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Abstract. The amyloid-f3 protein precursor (ABPP) is critical in the pathophysiology of Alzheimer’s disease (AD), since
two-step proteolytic processing of ABPP generates the neurotoxic amyloid-8 peptide (AB). We developed a dual fluorescence
labeling system to study the exact subcellular location of -y-secretase cleavage of ABPP. The C-terminal tail of ABPP was
fluorescently labeled using a SNAP-tag, while the A3 region of ABPP was fluorescently tagged with a dye at a genetically-
encoded noncanonical amino acid (ncAA). The ncAA was introduced at specific positions in ABPP using a genetic code
expansion strategy and afterwards, the reactive side-chain of the ncAA was coupled to the dye using a bioorthogonal labeling
chemistry. In proof-of-concept experiments, HEK293T cells were transfected with plasmids containing engineered ARPP
harboring an amber mutation and an amber codon suppression system with an evolved tRNA synthetase/tRNA pair and grown
in the presence of a lysine-derived ncAA. Processing of the ABPP variants was validated with ELISA and immunoblotting,
and seven ABPP mutants that showed similar cleavage pattern as wild-type ABPP were identified. The ABPP mutant was
fluorescently labeled with 6-methyl-tetrazine-BDP-FL. and TMR-Star at the ncAA and SNAP-tag, respectively. Using this
approach, ABPP was fluorescently labeled at two sites in living cells with minimal background to allow monitoring of A3
and C-terminal cleavage products simultaneously. The method described provides a powerful tool to label A with minimal
perturbations of its processing, thus enabling studies of the trafficking of the cleavage products of ABPP.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
form of dementia. The primary risk factor for AD
is age and the prevalence of AD is expected to
double every 20 years [1]. The amyloid-f3 peptides
(AB), which are 39- to 43-amino acid residue pep-
tides derived from the amyloid-f3 protein precursor
(ABPP) are involved in the molecular pathogenesis
of AD. Three membrane-bound enzymes are largely
responsible for ABPP processing: a-, B-, and y-
secretase. In cases where ABPP is first cleaved by
B-secretase and then by y-secretase, A is produced
[2]. The longer forms of AB—AR4, and AB43—are
toxic to neurons and trigger further manifestations
of AD such as tangle formation, neuroinflamma-
tion, and apoptosis [3]. Besides ABPP, y-secretase
cleaves more than 90 substrates, including Notch and
the receptor tyrosine-protein kinase ErbB. Therefore,
inhibition of +y-secretases also interferes with other
essential physiological processes and is associated
with adverse side effects [4, 5]. A better under-
standing of ABPP processing, including the spatial
and temporal parameters of ABPP proteolysis, is
crucial for developing novel therapies for targeting
y-secretase.

One approach to study ABPP processing in live
cell systems is to use protein labels or chemical
probes. Tracking the production of ABPP and sub-
sequent processing both with respect to the timing
and location of the cleavages would provide novel
information. However, commonly used direct or
indirect labeling techniques, such as fluorescent pro-
tein fusion or immunofluorescence staining, have
limitations. For example, due to their size, fluo-
rescent proteins cannot be introduced at or near
the AR sequence within ABPP without perturbing
its processing or subcellular localization. Therefore,
we aimed to develop a minimally disruptive dual-
labeling strategy to study relevant ABPP fragments
in live cells.

To introduce a fluorescent label into the AP
region of ABPP, genetic code expansion for site-
specific incorporation of a noncanonical amino acid
(ncAA) at defined positions can be used. The genetic
code encodes 20 canonical amino acids, in addi-
tion to selenocysteine, in mammals. The expansion
of this code enables site specific and genetically
directed incorporation of analogues of natural AAs,
which can be used to label proteins with minimal
changes of the size, structure or properties of the
proteins, and visualize proteins using microscopy

[6]. Expansion of the genetic code requires 1) a
tRNA-synthetase/tRNA pair, 2) a ncAA, and 3)
a blank codon. The ncAA is incorporated into
ABPP by the pyrrolysyl-synthetase (PyIRS)/tRNA
pair from Methanosarcina mazei at an amber codon.
PyIRSAF, an engineered variant of PyIRS, has a
broad specificity for bulky amino acids, which allows
it to incorporate trans-cyclooctene lysine (TCO*K)
[7, 8]. The aminoacyl-tRNA-synthetase/tRNA pairs
must be orthogonal in the organism in which they
are used, meaning that the synthetases aminoa-
cylate their matching tRNA, but not tRNAs of
the host organism. The orthogonal tRNA is then
only aminoacylated by the orthogonal synthetase,
but not by any endogenous synthetase [9]. More-
over, the ncAA should only be recognized by
the orthogonal tRNA-synthetase/tRNA pair and not
by any endogenous tRNA-synthetase/tRNA pair.
The incorporation process of the ncAA is a com-
petition with translation release factors, which
recognize the stop codons and trigger the termination
of the translation.

The incorporation of a ncAA into ABPP can be
used for labeling the AP sequence with various fluo-
rescent dyes. The click chemistry reaction between
1,2,4,5-tetrazines and strained alkene dienophiles
has several advantages, including a fast reaction
time, high selectivity and minimal perturbation of
the protein moiety [10]. The reaction rate between
TCO*K and tetrazine is indeed up to 105 M~
s7! [6]. Another orthogonal labeling strategy is the
SNAP-tag. It is an O6-alkyl guanine-DNA alkyl-
transferase (AGT) and can be used to label proteins
with small molecules such as fluorophores in liv-
ing cells [11]. Compared with fluorescent proteins
like GFP, the use of a SNAP-tag labeling accommo-
dates a range of organic dyes, which can be brighter
and more stable fluorophores [12]. In this study we
combined two fluorescence labels reacting with a
ncAA in the AP sequence and a SNAP-tag in the
C-terminus. Thus, we have designed a method that
enables real-time monitoring of y-secretase cleavage
of ABPP as well as trafficking of the substrate and
both products.

MATERIALS AND METHODS
Reagents and plasmids
The pSNAP-tag(m) plasmid, which was used

as backbone, is available at Addgene (#101135).
The transfection reagent TransIT-LT-1 was pur-
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chased from Mirus (Lot81023060) and the ncAA
TCO*K (axial trans-cyclooct-2-ene-L-lysine; CAS
1801936-26-4) was purchased from SiChem. We
used four fluorescent dyes for labeling. The SNAP-
Cell® 647-SiR (S9102S) and the SNAP-Cell®
TMR-Star (S9105S) were purchased from New
England BioLabs and the 6-methyl-tetrazine-BDP-
FL is produced by Jena Bioscience (RKO011-001).
The SiR-DNA kit (SC007) was purchased by
Spirochrome. For detecting AP, we used the
High sensitive IBL-ELISA: Amyloid-beta (1-42)
(LOT. 1D-818) and Amplex® UltraRed from
Molecular Probes, Thermo Fisher Scientific. The
4-20% polyacrylamide Bis-Tris gels were pur-
chased by BioRad. The cOmplete™, EDTA-free
Protease Inhibitor Cocktail was purchased from
Sigma (000000005056489001). The primary anti-
bodies we used are the Anti-SNAP-tag® antibody
(Polyclonal), (1:200) from New England Bio-
Labs (P9310S) and the Anti-B-Amyloid, 1-16,
Clone: 6E10 (1:1000) from BioLegend (803001).
The secondary antibodies are the IRDye 680RD
Donkey anti-Rabbit (926-68073) and IRDye 800
CW Donkey anti-mouse (92632212) from LI-COR
Biosciences.

Constructs, cloning, and mutagenesis

The Plasmid pSNAP-tag(m) was shortened by
Xbal and Notl. Afterwards the tRNA cassette
(previously described by Schmied et al. [13]) was
inserted by an In-fusion method. Briefly, the frag-
ment was amplified using the primer Forward (5'-
TTGATTATTGACTAGTAAGGCCTCCAAGGCC-
3’) and Reverse (5'- ACTATTAATAACTAGTGGA
GCGATCGCAGATCCACTAG -3’). The gene
encoding hABPP695 was amplified using the primer
ABPP-F (5-CGAGCTCGGATCGATATCCACCAT
GCTGCCCGGTTTGGC-3) and ABPP-R (5'-TG
TCCATGGTGGGGCAGGCACTTCCAAATTCGT
TCTGCATCTGCTCAAAGAAC-3’). Both genes
were cloned into the vector constructed as described
above via EcoRV and EcoRI. The mutations in ABPP
were inserted by Site-directed mutagenesis by primer
extension. The gene encoding the PyIRSAF was
amplified from a plasmid carrying PyIRSAF using the
primer PyIRS-F (5'-CTCACTCGAGGGATCCTTAT
TACAGGTTCGTAGAGATC-3’) and PylRS-R (5'-
CAGGTTGGTGCTGATGCCGTTATAATACGATT
CAGAACGG-3) and cloned into the vector
described above via EcoRV and BamHI.

Transient transfection and labeling of
HEK293T-cells

HEK?293T cells were seeded in ViewPlate-96
PDL coated, black, glass bottom plates. After 24 h
the HEK293T cells were transfected with 0.02 pg
PyIRSAF-vector and 0.08 g gene-of-interest vector.
As a transfection reagent, TransIT-LT-1 was used
according to the manufacturer’s protocol. 0.1 mM
TCO*K (axial trans-cyclooct-2-ene-L-lysine) from
a 100mM stock solution was added directly
after transfection, and cells were incubated for
40h before labeling. The SNAP-Cell® TMR-Star
stock solution was diluted 1:200 in Dulbecco’s
Modified Eagle’s Medium (DMEM)/10% Fetal
Bovine Serum (FBS) medium to yield a labeling
medium of 3 uM dye substrate. After replacing
the cell culture medium with the SNAP-Cell®
TMR-Star labeling medium, the cells were incu-
bated at 37°C and 5% CO; for 30min. Next,
the cells were washed three times with cell cul-
ture medium and incubated in fresh medium for
120 min. The medium was replaced one more time.
5 M 6-methyl-tetrazine-BDP-FL in medium was
added and the cells were incubated at 37°C, 5%
CO, for 30min. After washing three times with
cell culture medium, the cells were incubated at
37°C, 5% CO; for 120min before a last rins-
ing. Afterwards, the cells were labeled with 1 uM
SiR-DNA for 1 h.

Determination of levels of ABay via ELISA and
ABPP fragments via western blot

5x10* HEK293T cells were seeded in 24-
well plates. After 24 h, the HEK293T cells were
transfected with the PylRSAF-vector and the gene-
of-interest vector in a ratio of 1:4 (0.4 wg DNA in
total per well). As a transfection reagent, TransIT-
LT-1 was used according to the manufacturer’s
protocol. 0.5mM TCO*K from a 100mM stock
solution was added directly after transfection, and
cells were incubated for 40h. AP4y levels in
the conditioned medium were determined by a
commercial sandwich ELISA modified with the flu-
orescent substrate Amplex® UltraRed to increase
sensitivity as described previously [14]. Instead of
adding stop solution, samples were transferred to
a new plate. The fluorescence was measured by
a Fluostar Galaxy plate reader (Emission Filter
590-12).
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Endogenous ABPP and ABPP-SNAP levels in the
cell lysates were determined by semi-quantitative
western blotting. 20 g protein were loaded in each
well. Samples were loaded on 4-20% polyacrylamide
Bis-Tris gels. The protein was transferred to nitrocel-
lulose membranes, probed with 6E10 and anti-SNAP
antibodies and imaged with the Odyssey® CLx Imag-
ing System.

Determination of labeled ABPP-SNAP and
fragments via SDS-PAGE

5x10° HEK293T cells were seeded in 12-well
plates. After 24 h, the cells were transfected with
the PylRSAF-vector and the gene-of-interest vec-
tor in a ratio of 1:4. TransIT-LT-1 was used as a
transfection reagent, according to the manufacturer’s
protocol. 0.1 mM TCO*K was added from a 100 mM
stock solution directly after transfection, followed by
incubation of the cells for 40 h before labeling. To
remove the excessive TCO*K, the cells were washed
with DMEM+10% FBS for 30 min. The cells were
subsequently washed three times with cell culture
medium and incubated in fresh medium for 120 min.
The medium was replaced one more time. 5 uM 6-
methyl-tetrazine-BDP-FL was added and the cells
were incubated at 37°C, 5% CO; for 30 min. After
washing three times with cell culture medium, the
cells were incubated at 37°C, 5% CO; for 120 min
before a last washing step. The cells were lysed
in lysis buffer (dH,O+0.1% SDS with completeTM
protease inhibitor) and sonicated. The samples were
centrifuged to pellet cell debris and concentrated to
dryness by speed vac. The remaining solids were
taken up in 1X dye-less Laemmli-buffer and trans-
ferred on a Biorad TGX gel. Images of the gels
were taken with an Amersham Imager 600, using the
525BP20 emission filter to detect 6-methyl-tetrazine-
BDP-FL.

Imaging and image analysis

Cells were imaged using a Zeiss LSM780 laser
scanning confocal microscope. Lasers and filters
were chosen to illuminate at fluorophore excita-
tion maximum. Cy5 channel was used for nuclei
staining, 488 nm channel was used for mT-BDPFL,
543 nm channel was used for TMR-Star. Images were
processed using the software ImageJ. Experimental
conditions were kept constant for all experiments.
For the cell analysis, the software CellProfiler
was used to quantify the mean fluorescence inten-

sity in each image, corrected for the number
of cells.

Time series of dual labeled ABPP-SNAP in
HEK293T-cells

HEK?293T cells were seeded in ViewPlate-96
PDL coated, black, Glass Bottom plates. After 24 h
the HEK293T cells were transfected with 0.02 g
PyIRSAF-vector and 0.08 pg gene-of-interest vector.
As a transfection reagent, TransIT-LT-1 was used
according to the manufacturer’s protocol. 0.1 mM
TCO*K (axial trans-cyclooct-2-ene—L-lysine from
a 100mM stock solution was added directly after
transfection, and cells were incubated for 40 h before
labeling. The SNAP-Cell® SiR stock solution was
diluted 1:200 in DMEM/10%FBS medium to yield
a labeling medium of 3 uM dye substrate. After
replacing the cell culture medium with the SNAP-
Cell® TMR-Star labeling medium, the cells were
incubated at 37°C and 5% CO; for 30 min. Next,
the cells were washed three times with cell culture
medium and incubated in fresh medium for 120 min.
The medium was replaced one more time. 5 uM
6-methyl-tetrazine-BDP-FL in medium was added
and the cells were incubated at 37°C, 5% CO, for
30 min. After washing three times with cell culture
medium, the cells were incubated at 37°C, 5% CO,
for 120 min before a last rinsing. Cells were imaged
using a Zeiss LSM780 laser scanning confocal micro-
scope. Lasers and filters were chosen to illuminate at
fluorophore excitation maximum. Cy5 channel was
used for SNAP-Cell SiR, 488 nm channel was used
for mT-BDPFL.

Deglycosylation of ABPP

The same lysates from HEK293T cells, which
were used for the Western immunoblot, were used
and mixed with 10X Glycoprotein Denaturing Buffer
(NEB) and heated at 100°C for 10 min. The lysate was
stored on ice and centrifuged for 10 seconds. After-
wards 10x G7 Reaction Buffer (NEB) and 1% NP40
(NEB) was added. This sample was divided into two
parts. The first part serves as a control, whereas 1 .l
Neuraminidase (NEB), 1l O-glycosidase (NEB),
and 1 pl PNGaseF (NEB) was added to the sec-
ond part. The protein mix was incubated overnight
at 37°C and thereafter separated by SDS-PAGE and
transferred to a PVDF membrane.
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Changes of ABPP processing through
y-secretase inhibition

5x10* HEK293T cells were seeded in 24-
well plates. After 24h, the HEK293T cells were
transfected with the PyIRSAF-vector and the gene-
of-interest vector in a ratio of 1:4 (0.4 wg DNA in
total per well). As a transfection reagent, TransIT-LT-
1 was used according to the manufacturer’s protocol.
0.5 mM TCO*K from a 100 mM stock solution was
added directly after transfection, and cells were incu-
bated for 48 h. Furthermore, samples were treated
for the whole 48h or just the last 24 h with the y-
secretase inhibitor L685,458. As a control transfected
cells, which were not treated with inhibitor were used.
Endogenous ABPP and ABPP-SNAP levels in the cell
lysates were determined by semi-quantitative west-

A

ern blotting. 20 g protein were loaded in each well.
Samples were loaded on 4-20% polyacrylamide Bis-
Tris gels. The protein was transferred to nitrocellulose
membranes, probed with 6E10 and SNAP antibodies
and imaged with the Odyssey® CLx Imaging System.

RESULTS

Incorporation of ncAAs at ten positions of
hABPP695-SNAP

A Dbioorthogonal labeling reaction between
TCO*K and 6-methyl-tetrazine-BODIPY-FL (mT-
BDP-FL) (Supplementary Figure 1) enabled us to
label the AP region in living cells. Ten different
ABPP variants were constructed, each of them with
an amber codon in, or close to, the AP region of

—[PyIT [<U6 [ PyIT | <U6 | PylT [<U6 —| CMV>

PylRS* - intron |-

—[ PyIT [<U6 | PyIT | <U6 [PylT [<U6 —{ CMV> |

hAPP695 [[TAG | [ SNAP | intron |—

B Nonamyloidogenic pathway

a-secretase

sAPPa

C83-SNAP

I < MDAE FRHDSGYEVHHQK ~ LVFFAEDVGSN AIIGLMVGGWIATVIVITLVM KKK. SNAP

LVI*?AEDVGSN)#

C Amyloidogenic pathway

[B-secretase
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p3 ——AICD-SNAP —

GAIIGLMVGGVVIA TVI VIT LVML

KKKl SNAP

—— sAPPB

C99-SNAP
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Fig. 1. Vectors used for amber codon suppression in ABPP-SNAP and the cleavage sites of the resulting protein products. A) Schematic
diagrams of the vectors for amber codon suppression in ABPP-SNAP. The vectors contain a bidirectional cytomegalovirus promotor (CMV),
which initiates the transcription of the gene for the orthogonal synthetase PyIRSAF or the gene of interest (ABPP-SNAP) and a U6 pro-
motor expression cassette with pyrrolysyl-tRNAs (PylT). B) ABPP-SNAP processing in the non-amyloidogenic pathway. C) ABPP-SNAP
processing in the amyloidogenic pathway. The amino acid positions in green show the selected sites for incorporation of ncAAs by amber
codon suppression. The grey vertical lines between the amino acid sequences indicate the membrane borders.
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Fig. 2. ELISA and western blotting experiments confirming the expression and processing of full-length amber-suppressed ABPP-SNAP
variants. A) HEK293T cells were transfected with hABPP695-SNAP vectors with different mutations and the PyIRSAF. The mutations are
labeled with the amino acids number in AB. TCO*K was used as ncAA. ABPP-SNAP without mutation (wt) was used as a standard to
compare the AB4, production of the different mutants. Untransfected cells were included as a second control to measure the endogenous
A4 levels (M). AB42 levels in the conditioned medium were determined by a commercial sandwich ELISA modified with the fluorescent
substrate Amplex® UltraRed to increase sensitivity. n.s., not significant, **p-value <0.01 ***p-value <0.001. B, C) Antibody 6E10 (green)
and antibody Anti-SNAP (red) were used to visualize ABPP-SNAP and its cleavage products. In the table, the estimated sizes of all detectable

cleavage products in the Western blot are listed.

hABPP695. Five of the mutations were located
in the extracellular/luminal region of AP, three in
the transmembrane region of AR and two close
to the vy-secretase cleavage site in the transmem-
brane region outside the AR sequence (Fig. 1B,
C). Since the ncAA used is a lysine-derivative,
amino acid sites that either feature basic (R, H)
or bulky (Y, H, F, I, L) side chains were chosen
as replacement sites. We hypothesized that ncAAs
near to the membrane border are more accessible
for labeling, because of a lower steric inhibition
than in the transmembrane region and being in a
hydrophobic environment. Therefore, M51 > amber

and L52>amber were exchanged because of their
position at the border of the transmembrane region.
However, the M51 >amber and L52>amber could
have an influence on the y-secretase cleavage site.
Moreover, it was taken into consideration that no
amino acids affecting the a- or (3-secretase cleavage
sites were exchanged [15, 16].

In eight of the ten mutations, we detected full
length ABPP by western blotting (Supplementary
Figures 2 and 3). Four of these, H13>amber,
F20 >amber, L34 >amber and M51 >amber, were
chosen for further validation. This enables us to
label different cleavage products of ABPP (Fig. 1).
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In case we use the mutation H13 >amber, we label
full-length ABPP, sABPPa, C99, and AB. With incor-
poration of the ncAA at position F20>amber or
L34 >amber, we can label full-length ABPP, C83,
C99, p3, and AB. With a mutation at position
MS51 > amber, full-length ABPP, C83, C99, and AICD
can be labeled.

Validation of mutated hABPP695-SNAP
processing by ELISA and western blotting

Since it is important that the processing and traf-
ficking of the mutated ABPP-SNAP are not altered
in comparison to wt ABPP-SNAP, the cleavage pat-
tern of ABPP-SNAP after introduction of a ncAA
into ABPP-SNAP was evaluated. To this end, AB4;
levels in the medium of transfected HEK293T cells
were measured using an A4 sandwich ELISA.
A4 production of cells transfected with mutated
ABPP-SNAP was compared with wt ABPP-SNAP.
The H13 > amber mutation resulted in similar amount
of AB4p as wt. In contrast, L34 >amber resulted in
an increased cleavage, whereas F20 > amber resulted
in a reduced cleavage. In controls lacking ncAA,
only endogenous A4, levels were detected. For
the M51 >amber mutation without ncAA the AB42
production was higher in comparison with non-
transfected cells and the other constructs without
ncAA. The M51 >amber mutation is located down-
stream of the AP4 sequence so that the whole
A4z sequence is expressed also without ncAA (i.e.,
AP42 can be produced also in the absence of ncAA)
(Fig. 2A).

Western blotting provided further evidence for suc-
cessful ABPP processing. The antibody 6E10 (green)
recognizes ABPP, sABPPa, AR, and C99, while the
SNAP-tag antibody (red) detects the SNAP-tag at the
C-terminus (Fig. 2B). The double band at 139-150
kDa represents non-glycosylated and glycosylated
ABPP-SNAP, since ABPP has several glycosylation
sites (Supplementary Figure 4) [17, 18]. Between 31
kDa and 24 kDa, C99/C83-SNAP, AICD-SNAP and
SNAP-tag can be detected (Fig. 2 C). For unequivocal
identification of the bands, the effect of treatment with
the y-secretase inhibitor L685,458 was evaluated. As
expected, the AICD-SNAP band disappeared while
C83/C99-SNAP was the most prominent cleavage
product after treatment with the inhibitor (Supple-
mentary Figure 5). Since H13 >amber was observed
to be processed in a similar manner as wildtype
ABPP-SNAP, we selected this mutation for further
studies.

Validation of the labeling specificity between
TCO*K and mt-BDP-FL

After having shown with epitope-specific antibod-
ies that ABPP-SNAP is expressed and processed,
we sought to leverage the ncAA introduced into
the AP region to validate the labeling specificity
between TCO*K and mt-BDP-FL. To this end, exces-
sive ncAA was washed out from the HEK293T
cell expression system and mT-BDP-FL added for
30 min. First, labeling and its specificity in the living
cells were evaluated using SDS-PAGE (Fig. 3). Full-
length ABPP-SNAP (L34 and H13 + TCO*K) and
C89-SNAP (L34 + TCO*K) could be detected, sug-
gesting that the ncAA reacted with mT-BDP-FL. The
C89-SNAP was not detected with the H13 >amber
mutation since the ncAA is located N-terminal to the
a-secretase cleavage site (see Fig. 1). sfGFP with an
amber codon at position 150 was used as a positive
control [19]. A band around 50 kDa and a few other
faint bands were detected in all conditions where
amber suppression was active, suggesting that ncAA
is also incorporated at endogenous amber codons
(Fig. 3). However, these could be distinguished from
AP labelled ABPP due to the dual labeling as well as
different subcellular location (see below).

X
O X X
{—A—é‘k*/\ooo*o*‘k*
s 8 F S CLe S
$ S ELL » £ R EL
KN : c‘gg*"’v"'

" «——APP-SNAP
75kDa  ~— .
50 kDa — -— L ‘
37kDa —
E «——C89-SNAP
25 kDa e o -
S -

Fig. 3. Evaluation of the specificity of mT-BDP-FL incorpora-
tion into amber-suppressed ABPP-SNAP variants by SDS-PAGE.
HEK?293T cells were transfected with ABPP-SNAP vectors with
different mutations and the PyIRSAF. The mutations are labeled
with the amino acid residue number in AB. TCO*K was used as
ncAA. Live cells were labeled with mT-BDP-FL (Excitation max-
imum at 488 nm), and lysates prepared subsequently. Images of
the gels were taken by an Amersham Imager 600, filter 525BP20.
Full-length ABPP-SNAP (L34 and H13 + TCO*K) and C8§9-SNAP
(L34 + TCO) could be detected. As controls we labeled cells, which
were transfected with ABPP-SNAP without amber codon (wt) and
untransfected cells (M). As a further control, stGFP (Excitation
maximum of 503 nm) with an amber codon at position 150 was
used (marked with a star).



544 L.S. van Husen et al. / Dual bioorthogonal labelling of ABPP

A
H13
+ TCO*K
wt
+TCO*
B BDP-FL
3
© °
g
2 °
g
£ . N
(=]
g | % Y
= v
I S NS
I ) 1 I I
& & & & &
&L L L L L
'bx ’5’ \x &’ +x
&S &

TMR-Star
?
o
g_ A
2
s | 4 ;
2% 17
£ ~ a R / 7S
Q A
= b
) Yy *
o
>
<
1 I 1 1 1
& o o ~ ~
(o} (o} (o} (o} (o}
A IS P

o o s & oc;b
)

Fig. 4. A) Confocal microscopy of HEK293T cells verifies dual labeling of the expressed ABPP-SNAP protein. HEK293T cells were
transfected with the amber codon machinery and ABPP H13 >amber or wt. Live cells were labeled with TMR-Star (red) and mT-BDP-FL,
which reacts with the ncAA (green). Afterwards, the nuclei were labeled with SIR-HOECHST. Labeled cells were imaged sequentially by
confocal microscopy (40x magnification). B, C) Mean intensity of mT-BDP-FL and TMR per cell in each image. Number of experiments = 3.

Five pictures were taken in each well.

Live cell imaging of dual labeled mutated
hABPP-SNAP

Next, we evaluated fluorescence images of trans-
fected cells. Still images and time series were
done on live cells, since the fluorescence signal
of mt-BDP-FL was stronger without fixation. In
this paper we use two different dyes, which react
with the SNAP-tag. For the still images, SNAP-
Cell® TMR-Star was used, which has an excitation

maximum at 554 nm and an emission maximum at
580 nm. To avoid cross-talk between the channels,
we imaged the channels sequentially. Dual-labeled
cells were observed after transfection of H13 > amber
and addition of TCO*K (Fig. 4A and Supplemen-
tary Figure 6). As expected, the average intensity
of mT-BDP-FL fluorescence was slightly increased
in the wt with TCO*K sample in comparison to
the other controls, because cells transfected with
the PyIRSAF/tRNA pair incorporate the ncAA into



L.S. van Husen et al. / Dual bioorthogonal labelling of ABPP 545

10 pm

Fig.5. A, B) Time series of dual labelled ABPP-SNAP protein over a time frame of two minutes shows vesicular movement. HEK293T cells
were transfected with the amber codon machinery and ABPP H13 >amber. Live cells were labeled with SNAP-Cell® 647-SiR (red) and
mT-BDP-FL, which reacts with the ncAA (green). Labeled cells were imaged simultaneous by confocal microscopy (63 x magnification).
Blue arrows indicate nuclei, pink arrows indicate subcellular locations, where most ABPP is located.

endogenous amber codons found naturally in other
genes (Fig. 4B, C). In support of this explanation,
the labeling pattern of the cells differed. While the
fluorescence was present in vesicular structures in
the cells that were transfected with the H13 >amber
mutation, the fluorescence pattern observed in the
wt+TCO*K samples was weaker and more diffuse,
in line with cytosolic labeling. Thus the unspe-
cific staining doesn’t interfere with the specific
labeling of AB. Colocalization of the peak signals
from both dyes at vesicular structures suggest that

indeed we were able to label ABPP at the two
intended sites.

Time series of dual labeled mutated
hABPP-SNAP

We could also specifically visualize vesicle move-
ment in live cell imaging of HEK293T cells (Fig. 5
and Supplementary Videos 1 and 2), further sug-
gesting that the double-labeling method did not
interfere with trafficking of ABPP cleavage prod-
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ucts. Therefore, we imaged the SNAP-dye and
mt-BDP-FL simultaneously to detect vesicular move-
ment. We used SNAP-Cell® 647-SiR, which has
an excitation maximum of 645 nm and an emission
maximum at 661 nm to avoid cross-talk between
the dyes.

DISCUSSION

Revealing the trafficking and processing of ABPP
is necessary for understanding the molecular and cel-
lular pathophysiology of AD. Most studies about
ABPP processing using cell lysates or measure
changes in AP production via ELISA. However,
detailed information about the subcellular locations
of the processing is missing. Furthermore, the exact
localization of +y-secretase cleavage is necessary to
find out where A is produced in the cells and if there
is a difference between the localization of the APz
and AB49 production. If so, this can be addressed in
future studies to see if the localization of y-secretase
cleavage is changing with age. Therefore, we have
established a dual labeling system using amber codon
suppression and SNAP-tag labeling of ABPP with
minimal changes in the size and structure of the pro-
tein and its processing. Our approach using genetic
code expansion is the first approach described for
direct labelling of AP in full length ABPP in living
cells till today.

Genetic code expansion and the labeling of the
ncAAs has two main limitations. Since the incorpo-
ration of TCO*K is always in competition with the
translation release factors, truncated ABPP is pro-
duced. This limitation can be mitigated by codon
engineering or by using genetic code expansion in
engineered organisms, where the release factors do
not recognize amber codons [13, 20, 21]. The sec-
ond limitation is the background labeling, which can
be minimized by using fluorophores whose fluores-
cence increase upon the labeling reaction in living
cells. Thus, the “turn-on” property of mT-BDP-FL
leads to an increase of the signal-to-background ratio
and makes the mT-BDP-FL dye suitable for live
cell imaging of intracellular targets. Fluorescence
of the free dye is significantly quenched by the
tetrazine moiety, and the quenching is relieved after
undergoing cycloaddition with TCO*K. The fluores-
cence intensity of the uncharged and lipophilic dye is
increased 15 times upon reacting with the dienophile
of the ncAA [22]. As Serfling et al. show, high
intracellular labeling background can be a problem

for TAMRA and SiR-tetrazines because of exces-
sive TCO*K and tRNA-TCO*K inside the cells [23].
However, we detect background labeling only when
we express the PyIRSAF/tRNA pair. In the SDS-
PAGE in Figure 3, we show that the background
labeling comes from incorporation of the ncAA into
endogenous proteins with amber codon. However,
amber codon is the least used codon in mammalian
cells and since ABPP is a membrane protein we
can distinguish between other cytosolic proteins and
ABPP, since the latter are found in vesicular struc-
tures.

A number of recent studies monitored fluores-
cently labeled ABPP in living cells, but in none
of these was directly labeled AR used. Tam et al.
studied ABPP processing by adding paGFP at the
C-terminus of ABPP and measured the decrease of
fluorescence signal at the lysosomes. Also in other
studies ABPP was labeled either in the C- or the N-
terminus, often in combination with labeling of other
proteins to either study protein-protein interaction or
in assays for measuring BACE activity [24-26]. How-
ever, those studies cannot distinguish between the
different secretase cleavage reactions or follow A
trafficking. Therefore, the use of genetic code expan-
sion technology will pave the way for detailed ABPP
processing studies, because it offers the great advan-
tage that the fluorescent tag is minimally perturbing
and spatially controlled. Thus, the method could also
be well suited to make use of the full potential of
the new generation of super-resolution microscopes,
because of the close distance of the fluorophore to
the protein in comparison with fluorescently labeled
antibodies [27]. Furthermore, this powerful technique
could be used for other types of biochemical studies,
such as cross-linking studies in which the exact cross-
linking position is known, by using photoactivatable
ncAAs.

In conclusion, we have developed a method, which
allows real-time monitoring of <y-secretase activ-
ity by dual labeling of ABPP with fluorophores on
both sides of the y-secretase cleavage site. This was
achieved by linking one fluorophore directly to the
AP sequence and another fluorophore to a SNAP-
tag in the C-terminus of ABPP. We provided proof-of
concept by using both ELISA, SDS-PAGE, western
blotting, and image analysis that the labeling sys-
tem worked and that ABPP processing is not altered.
Finally, using confocal microscopy, we were able to
visualize ABPP and its cleavage products, as well as
monitor movement of the cleavage products, in live
cells.
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