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ABSTRACT: The need for the development of specific and
robust methodologies to elucidate the intricate pathological o

LA BACE1 sensorin = f#F°

mechanisms of neurodegenerative diseases and discover effective C SH-SY5Y cell line - [y

treatments for prevention and remediation is evident. Alzheimer’s
disease, in particular, has become more prevalent as the global
population has aged. p-Secretase, the p-site amyloid precursor
protein cleaving enzyme (BACEL), is the protease that produces
the p-amyloid peptide, which is considered one of the driving
factors of Alzheimer’s disease and an important target for
treatment development. However, an understanding of its activity,
modulation, and regulation is far from complete. This is in large
part due to the complex nature of following its activity. Beyond the
common requirements for all biosensors (ease of preparation and
use), BACE1 probes also demand both stability at acidic pH and membrane localization. To overcome these hurdles, we exploit the
modular self-assembly provided by fluorescent quantum dot (QD) sensors. As compared to other fluorophores, QDs provide
enhanced fluorescence brightness and photostability, and their large surface area enables functionalization with peptide substrates
together with targeting elements that localize the sensor to the areas of maximal BACE]1 activity, all achieved through His-tag self-
assembly. In vitro, the sensor demonstrated stability under acidic conditions, and using high-throughput plate reader assays, we
determined BACEI activity in-line with literature values and enabled the obtainment of the inhibitor constant of verubecestat, a
small molecule inhibitor. The sensor was also transitioned to cellular experiments, where it demonstrated sensitivity to BACE1
activity and its modulation upon inhibitor treatment in a neuroblastoma cell line.

KEYWORDS: BACEI, protease, quantum dots, FRET sensor, Alzheimer’s disease, drug discovery

B INTRODUCTION formation in animal models and also human patients.*’
However, the complete understanding of this enzyme’s role in
pathology remains unclear, and while some inhibitors have
shown promising results in clinical studies others have been
halted even after reaching advanced phases of clinical
development.'’

Developing a sensor that accurately monitors BACEl
activity in living cells entails several additional technical
hurdles that need to be overcome in order to obtain a
physiological readout of the protease activity. BACEL is a
membrane-bound protease, primarily excising membrane-
bound substrates located at the plasma membrane, endosome,
and the Golgi apparatus.'’ Therefore, the precise location of

f-Site amyloid precursor protein cleaving enzyme (BACEL), or
P-secretase, is a membrane aspartic acid protease highly
expressed in the brain, specifically in neuronal tissue. It has a
single transmembrane domain, and while it is located at the
extracellular membrane of the cell, its optimal activity is found
in lower pH late endosomes, ranging from pH 4 to S." This
enzyme has been intensely studied due to its key role in
Alzheimer’s disease pathogenesis. Specifically, BACE1 is
responsible for the hydrolytic generation of the A-amyloid
peptide, as determined by excising the amyloid precursor
protein (APP) found on the senile plaques observed in
patient’s brains post-mortem. Aside from f-amyloid produc-
tion, BACEL has other functionalities that play positive roles in ————
brain health, such as in the remyelination of axons,” synaptic Received:  July 26, 2024 e
function,’ neurogenesis,4 and insulin signaling.5 In addition, Revised:  September 5, 2024 \
some studies have found that BACE1 might be involved in Accepted:  September 6, 2024
other neurodegenerative diseases.”” The pathological contri- Published: November 8, 2024
bution of BACE1 has motivated the generation of BACE1

inhibitors that demonstrated significant reduction of -amyloid

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsami.4c12560

W ACS Pu bl ications 63186 ACS Appl. Mater. Interfaces 2024, 16, 6318663194


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlota+Tosat-Bitria%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesu%CC%81s+Alejandro+Bueso+de+Barrio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+H.+Stewart"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kimihiro+Susumu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Igor+L.+Medintz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Igor+L.+Medintz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sebastia%CC%81n+A.+Di%CC%81az"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valle+Palomo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.4c12560&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c12560?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c12560?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c12560?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c12560?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c12560?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/16/46?ref=pdf
https://pubs.acs.org/toc/aamick/16/46?ref=pdf
https://pubs.acs.org/toc/aamick/16/46?ref=pdf
https://pubs.acs.org/toc/aamick/16/46?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.4c12560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

A

Substrate peptide:

Cy3B

labeling site

(_A_‘

C-LAIbGG- EISEVNLDAEFR-LAleAAGG HHHHHH

AN v P2 U —"

BACE1 QD
substrate binding motif

C

Substrate
peptide

O.__OH
QD Coating ;/
(Y\A)L OH
A\ //
(W\)’LN/\/ OH
800000 -
Abs ) Fluor J=6.49E15 nm*M'em™ | 1.2
cy3B QD-Cy3B R, =5.1 nm

600000 4

T
o
®

o
[«
Counts [a.u.]

400000 -

T
N
IS

200000 4

Extinction Coefficient [M' cm™]
S
N

0 = == N
350 400 450 500 550 600 650 700 750

Wavelength [nm]

Figure 1. Schematic representation of the structure and fluorescence spectra of QD and the Cy3B-labeled substrate peptide. (A) Peptide sequence
of the BACE1 substrate peptide with its functional regions differentiated by color, Cy3B labeling site (pink), linker region (orange), BACE1
substrate (blue), and QD binding motif (green). (B) Display of the two different QD coatings, CL4 and SO;. (C) Schematic of the sensor and its
function. (D) Spectral properties of the QD and Cy3B, including spectral overlap J and Férster distance R,. The R, was calculated assuming x* = 2/

3, n = 1.33, and a QD quantum yield (QY) = 0.20.

the sensor within the cell is key to determining the enzyme
activity at the fundamental site of action. The second
requirement is sensor stability at the enzyme working
conditions, which in this case entails an acidic pH of 4.5."
Having a reliable and sensitive BACE1 sensor that can be used
in living cells would offer real-time information about different
biological processes, and the cell-wide effects of its inhibition
could be determined. Moreover, it would open the possibility
of examining the behavior of several classes of inhibitors
downstream, studying both BACE1 activity and related side
effects. Understanding these effects could also highlight clues
for the development of improved BACE1 inhibitors or could
yield effective methodologies for early diagnosis of neuro-
degenerative diseases.'

Given the relevance of the target, several groups have
developed fluorescent biosensors for monitoring BACE1
activity and its intracellular distribution.”*™'® These sensors
are generally based on organic molecules or fluorescent
proteins that, given their suboptimal fluorescence character-
istics, limit the detection capability. Furthermore, they have
generally not been optimized to location and pH. To date, due
to their limitations, these studies have not provided
quantitative information about the possible effects of BACE1
inhibition by small molecules.

Quantum dots (QDs) are luminescent semiconductor
nanoparticles. QDs are utilized for their unique photophysical
characteristics, such as broad excitation, sharp emission, high
quantum yield (QY), resistance to photobleaching, and high
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molar extinction coeflicients. These properties, along with their
3—6 nm diameter size, make them optimal imaging probes as
well as donors for Forster Resonance Energy Transfer
(FRET)-based assays.'” > FRET is the nonradiative energy
transfer from the excited state of a donor fluorophore, in this
case the QD, to the ground state of an acceptor molecule,
which can be a dark quencher or a red-shifted emission
fluorophore. Many in-depth reviews exist on the topic of QD
FRET, and we direct the reader there.'® A few key facts worth
highlighting are that the energy transfer results in changes in
the fluorescence lifetimes and overall fluorescence intensity of
the donor and acceptor, allowing the FRET efficiency to be
correlated through fluorescence spectra. The other important
property of FRET is that its efficiency decays with an inverse
sixth power dependence on donor—acceptor distance and
typically is sensitive to distance changes in the 1—10 nm range.
The classic QD sensor, in line with what we have designed for
BACE]L, has multiple copies of a dye-labeled substrate bound
near the QD surface resulting in high FRET efficiency.”””" If
the enzyme is present, it can cleave the substrate allowing the
acceptor dye to diffuse from the QD surface, reducing
FRET.*>™° This is seen as an increase in QD fluorescence
and a decrease in the sensitized fluorescence of the acceptor
dye.

In addition to the aforementioned photophysical properties,
QDs have another important benefit. Their large surface area
can be tailored to provide stability in diverse mediums, and
additional functionalities, beyond just the enzyme substrate,
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Figure 2. Stability and quenching efficacy of CL4-QD and SO;-QD in different buffers. (A) Colloidal stability of SO;-QD and CL4-QD in sodium
acetate (50 mM, pH 4.5) or PBS (1X, pH 7.0) buffers. Fluorescence emission intensity at 545 nm was recorded every 2 min for 60 min and
normalized to the first data point for each condition. Data are represented as mean + SD. (B) FRET efficiency of the CL4-QDs as a function of the
number of Cy3B-labeled peptides and the aqueous buffer. (C) FRET efficiency of the SO;-QDs as a function of the number of Cy3B-labeled

peptides and the aqueous buffer. The donor—acceptor distance rp, is obtained from the FRET curves (fits-solid lines) and provided in the legend

for both CL4-QDs and SO;-QDs.

can be appended to the QD. Furthermore, this can be done in
a simple self-assembly manner through the inclusion of His-
tags that self-assemble to the Zn ions on the QD surface.”®
Choosing the correct surface ligands has allowed the
development of low-pH stable QDs,”” which makes them
ideal systems to probe an acidic pH working enzyme with
strong luminescence. Choi and colleagues have reported a
BACEI sensor using QDs as fluorophores.”® However, this
sensor lacked the two key aspects to form an optimal BACE1
sensor: (i) the absence of a membrane anchoring motif to keep
the sensor at its physiological location proven to be crucial for
BACE1 monitoring, and (ii) there was no evidence of the
sensor performance in acidic pH, which is one of the
limitations of standard QDs. We utilize the large QD surface
area to self-assemble a membrane targeting peptide, JB8SS,
that has been shown to remain in the membrane and localize
QDs for more than 48 h.*’

Here we have successfully developed a QD-based BACE1
sensor that is stable at acidic pH and is not perturbed when
membrane anchor molecules are introduced. The sensor is
based on a QD donor that undergoes FRET to a fluorescently
labeled peptide substrate for BACEL. Presence of the enzyme
results in cleavage of the peptide and a change in the
ratiometric fluorescent signal. Importantly through the
modular design provided in our QD-based sensor, e.g,
inclusion or not of membrane targeting peptide, we can
quickly oscillate from a minimalist high-throughput in vitro
screening assay for inhibitor candidates to corroborate the
candidate in cellulo using the fully formed sensor. We
demonstrated quantification of BACE1 activity in vitro and
determination of an inhibitor constant, K, of a known small
molecule inhibitor (verubecestat). Subsequently, we demon-
strated the sensor’s turn-on capability in response to BACE1
activity in live cells, along with its fluorescence response to
adding the inhibitor to the cellular medium.

B RESULTS AND DISCUSSION

Design and Synthesis of the QD-BACE1 Sensor. Based
on the design of previous QD FRET-based sensors for
monitoring protease activity,21’23 a peptide substrate was
designed in a modular manner. The peptide contained a 12
amino acid sequence derived from the Swedish mutant APP

sequence EISEVNL|DAEFR (| represents the cleavage site),
which has shown to be efficiently cleaved by BACE1,”" flanked
by a-helical regions (LAibGG/LAIbAAAGG) needed for
protease activity.”' This substrate peptide was first labeled at
the N-terminus with the organic fluorophore Cy3B, chosen
over the more common Cy3 dye due to increased brightness
and stability,32 through a maleimide—thiol reaction and then
assembled to QD surface through a His-tag (Hiss) on the C-
terminus that promotes self-assembly on the QD surface
(Figure lA).26

The QDs have a CdSe/CdS/ZnS core/shell/shell structure
with a diameter of 4.7 + 0.4 nm, as synthesized in house and
characterized in previous works.”*** In order to improve QD
colloidal stability at lower pH, two different QD surface
coatings were tested, both based off of a bidentate
dihydrolipoic acid anchor group with either a zwitterionic
head (CL4) or a sulfonate head (SO;) (Figure 1B).”” The CL4
ligand has shown stability up to the desired pH value of 4,
while the SO; would provide an alternative, capable of
withstanding lower pH if CL4 proved to be unfeasible. The
QD combined with the Cy3B had good spectral overlap
(Figure 1D), and as a donor—acceptor FRET pair their Forster
distance, R, which is the distance at which FRET efficiency is
50%, was 5.1 nm. Taking into account the multiple Cy3B
acceptors that could be added to the central QD donor surface
resulted in FRET efficiencies regularly above 75—80% due to
the proportional increase in FRET acceptor cross-section.

The stability of both types of QDs was determined in two
buffers at different pH, sodium acetate buffer (pH 4.5) and
phosphate-buffered saline (PBS, pH 7.0), by monitoring
fluorescence at their emission maximum wavelength, 545 nm,
over time. As seen in Figure 2A, SO;-QDs have a similar
stability in both buffers while CL4-QD showed slightly less
stability in sodium acetate than PBS, though only a 10%
decrease.

To determine the optimal sensor, we looked at the FRET
efficiency of the two QDs at different pH values, ranging from
4 to 7, and varying ratios of Cy3B-peptide to QD (1-6:1).
What was observed was that the CL4-QDs followed the
centrosymmetric multi-acceptor FRET efficiency dependency
predicted by theory'® (except in PBS), while the SO;-QDs had
less FRET efficiency overall along with strong deviations from
the typical FRET curve. It has been shown that the choice of
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Figure 3. BACEI1 kinetic assay. BACEI activity was determined by monitoring the fluorescence emission of QD at 545 nm and Cy3B at 580 nm
every 20 s for 60 min. (A) The ratio QD/Cy3B was normalized to the condition with no enzyme, observing an increase dependent on the BACE1
concentration. Data are represented as mean + SD. (B) The emission spectra of each condition was recorded at the end point of the reaction. Each

condition was run in triplicate.

QD surface ligand can modify the structure of surface-bound
peptides,®® so it is possible that the SO;-QDs modified the
normal structure of the substrate peptide. For the CL4-QDs
the maximum quenching efficacy was reached in sodium
acetate buffer at pH 4.5 (93%) obtaining similar values in 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
(82%) and 2-(N-morpholino)ethanesulfonic acid (MES)
(82%), but not in PBS (57%) (Figure 2B). As the pl of the
peptide is 6.05, it could be that the total net charge of the
peptide at acidic pH is facilitating their assembly onto the
QDs, or again, a structural modification of the peptide might
be occurring at the differing pH. Due to the higher value in
FRET efficiency and only slightly decreased QD stability,
subsequent experiments were undertaken using the CL4-QD.
In order to increase the stability of the CL4-QDs and avoid
nonspecific interactions with the enzyme, a blocking peptide
(HHHHHHGWDDD) composed of a short negatively
charged peptide along with a His-tag was also assembled to
the QD surface.”” An optimization experiment is available in
the Supporting Information, from which we determined that
the optimal result was obtained with the addition of 20
blocking peptides per QD (Figure S3).

BACE1 Kinetic Assay. Once we had characterized the
FRET efficacy of our sensor, a kinetic assay was performed to
monitor BACE1 activity. First, different conditions were tested
to optimize the BACEl kinetic assay with two enzyme
concentrations (150 nM, 300 nM): (i) assay buffer (acetate or
HEPES), (ii) number of equivalents of labeled peptide per QD
(2 or 4), (iii) order of reagents addition (enzyme added to
sensor or sensor added to enzyme); (iv) and presence of a
detergent to improve the stability of the system (Tween-20
0.1%). After these assays (quantification presented in Table S1
in the Supporting Information), the optimal conditions for the
kinetic assays were determined to be the following: acetate
buffer at pH 4.5, 4 equiv of labeled peptide per QD, and no
detergent was added as it did not significantly improve the
efficacy of the enzyme. The order of reagent addition did not
modify the efficacy of BACEL assay.

We then proceeded to confirm the utility of our sensor for
the BACEI activity. As can be seen in Figure 3, a range of
BACE!1 concentrations (0, 10, 25, 50, 150, 300 nM) were
tested against a fixed concentration of sensor (15 nM). The
fluorescence emission ratio of the QD over Cy3B increases
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over time in the presence of BACEI, which indicates that the
peptide is being cleaved and diffusing away from the surface of
the QD, diminishing FRET efliciency. The emission spectra
were recorded at the end point of the reaction (60 min),
confirming the ratiometric change of the QD and Cy3B
emission (Figure 3B). At the 30 min mark, a limit of detection
(LOD) around 10 nM was obtained for the assay in vitro, while
at 60 min the 10 nM concentrations were above the 3o of the
baseline and the LOD was somewhere between S and 10 nM
of BACEL.

From the data, and using enzymatic progress curves with a
fixed substrate and varied enzyme concentration modality,”’
the specificity constant of BACE1 (k,/Ky,) was calculated for
the Cy3B-labeled BACE1 substrate peptide, and a k/Ky =
32 + 1.7 mM™" 57! was obtained by fitting to the Michaelis—
Menten equation. This value is in agreement with previously
reported k,./Ky values for different BACE1 peptide substrates
that range from 1.3 to 4.5 mM ™ 571 this signifies that the
steric hindrance of the QD does not limit BACEI activity. We
note that the sensor did not include the membrane anchor
peptide at this time.

To confirm the sensor capability to assay BACE1 activity
modifiers, we proceeded to validate the sensor by using a
commercial inhibitor of BACE1, verubecestat (K;: 2.2 nM).*
A wide range of drug concentrations was tested, from 0.01 to
10 nM, to elaborate an inhibition curve and experimentally
calculate the K; value. We found a dose-dependent inhibition
for the compound, observing almost total inhibition of the
enzyme at concentrations higher than 10 nM (Figure 4). An
estimated K; value in the range of 2.0 & 0.2 nM was obtained,
being similar to previous published data.’® These results
further validate the specificity of the sensor to determine
BACE] activity and show the potential for using the sensor for
high-throughput testing of BACE1 modifiers in vitro.

Construction of a Membrane-Bound QD FRET-Based
Sensor. Another important challenge when developing a
BACEI! sensor for application to live cell monitoring is to
ensure that the sensor will be membrane-bound in living cells
since it has been shown that APP constructs that lack the
transmembrane domain are not cleaved when transfected into
cells.”” This evidence suggests that the peptide must be
membrane-bound in order to undergo hydrolytic cleavage by
BACEL. There are several strategies for membrane anchoring

https://doi.org/10.1021/acsami.4c12560
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of nanoparticles or macromolecules, the most advantageous
being hydrophobic anchoring using determined lipophilic
moieties frequently based on phospholipids. Based on
previously published studies, we selected the JB8S58 peptide,
which contains a palmitoyl moiety, to anchor the sensor to the
membrane, as it was proved that QDs conjugated with this
peptide remained on the membrane.”” To validate that the
addition of JB858 will not affect BACE1 activity, a kinetic assay
was performed with different BACE1 concentrations (0, 70,
350, and 900 nM) and in the presence of 0 or 4 equiv of
JB858, along with the enzyme substrate and blocking peptides
(Figure S). An increase of the ratio QD/Cy3B was observed,
which indicates that the probe is being successfully cleaved by
the enzyme. Moreover, an enzyme concentration-dependent
effect can be observed, though perhaps not unexpectedly the
sensor with the JB858 did result in slightly inhibited activity
(15—20%, see Figure SS). We assign this lower activity to the
steric blocking caused by the comparatively bulky targeting
moiety complicating the approach of BACE] to the QD bound
substrate.

Monitoring BACE1 Activity in Living Cells. We
explored the suitability of our developed sensor to monitor
BACE1 activity in living cells; therefore, we chose the
neuroblastoma cell line SH-SYSY to monitor the proteolytic
activity. This cellular line physiologically expresses BACE1 and
represents a widely used platform to test several drug
candidates in the neurodegeneration field."”*" For the
microscopy imaging, we began by qualitative confirmation
that the membrane-targeted QD (i.e, without BACE1
substrate peptides) was nontoxic to the cells (e.g, cellular
morphology and confluence) and that the QD was able to
incorporate inside the cells and be detected. We then
performed time-lapse experiments comparing untreated cells
(background cell autofluorescence) with the sensor and sensor
with verubecestat added to the cells in order to confirm not
only the activity of the sensor but also its ability to monitor the
presence of BACEL inhibitors. Cells were incubated with the
sensors (40 nM QD functionalized with 2 4M JB858 and 160
nM substrate peptide) and the inhibitor (1 nM), and emission
luminescence of the QD and Cy3B was acquired at 60, 90, and
120 min. Fluorescence density was acquired from the
automatically selected region of interest based on the bright
field appearance of the cells, and the data corresponding to the

A
JB-858:
Spectroscopic
quantitation module
— —=
WG-Dab(Palm)-VKIKK-PPPPPPPPP-GG-HHHHHH
— — —
Membrane binding type Il helix QD
region binding motif
B
= No BACE1
With JB858 No JB858

A 70 nM BACE1 o
A 350 nM BACE1 o
A 900nMBACE1 o

1.5

Normalized QD/Cy3 Emission Ratio

T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500
Time [s]

Figure S. Membrane insertion peptide and BACEL kinetic assays. (A)
Peptide sequence of JB858 peptide with its functional regions
differentiated by color. Dab(Palm) is a diaminobutyric acid with an
attached palmitoyl group. (B) BACEI kinetic assay with different
BACEL1 concentrations in the presence (filled triangles) or absence
(empty circles) of four equiv of the membrane anchor peptide JB8S8
conjugated to the QD surface. The QD/Cy3B ratio was monitored
over time and normalized to #, Uncertainties arise from triplicate
measurements. Data are represented as mean + SD.

fluorescence emission of the QD and Cy3B was analyzed.
Similar to what was observed in vitro, the presence of BACE1
expressed by the SH-SYSY cells resulted in an increased QD
emission. When verubecestat was added to the cells,
fluorescence values did not increase, suggesting that the QD
emission increase was specific and linked to BACEI activity
(Figure 6). Fluorescence variation within each condition was
also calculated, only observing an emission increase for the QD
sensor without the addition of the BACE1 inhibitor (Figure
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Figure 6. (A) Time-lapse images of SH-SYSY cells with the QD-
BACEl sensor imaged at 63X magnification. (B) Normalized
fluorescence density QD integrated luminescence (e em = 405/
496—560 nm) increase is not observed upon the treatment with
BACEI] inhibitor verubecestat. At time 60 min untreated n = §
individual experiments; QD-BACEL n = § individual experiments;
QD-BACEI with 1 nM verubecestat n = 6 individual experiments. At
90 min, untreated n = § individual experiments; QD-BACE1 n = §
individual experiments; QD-BACE1 with 1 nM verubecestat n = §
individual experiments. At 120 min, untreated n = 3 individual
experiments; QD-BACEI n = 3 individual experiments; QD-BACEL
with 1 nM verubecestat n = 3 individual experiments. Data are
represented as mean + SEM. Significance levels of comparison
between groups were calculated using Ordinary One-way ANOVA
with Dunnett’s multiple comparison test, and stated as follows: *p <
0.05; **p < 0.01. In the cases in which no mark is set, it denotes
nonsignificance.

S6). These experiments clearly distinguish the cellular response
with or without the inhibitor added, confirming the
functionality of the sensor as an in cellulo BACE1 inhibitor
assay.

B CONCLUSIONS

Accurately sensing key molecular processes both in vitro and
inside cells provides illuminating knowledge of cellular
processes at the molecular level. Specifically, protease sensing
has benefited from QD-based sensors, helping understand
protease’s roles in physiology along with their role in several
pathological conditions. We have demonstrated the utilization
of QD-based FRET sensors as a probe for the critical BACE1
enzyme. BACE1 is a key target in Alzheimer’s research, yet
remains little understood, in part due to the lack of optimal
probes that can both assay enzyme modifiers in a high-
throughput manner as well as characterize the in cellulo and in

vivo effects of treatment on BACE1 activity. This lack of
development has been due in part to the complicated nature of
the enzyme’s activity, requiring both stability at lower pH as
well as targeting of the cellular membrane. We exploited QDs
as a means of creating a bright sensitive FRET probe capable of
working at nanomolar concentrations of the probe and
detecting enzyme activity below 10 nM for multiwell plate
assays, obtaining similar enzyme kinetic results as those
reported in the literature. Similarly, we were able to utilize
our QD probe to look at verubecestat, a BACE] inhibitor, and
obtain a K; value in line with literature values. The key aspect
of the probe was that the QD is not only an excellent FRET
donor but due to its relatively large surface area can be
functionalized with surface-bound moieties to optimize its
stability in the acidic conditions required for BACEL1 activity as
well as those that target to the cellular membrane. We utilized
the optimized sensor to validate the sensors’ capability in
reporting on SH-SYSY cells BACE1L activity and the
diminished activity upon incubation with a BACEL1 inhibitor.
These initial proof-of-concept experiments will allow protocol
optimization and begin to answer the many questions that
remain around BACE1 enzymatic function in neurodegener-
ative diseases.

B MATERIALS AND METHODS

QD and Ligand Synthesis. The CdSe/CdS/ZnS core/shell/shell
QDs and CL4 were synthesized as previously reported.””** The SO,
ligand was synthesized in two steps as follows: thioctic acid (2.00 g,
9.79 mmol), N-hydroxysuccinimide (1.45 g 12.6 mmol), and
dicyclohexylcarbodiimide (2.60 g, 12.6 mmol) were placed in a 250
mL round-bottom flask and purged with N,. Acetonitrile (100 mL)
was added to the mixture, and the mixture was stirred overnight at
room temperature. The reaction mixture was filtered through Celite
and concentrated to dryness under vacuum. The crude product, TA-
NHS, was purified by chromatography on silica gel with CH,Cl,/
MeCN (30:1) as the eluent. Yield = 1.85 g (63%). '"H NMR (400
MHz, CDCl,): § 3.58 (m, 1H), 3.15 (m, 2H), 2.85 (s, 4H), 2.63 (t, ]
= 7.4 Hz, 2H), 2.48 (m, 1H), 1.95 (m, 1H), 1.88—1.50 (m, 6H). TA-
sulfonate was produced by placing taurine (0.132 g, 1.05 mmol) in a
100 mL round-bottomed flask, followed by THF (3 mL) and NEt,
(516 uL, 3.70 mmol). The mixture was stirred and slowly dissolved by
adding DI water (3 mL). Separately, TA-NHS (0.281 g, 0.926 mmol)
was suspended in THF (7 mL) via sonication, slowly added to the
reaction mixture, and stirred at room temperature for 3 days under
N,. The solvent was removed under a vacuum, and the crude product
was purified by chromatography on silica gel with CH,Cl,/MeOH
(5:1) with 1% NEt,. Yield = 0.32 g (83%). 'H NMR (400 MHz,
CDCly): 6 6.98 (br s, 1H), 3.72 (m, 2H), 3.56 (m, 1H), 3.21-3.07
(m, 2H), 3.14 (q, ] = 7.5 Hz, 6H), 2.97 (m, 2H), 2.44 (m, 1H), 2.18
(t, ] = 7.6 Hz, 2H), 1.91 (m, 1H), 1.67 (m, 4H), 1.46 (m, 2H), 1.83
(t, J = 7.4 Hz, 9H).

Ligand exchange of QDs with CL4 and SO; was performed as
described previously.””*

Peptide Synthesis. BACE1 substrate and membrane anchor
peptides were automatically chain-assembled by fluorenylmethox-
ycarbonyl protecting group (Fmoc)-solid phase peptide synthesis
(SPSS) with a peptide synthesizer using 0.1 mmol of H-Rink-Amide-
ChemMatrix resin with a loading capacity of 0.49 mmol g~'
(Biotage). Fmoc-protected amino acids were dissolved in N-
methylpyrrolidone and a standard coupling was performed with 10
equiv of N,N-diisopropylethylamine and 7 equiv of o-(1-benzotriazol-
1-y1)-1,1,3,3-tetramethyluronium hexafluorophosphate for 45 min
with 7 equiv of amino acid. After coupling, resin was acetylated and
treated with a cleavage cocktail composed of 92.5% trifluoroacetic
acid (TFA), 2.5% 1,2-ethanedithiol, 2.5% triisopropylsilane, and 2.5%
H,O for 120 min. Then, resins were filtered, and TFA was evaporated
with a gentle N, flow. The crude peptides were precipitated with cold
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ether and centrifuged at 7,000 rpm for 10 min. Ether was discarded,
and the pellet was dissolved in 30% buffer B (0.1% TFA, 90%
CH,CN, 10% H,0) in buffer A (0.05% TFA in H,0) and lyophilized.
Peptides were characterized by HPLC-MS using a C18 column 3.5
pm (4.6 X 150 mm, Waters) and a gradient of 5% to 95% acetonitrile
with 0.1% formic acid in water. Membrane anchor peptide JB858 was
synthesized and purified as previously described.”

Peptide Labeling with Cy3B. BACE1 substrate peptide was
dissolved in 50 mM NaHCO; at pH 7.0 to reach a final concentration
of 1.5 mg mL™". Then, 1.5 equiv of the Cy3B monoreactive maleimide
(Thermo Fisher Scientific) dissolved in DMSO was added and the
final pH was adjusted to 7.5. Mixtures were incubated under stirring
conditions at room temperature for 3 h or overnight. Purification of
Cy3B-labeled peptide was carried out using Ni-NTA affinity columns
and then RP18 oligopurification cartridge (Applied Biosystems).*"
Peptides were characterized by UV—vis absorbance spectroscopy,
lyophilized, and stored at —20 °C.

Sensor Preparation. CL4-QD or SO;-QD was incubated at a
final concentration of 150 nM with different equivalents, 0—6 of the
BACEL substrate peptide labeled with the Cy3B dye for 30 min at
room temperature in different buffers (sodium acetate SO mM pH 4.5,
HEPES 50 mM pH 5.0, MES 50 mM pH 5.2, and PBS pH 6.0). For
the blocking peptides, CL4-QDs were first incubated for 30 min with
2 equiv of the Cy3B-labeled BACEI substrate peptide, followed by 15
min of incubation with 0, 20, 30, or 40 equiv of the blocking peptide
in the different buffers assayed. To form the membrane-bound sensor,
QDs were simultaneously incubated with 4 equiv of BACE1 substrate
peptide Cy3B-labeled and 4 equiv of JB858 for 30 min, followed by 15
min incubation with 20 equiv of the blocking peptide in sodium
acetate S0 mM pH 4.5. Fluorescence spectra from 500 to 750 nm
were recorded by exciting samples at 405 nm in a microplate reader
(TECAN Spark).

BACE1 Kinetic Assay In Vitro. Sodium acetate, MES, HEPES,
and PBS buffers were tested for quenching efficacy and BACEl
digestion, and sodium acetate buffer was selected for further studies.
In the same way, CL4-QDs were found to be the preferred choice.
CL4-QDs were mixed with 4 equiv of BACE1 Cy3B-labeled substrate
peptide for 30 min and with 20 equiv of the blocking peptide for 15
min in 50 mM sodium acetate buffer pH 4.5 at a final concentration of
1S nM. In the case of the membrane-bound sensor, QDs were
additionally incubated with 4 equiv of the membrane targeting
peptide JB8S8. After incubation, the Cy3B-peptide-QD conjugates
were incubated with increasing concentrations of BACE1 (0, 10, 25,
50, 150, 300 nM) at 37 °C and the fluorescence emission at 545 and
580 nm was collected after excitation at 405 nm in a microplate reader
(TECAN Spark). Photoluminescence measurements were collected at
30 s intervals and finished at 3600 s (60 min). All experiments were
performed in triplicate.

For the inhibition with verubecestat (Sigma-Aldrich), increasing
concentrations of the drug (0, 0.01, 0.1, 0.25, 0.5, 1, 2.5, S, 7.5, 10, S0,
and 100 nM) were previously incubated with BACE1 (150 nM) at 37
°C for 30 min. The k_/Ky value was calculated using Originlab
software based on the assumption that the system could be properly
fit by a Michaelis—Menten equation.”” The verubecestat K; value was
calculated using OriginLab software from a dose-dependent inhibition
curve.

BACE1 Kinetic Assay in Living Cells. Human neuroblastoma
SH-SYSY cells (obtained from the European Collection of
Authenticated Cell Cultures, ECACC, Health Protection Agency)
were cultured in Dulbecco’s Modified Eagle Medium (DMEM,
Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and
1% penicillin/streptomycin (Gibco) in a humidified 5% CO,
incubator at 37 °C.

For the BACEL1 assay, 10° cells were seeded per well in a y-slide 8-
well plate. At 24 h, cells were pretreated with 1 nM verubecestat or
the corresponding volume of DMSO for 1 h. During the pretreatment,
the QD was incubated with the membrane peptide and the substrate
peptide in PBS to achieve a final concentration of 40 nM QD, 2 uM
membrane peptide and 160 nM substrate peptide after the dilution in
DMEM without phenol red supplemented with 10% FBS and 1%
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penicillin/streptomycin. Subsequent to the pretreatment, the cells
were incubated with the sensor for 1 h, washed 3 times in PBS, and
left in culture media for the imaging.

Confocal Laser Scanning Microscopy. Confocal microscopy
experiments were performed using a Confocal Stellaris 8 instrument
with a Leica HC PL APO CS2 63X/1.20 (water) objective. For each
well, at least 3 different fields of view were selected with a 184.70 ym
width, 184.70 ym height, and S ym depth over 10 stacks. The samples
were excited with a 405 nm wavelength laser. The emission was
collected at 496—560 nm for the QD and at 580—657 nm for the
Cy3B.

Quantitative Analysis of In Cellulo Sensor Activity.
Quantitative analysis of the images was performed by integrating
the fluorescence density corresponding to the QD and plotting the
images as a function of time. Each image was acquired at 63X
magnification and represents a size of 184.70 X 184.70 um in a
resolution of 5.5440 pixels per um (1024 X 1024). For each field of
view, 10 stacks were recorded. Images were obtained from a total of
five independent experiments for the 60 and 90 min time points and
from three independent experiments for the 120 min time points. To
process the image, the region of interest was automatically selected
based on the bright field appearance of the cells. The minimum and
maximum pixel values were set to 250 and 1750, respectively, for a
better visualization of the image. Then the pixel value was measured
for each channel, and the integrated density was used to analyze the
data. Individual experiment counts are provided in the Figure 6
caption. Each individual experiment contains an average data set of 23
measurements per condition and time point represented in the graph.
Each measurement corresponds to an individual cell or small group of
contiguous cells from 3/4 different fields of view. The ROUT method
(Q =10%) was used to identify the technical outliers of the data of all
experiments for the same time point. For each experiment, after the
outliers were removed, the mean was normalized by the mean of
untreated cells and represented as a data point. The mean of each
time point (60, 90, and 120 min) was also represented as the mean
fluorescence to compare the conditions of QD-BACEI sensor with
and without verubecestat.

B ASSOCIATED CONTENT
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