGA TCA GT-3’; antisense
5-ATC TTG GGA TCC GGA GAG TG-3'); GIT2 sense
(NM_014776), 5'-AGA CAA ATC CAG GCT GCT GT-3';
antisense, 5'-GCG CCT CGT GGA AAT ACA GT-3'); EHD1
sense (NM_006795),5'-AAGAGCAGGATGATGCGGT-3;
antisense, 5'-CCT GTC TGG AGA GAA GCA GC-3'); M6PR
sense (NM_002355), 5'-ATT CTC TCA CTG CCA CAG
CC-3’; antisense 5'-TGG CTA CTC CAG TTT CCC AC-3');
VPS35 sense (NM_018206), 5'-CAC TGA TAG TCT GGT
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GGG CA-3’; antisense, 5'-CAG CTT ACC AGC TGG CTT
TT-3'; PRNP sense (NM_000311), 5'-AGT GTT CCA TCC
TCC AGG C-3'; antisense 5'-GAG CTT CTC CTC TCC TCA
CG-3"); GAPH sense (NM_002046), 5'-CAT GAG AAG TAT
GAC AAC AGC CT; antisense 5'-AGT CCT TCC ACG ATA
CCA AA GT-3').

Cell viability assay

The alamarBlue® assay (Invitrogen) was utilized to assess cell
viability according to the manufacturer’s protocol. All experi-
ments were performed in cell culture medium without antibi-
otics and phenol red. Cells were incubated with the alamarBlue
dye at 37 °C, and the fluorescence intensity was measured with
a plate reader after 1-6 h.
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