
Subscriber access provided by - Access paid by the | UCSB Libraries

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

A new fluorogenic small molecule labeling tool for surface diffusion
analysis and advanced fluorescence imaging of #-site amyloid precursor

protein (APP)-cleaving enzyme 1 based on silicone rhodamine: SiR-BACE1
Sandra Karch, Johannes Broichhagen, Julia Schneider, Daniel Böning, Stephanie Hartmann,

Benjamin Schmid, Philipp Tripal, Ralf Palmisano, Christian Alzheimer, Kai Johnsson, and Tobias Huth
J. Med. Chem., Just Accepted Manuscript • DOI: 10.1021/acs.jmedchem.8b00387 • Publication Date (Web): 25 Jun 2018

Downloaded from http://pubs.acs.org on June 25, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



A new fluorogenic small molecule labeling tool for surface diffusion 
analysis and advanced fluorescence imaging of β-site amyloid precursor 
protein (APP)-cleaving enzyme 1 based on silicone rhodamine: SiR-
BACE1 
 
Sandra Karch §,1, Johannes Broichhagen §,2,3, Julia Schneider §,1, Daniel Böning 4, Stephanie 

Hartmann 1, Benjamin Schmid 5, Philipp Tripal 5, Ralf Palmisano 5, Christian Alzheimer 1, 

Kai Johnsson §§,2,3, Tobias Huth* §§,1 

 

1 Institute of Physiology and Pathophysiology, Friedrich-Alexander-Universität Erlangen-

Nürnberg, Universitaetsstraße 17, 91054 Erlangen, Germany. 

2 Department of Chemical Biology, Max Planck Institute for Medical Research, Jahnstraße 

29, 69120 Heidelberg, Germany. 

3 Laboratory of Protein Engineering, Institut des sciences et ingénierie chimiques, Sciences de 

base, École Polytechnique Fédérale Lausanne, 1015 Lausanne, Switzerland. 

4 Max Planck Institute for the Science of Light, Staudtstraße 2, 91058 Erlangen, Germany. 

5 Optical Imaging Centre, Friedrich-Alexander-Universität Erlangen-Nürnberg, 

Hartmannstraße 14, 91052 Erlangen, Germany. 

  

Page 1 of 68

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



1 
 

Abstract 

β-site APP-cleaving enzyme 1 (BACE1) is a major player in the pathogenesis of Alzheimer’s 

disease. Structural and functional fluorescence microscopy offers a powerful approach to 

learn about the physiology and pathophysiology of this protease. Up to now, however, 

common labeling techniques either require genetic manipulation, use large antibodies, or are 

not compatible with live cell imaging. Fluorescent small molecules that specifically bind to 

the protein of interest can overcome these limitations. Herein, we introduce SiR-BACE1, a 

conjugate of the BACE1 inhibitor S-39 and SiR647, as a novel fluorogenic, tag-free, and 

antibody-free label for BACE1. We present its chemical development, characterize its photo-

physical and pharmacologic properties, and evaluate its behavior in solution, in over-

expression systems, and in native brain tissue. We demonstrate its applicability in confocal, 

stimulated emission depletion (STED), and dynamic single molecule microscopy. First 

functional studies with SiR-BACE1 on the surface mobility of BACE1 revealed a markedly 

confined diffusion pattern. 
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Introduction 

First described by Alois Alzheimer over a century ago, Alzheimer’s disease (AD) is the most 

common form of dementia with progressive cognitive impairment including memory and 

speech deficits, spatial disorientation, apraxia, and psychiatric symptoms.1 Most cases can be 

classified as sporadic AD, for which age is a major risk factor.2,3 Due to the aging population, 

AD is expected to become a growing socio-economic challenge in the upcoming decades.4 

The brains of AD patients display two histopathological characteristics: i) amyloid plaques, 

which mainly consist of accumulated Aβ peptides, and ii) neurofibrillary tangles formed by 

aggregated hyper-phosphorylated tau protein.5 Despite a still incompletely understood 

etiology, vast evidence supports the amyloid cascade hypothesis, which suggests a 

deregulated Aβ homeostasis as an early step in the pathogenesis.6–9 Aβ is generated by two-

step proteolysis from amyloid precursor protein (APP). The first and rate-limiting step is 

catalyzed by β-site APP-cleaving enzyme 1 (BACE1).10–14 BACE1 is an aspartic protease, 

mainly located in the trans-Golgi network and the endosomal pathway, which undergoes 

pronounced surface trafficking and recycling to early endosomes, where it co-localizes with 

and processes APP.15–17 Predisposing or protecting hereditary APP mutations that affect 

processing rates at the β-site underscore the pathogenic impact of BACE1.18–21  

Current knowledge on physiological and pathological, proteolytic and non-proteolytic 

functions of BACE1 is based on decades of research including animal, histological, 

biochemical, electrophysiological, and optical studies. 5,17,22,23 Light microscopy has 

contributed to some of the key findings: Immunofluorescence demonstrated that BACE1 is 

expressed in mossy fiber synapses of the hippocampal formation, which belongs to the brain 

regions that are affected by the earliest pathologic changes and are central for memory 

formation and retrieval.24,25 Antibody staining also showed that BACE1 accumulates near 

amyloid plaques in dystrophic neurites, being associated with impaired lysosomal degradation 
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and possibly fostering Aβ secretion.26,27 BACE1 and APP surface trafficking is independent 

from each other, as illustrated by total internal reflection fluorescence (TIRF) microscopy 

using fusions of the proteins to pH-sensitive fluorescent indicators.28 Fluorescence resonance 

energy transfer (FRET) between antibodies directed against tagged proteins revealed close 

encounter between BACE1 and APP in early endosomes.15 A fluorescence complementation 

approach with BACE1 and APP fusion proteins recently visualized their interaction in neurite 

microdomains and axonal BACE1-APP co-trafficking, translating previous work to the 

neuronal environment.29  

Interrogation of BACE1 in over-expression systems and in non-neuronal cell lines may not 

necessarily give a full and unbiased account of its many actions in the healthy and diseased 

brain. This holds in particular for all approaches using fluorescence imaging, where bulky 

labels impose steric hindrances, thereby possibly affecting BACE1 trafficking and regulation. 

Given the constraints of conventional imaging tools, alternative specific, bright, and easy-to-

apply labeling solutions are eagerly awaited to visualize BACE1 molecules and track their 

subcellular pathways and interaction sites at the highest spatiotemporal resolution. 

Because of the central role of BACE1 in AD pathogenesis, great efforts were made to develop 

small molecule BACE1 inhibitors.30,31 Despite some setbacks, inhibition of BACE1, most 

promising as part of a multitarget combination therapy, has remained a rational strategy to 

prevent and treat AD.32–35 Aminohydantoins have been introduced as a class of inhibitors that 

contact the catalytic aspartates, inhibit BACE1 at sub-micromolar concentrations, and possess 

good brain permeability.36 The derivative S-39 exhibits a low nanomolar inhibitory potency 

and shows excellent selectivity over related proteases in screenings in vitro.37,38  

To meet the urgent needs for innovative BACE1 visualization strategies, we made use of the 

pre-clinical inhibitor S-39 as a starting point to build a novel BACE1 labeling tool. Here, we 

introduce an organic conjugate that exploits the high affinity and specificity of S-39 in 
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combination with the far-red silicon-rhodamine derivative SiR647 and demonstrate the 

viability and functionality of this new approach.   
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Results 

A novel fluorogenic probe for BACE1 visualization 

We aimed to develop a probe for BACE1 labeling independent of tags and with a good signal-

to-noise ratio based on fluorogenicity (Figure 1A).39 Therefore, we started to design 

conjugates of the fluorogenic silicone-rhodamine derivative SiR647 (Figure 1B). The small 

molecule BACE1 inhibitor S-39 37 was linked to the dye via methylene linkers of different 

lengths that drag the conjugate into the active site pocket of BACE1. Binding to the protein 

should bring the SiR647 component into the polar environment of the protein surface and 

cause a conformational switch from its non-fluorescent spirolactone form to its fluorescent 

zwitter-ion, as shown in Figure 1B. The linkers ranged from 2 to 8 methylene spacers 

(conjugates C2 to C8) and were synthetically introduced late-stage, a fact that allows flexible 

alteration, optimization and synthetic economy (Figure 1C). In order to do so, a multistep 

synthetic sequence was performed, starting from acetonedicarboxylic acid (1) and propionic 

anhydride (2) to obtain bromo pyridine 3 according to a previously reported procedure from 

Li et al.40 Silicon rhodamine (SiR) 4 was functionalized after activation with TSTU and 

coupling to diamines with several linker lengths (denoted by n), before a guanidine was 

installed on the primary amine to obtain 5a-f (see Supplementary Tables 1 and 2). In parallel, 

the main pharmacophore was built from commercially available boronic acid 6 and 3-

bromoiodobenzene (7) by a iodo-selective Suzuki reaction that gave access to bromo aryl 8. 

Next steps were a Sonogashira reaction with trimethylsilyl acetylene (to obtain 9), 

deprotection (to obtain 10) and subsequent Sonogashira reaction with previously obtained 3 to 

obtain internal alkyne 11. Triple bond oxidation of 11 with permanganate yielded 1,2-

bisketone 12, that underwent benzilic rearrangement with SiR-linked guanidines. This 

straightforward access to SiR-linked probes 13a-f gave access to several possible fluorogenic 

BACE1 inhibitors (see Supplementary Table 3). 
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We next investigated the photo-physical properties of our conjugates in solution. Figure 1D 

and E show the excitation and emission spectra for the C4 conjugate, termed SiR-BACE1. 

Absorption was maximal at 651 nm and emission was observed at around 660-680 nm with 

its maximum at 674 nm (Figure 1D). To control whether SiR647 had preserved its 

fluorogenicity as a component of the conjugate, we recorded the absorption in PBS with or 

without the addition of 0.2% SDS (Figure 1E). In the absence of detergent, the probe lost its 

ability to absorb light in the range of 650 nm, hence our conjugates were fluorogenic. In this 

experiment, fluorogenicity was promoted by the non-polar environment of SDS micelles.39 To 

determine whether the fluorogenic on-switch is also mediated by specific binding to BACE1, 

we recorded SiR-BACE1 emission in the absence or presence of recombinant BACE1 protein 

(Figure 1F). The target protein increased fluorescence in the expected spectral range, which 

confirmed BACE1-mediated fluorogenic on-switch. 

 

BACE1 binding, inhibition, and visualization by a C4-linker S-39/SiR647 

conjugate 

Effective BACE1 labeling by the compound happens in two steps: binding of the probe and 

switching to its fluorescent form. Thus, we aimed to identify conditions that promote both. In 

a first experiment, we over-expressed hBACE1-EGFP in HEK293T cells and stained with all 

conjugates of different linker length. hBACE1-EGFP located mainly to the plasma membrane 

and intracellular compartments near the nucleus (Figure 2A, middle panel). At medium linker 

lengths (C4 to C6), our conjugates showed the strongest co-staining (Figure 2A, bottom 

panel), indicating efficient binding to BACE1 and switching to the on-state, with C4 

displaying the highest intensities. 

From the data in Figure 2A, we generated color-coded 2D histograms of EGFP and SiR647 

intensities to further evaluate the co-staining (Figure 2B). For all linker lengths, we observed 
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two areas of co-localized pixels in the whole frame co-localization plots, which could be 

assigned to pixels at the plasma membrane (membrane ROI, middle panel) or pixels of 

perinuclear clusters (cluster ROI, bottom panel). At the plasma membrane, the C4 and C5 

conjugates showed the most intense staining, indicated by the steepest correlation and 

numerous pixels with high SiR647 intensities (Figure 2B, middle panel). In perinuclear 

cluster regions, C4 was clearly superior to the other substances, giving the highest SiR647 

signals (Figure 2B, bottom panel). Given these results, we chose C4 as our BACE1 labeling 

probe, which we termed SiR-BACE1. 

Next, we reasoned that binding of the conjugate to the active site pocket of BACE1 should 

inhibit its proteolytic activity, like the parent drug S-39. To determine and quantify inhibition 

of BACE1 by increasing concentrations of the different conjugates, we performed a FRET-

based enzymatic assay (Figure 2C) using a synthetic BACE1 substrate coupled to a donor 

fluorophore, which is quenched until substrate cleavage by BACE1. All conjugates indeed 

inhibited BACE1 in a dose-dependent manner, with BACE1 being more efficiently 

suppressed by conjugates with longer linkers (Figure 2D). Plotting the IC50 values of all linker 

lengths and performing a cluster analysis, the IC50 of conjugates with 2 or 3 methylene 

spacers (C2, C3) clustered around 1700 nM, while IC50 of conjugates with 4 or more 

methylene spacer groups (C4-C6, C8) clustered around 1100 nM. We conclude that 

conjugates were slightly hindered in binding by a linker length ≤3 carbon atoms but perform 

equally well above that threshold. Staining differences as observed in Figure 2A must hence 

be due to varying fluorogenic conversion. 

 

Acidic conditions promote fluorogenicity of SiR-BACE1 

Both binding of small molecule inhibitors to the active site pocket of BACE1 41 and SiR647 

protonation for the fluorescent on-switch are pH-dependent, preferring acidic conditions. 

Consequently, we evaluated the effect of acidic pH on SiR-BACE1 binding to BACE1 and its 
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fluorogenicity. In order to have an experimental setup with controlled environment, we chose 

a cell-free approach using fluorescence correlation spectroscopy (FCS) as a read-out, 

analyzing SiR-BACE1 diffusion and its brightness. First, we characterized free SiR-BACE1 

diffusion in HBS pH 5 in the absence of BACE1 (Figure 3A). The auto-correlation curves 

from 3 independent experiments over 30x 10 s were fitted to a 1-component 3D translational 

model, determining the diffusion time, triplet fraction and relaxation time, number of 

molecules, and the structural parameter of the point spread function. The structural parameter 

was freely fitted in all FCS experiments and typically ranged from 5 to 7. The diffusion time 

of 100 nM SiR-BACE1 was 72 ± 3 µs (mean ± SE), serving as a reference in following 

experiments. We next explored how SiR-BACE1 diffusion changes upon adding recombinant 

BACE1 extracellular domain (ECD). On-stage, 2 µM BACE1 ECD were added to SiR-

BACE1, instantly followed by time-lapse FCS recording over 500x 10 s. The auto-correlation 

curves of each 10 s-interval were fitted to a 2-component 3D translational model with one 

diffusion time being fixed to 72 µs for freely diffusing SiR-BACE1 (see above). The 

diffusion time of the second fraction was determined by the fit and was always higher than the 

fixed first fraction, indicating a slowly diffusing second population. The fraction of SiR-

BACE1 that belonged to this slow fraction increased over time (Figure 3B) with a t0.5 of 

13 ± 1 min (mean ± SE). This prompted us to incubate SiR-BACE1 with BACE1 ECD for 

30 min before performing end-point FCS recordings in the following set of experiments to 

allow SiR-BACE1 to bind and convert into the fluorescent zwitter-ionic conformation. The 

diffusion time of the slow fraction in Figure 3B equaled 549 ± 3 µs (mean ± SE, N = 3 

recordings) and did not change systematically over time (Figure 3C), serving as a reference 

for diffusion of BACE1-bound SiR-BACE1. 

To evaluate the effect of pH, end-point FCS was recorded over 30x 10 s from SiR-BACE1 in 

the presence of different concentrations of BACE1 ECD in pH 5 or 7.4. Upon binding to 

BACE1 ECD, we expected SiR-BACE1 diffusion to decelerate (indicated by longer diffusion 
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times, see Figure 3D) and SiR-BACE1 fluorescence to increase (indicated by rising count 

rates). Auto-correlation curves (Figure 3D) were parameterized by fitting to the 2-component 

3D translational model with the diffusion times being fixed to 72 and 550 µs (see above). 

With increasing concentrations of BACE1 ECD, a growing SiR-BACE1 fraction diffused 

slowly, i.e. BACE1-dependent (Figure 3D), and the fluorescence signal became more intense. 

We first compared the influence of pH on the fraction of slowly-diffusing SiR-BACE1 

(Figure 3E). At pH 5, the half-maximal effect was reached at 27 ± 4 nM BACE1 ECD (mean 

± SEM), while at pH 7.4, the apparent EC50 was 87 ± 33 nM. Note that the analysis is biased 

towards the slowly diffusing BACE1-bound fluorophores because of the fluorogenic on-

switch. When we focused on photon counts, acidic pH enabled bright fluorescence at lower 

BACE1 ECD concentrations than slightly alkaline pH (Figure 3F), with EC50 values of 

45 ± 6 nM and 620 ± 130 nM at pH 5 and 7.4, respectively. These results showed that acidic 

pH likely supports both binding and fluorogenicity. While the effect on binding was not 

pronounced enough to be statistically significant, acidic conditions clearly support the 

fluorescent on-switch. 

We next evaluated whether a positive effect of acidic pH holds true for staining of BACE1-

EGFP in HEK293T cells. In a first experiment, we stained living cells with SiR-BACE1 in 

pH 5 or pH 7.4 (Figure 3G). The intracellular compartments, presumably trans-Golgi network 

(pH ~6), were stained brightly in both conditions. The plasma membrane, however, where 

BACE1 molecules are exposed to our staining buffer’s pH, was labelled by SiR-BACE1 at 

pH 5, but not at pH 7.4. To determine whether lacking membrane staining was due to the 

absence of binding or to a non-fluorescent conformation of the fluorophore, we performed a 

two-step experiment with fixed HEK293T cells over-expressing hBACE1-EGFP. Cells were 

stained with SiR-BACE1 in pH 7.4, washed, and observed in time-lapse imaging for 60 min 

in pH 7.4 before the imaging buffer’s pH was adjusted to pH 5, followed by another 60-min 

observation (Figure 3H). The change of buffer pH was followed by a decrease of the EGFP 
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fluorescence signal, while in the SiR-BACE1 channel, fluorescence increased and plasma 

membranes of the transfected cells became visible. This observation indicates that SiR-

BACE1 can be bound at pH 7.4 in its fluorescent off-state, and can switch to its fluorescent 

conformation upon pH change.  

To further discriminate between pH-dependent binding and pH-dependent fluorescent 

switching, we performed an additional cell-free experiment. Binding of SiR-BACE1 to 

BACE1 was examined with the FRET-based BACE1 activity assay (see Figure 2C), 

performed in HBS of pH 5, 7.4, or 8 instead of the supplied assay buffer. Processing of the 

BACE1 substrate was controlled by a kinetic assay run, as suggested by the manufacturer. In 

an endpoint assay, activity of BACE1, indicated by the intensity of unquenched cleavage 

product, was significantly lower in pH 7.4 and 8 when compared to pH 5, as expected (Figure 

3I, upper panel).42,43 For all three conditions, we determined the IC50 for BACE1 inhibition by 

SiR-BACE1 as illustrated in Figure 2C and found that inhibition was not significantly 

changed by pH (Figure 3I, lower panel).  

 

Cellular affinity and specificity 

Applying acidic conditions for staining, we quantified the affinity of SiR-BACE1 for BACE1 

in a cellular environment. HEK293T cells over-expressing hBACE1-EGFP were stained with 

different concentrations of SiR-BACE1, ranging from 1 to 5000 nM, in pH 5. Flow cytometry 

allowed us to correlate intensities of hBACE1-EGFP and SiR647 signals from individual cells 

(Figure 4A). The slope of the correlation curve indicates how efficiently SiR-BACE1 has 

stained the hBACE1-EGFP molecules. Figure 4A depicts the distribution of cells, which were 

stained with 1 (grey dots), 100 (green dots), or 1000 nM SiR-BACE1 (red dots). At low 

EGFP channel intensities (i.e. in non-transfected cells), no correlation with SiR-BACE1 

signal was observed. For higher hBACE1-EGFP intensities (i.e. transfected cells), the SiR-

BACE1 signal positively correlated with the expression level of hBACE1-EGFP. A bilinear 
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custom fit with a constant first and ascending proportional second part appeared suitable to 

parameterize this distribution. A small fraction of cells with a very high intensity in the EGFP 

channel deviated from the correlation towards higher SiR-BACE1 signals. Since we had 

observed that such “hyper-expressing cells” lose their membrane integrity, this population 

was not considered.  

Increasing SiR-BACE1 concentration lead to a systematic change of the cells’ fluorescence 

distribution, represented by the bilinear fit (Figure 4A): The level of the first component stays 

low for staining with 100 nM, but rises for staining with 1000 nM of SiR-BACE1. We 

interpreted an increased level as an unspecific accumulation of SiR-BACE1 in all cells, 

irrespective of the presence of hBACE1-EGFP. The slope of the second, proportional 

component of the fit increased with increasing SiR-BACE1 concentrations (cf. 1 to 100 nM), 

indicating enhanced probability for a hBACE1-EGFP molecule to be stained by SiR-BACE1. 

Upon further increase of SiR-BACE1 concentration (cf. 100 to 1000 nM), the slope hardly 

increased further, indicating saturation of hBACE1-EGFP. The proportionality factor was 

plotted as a function of SiR-BACE1 concentration to illustrate specific staining (Figure 4B). 

The EC50 of SiR-BACE1 for BACE1 staining was determined to be 78 ± 18 nM. In this 

concentration range of SiR-BACE1 (see green dataset in Figure 4A), the constant part of the 

fit did not indicate relevant unspecific accumulation of SiR-BACE1 in non-transfected cells, 

demonstrating that specific staining is feasible in HEK293T cells.  

In this experimental system, specific BACE1 staining could be unambiguously confirmed by 

a competition experiment against the benchmark small molecule BACE1 inhibitor IV 

(Merck), also known as C3 (IC50 = 15 nM).44 HEK293T cells expressing hBACE1-EGFP 

were stained with 70 nM SiR-BACE1 in the presence of different concentrations of inhibitor 

IV. Increasing concentrations of inhibitor IV displaced SiR-BACE1 (Figure 4C) with an IC50 

of 55 ± 8 nM, which was determined by a fit according to Equation 1. The successful 
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competition between the two substances argues in favor of the same orthosteric binding site 

for inhibitor IV and SiR-BACE1. 

In addition, we performed control experiments to confirm that SiR-BACE1 specifically binds 

to the BACE1 active site in HEK293T cells (Figure 4D). The proteins of interest were over-

expressed as fusion proteins with EGFP. We stained cells over-expressing the proteolytically 

inactive mutant D289N of BACE1, which was expected not to bind SiR-BACE1 due to the 

mutated catalytic site. Additionally, we tested whether SiR-BACE1 stains the BACE1 

homolog BACE2 or the BACE1-related aspartyl protease cathepsin-D. Indeed, none of these 

three proteins evoked significant staining by SiR-BACE1. 

 

SiR-BACE1 is STEDable 

With this new tool in our hands, we explored several feasible applications that may profit 

from SiR-BACE1’s unique feature of being a fluorogenic, specific, and tag-independent label 

for BACE1. As first application, we used SiR-BACE1 for super-resolution imaging of over-

expressed BACE1 in the neuronal cell line N1E-115. The probe reproduced the pattern of 

BACE1 indicated by its EGFP tag (Figure 5A-B). We scanned neurite details in confocal and 

stimulated emission depletion (STED) mode (Figure 5C). BACE1, visualized by SiR-

BACE1, was present in the soma and in neurites. Unlike the confocal recording, the STED 

image resolved the vesicular distribution of the protein. For comparison, we plotted 

representative profiles from a confocal versus a STED image for a cross profile (Figure 5C, 

green box and graph) and neighboring vesicular structures (red box and graph), which 

demonstrate the gain in resolution by using SiR-BACE1 for STED microscopy. 
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Visualization of endogenous BACE1 

Having applied SiR-BACE1 successfully on samples over-expressing EGFP-tagged BACE1, 

we next used it to visualize endogenous BACE1. As a sample, we chose native hippocampal 

brain slices from wild-type and BACE1 knockout (KO) mice. SiR-BACE1 stained the hilus 

of the dentate gyrus and the mossy fiber terminals in the CA3 region (Figure 6A and B, left 

panels), consistent with the BACE1 expression pattern described before.24,45,46 In slices from 

knockout animals, no equivalent BACE1 staining was observed (Figure 6A, right panel), 

confirming specificity of SiR-BACE1 for in-situ-detection of endogenous BACE1. To further 

support the finding that SiR-BACE1 does indeed specifically detect BACE1, we performed a 

competition experiment with BACE1 inhibitor IV (see above). At 20-fold excess, inhibitor IV 

displaced most of the SiR-BACE1 from the active site and suppressed BACE1 staining 

(Figure 6B, right panel).  

We also tested SiR-BACE1 for staining of living hippocampal neuronal cultures, in which the 

probe provoked intense staining of somatic and neuritic structures, both in wild-type and 

knockout preparations (Figure 6C). To elucidate the origin of these accumulations, we co-

stained mouse embryonic fibroblasts (MEF) from BACE1 knockout mice with SiR-BACE1 

and LysoTracker. Co-localization implied SiR-BACE1 accumulations in acidic lysosomes 

(Figure 6D, upper panel). We asked whether SiR-BACE1 accumulated because of an off-

target present in lysosomes or due to the acidic pH of the compartment. With bafilomycin A1 

(BafA1), we disrupted lysosomal acidification. Disappearance of the LysoTracker signal 

confirmed neutralization. With BafA1 treatment, lysosomal SiR-BACE1 staining was 

abolished (Figure 6D, lower panel), arguing for a pH-dependent accumulation. A pre-

treatment of the primary neuronal cultures with BafA1 to establish a specific staining was not 

considered because control experiments with BafA1 in MEF cells had shown that BACE1-

EGFP, as well as additional transmembrane and membrane-associated proteins, lost its typical 

expression pattern. We concluded that SiR-BACE1 is not suited for staining of primary 
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hippocampal neurons under the tested circumstances, but well applicable for BACE1 

detection in frozen sections, which do no longer contain acidified vesicles (Figure 6A,B). 

 

Single particles tracking reveals confined membrane diffusion of BACE1 

Finally, we wanted to investigate the behavior of single BACE1 molecules at the cell surface. 

The diffusion and trafficking dynamics of BACE1 have been recently implicated in the 

pathogenesis of Alzheimer´s disease.5,47,48 Therefore, BACE1 surface movement is getting 

increasing attention, but dynamic data are not available yet. The development of SiR-BACE1 

offers now the unprecedented opportunity to track single BACE1 molecules without the 

hindrance of tags or huge antibody labels. 

The experiments with neuronal cultures and MEF cells (Figure 6) taught us that 

accumulations of SiR-BACE1 in acidic intracellular compartments may impair BACE1 

visualization when it comes to detection of low endogenous levels – or single molecules. We 

therefore worked with plasma membrane lawns (PML) of CHO-K1 cells,49 with intracellular 

organelles being removed to achieve the best possible signal-to-background ratio.  

Wild-type human BACE1 was transiently expressed at low levels and stained with SiR-

BACE1, resulting in spot-like, diffraction-limited signals of single BACE1 molecules (Figure 

7A, right panel). Unstained transfected PML and non-transfected stained PML did not show 

relevant autofluorescence or unspecific staining, respectively (Figure 7A, left and middle 

panel). Tracks of BACE1 diffusion (Figure 7B) were generated from time-lapse recordings of 

6 PML regions from 4 cells. Track fluorescence intensity was averaged over time and plotted 

for all tracks (Figure 7C). Intensities followed a bi-modal Gaussian distribution. 50% of the 

tracks showed a relative intensity of 6.6 ± 2.4 AU (mean ± SE). The intensity of the 

remaining tracks was 12 ± 5 AU. The velocity of the molecules did not correlate with their 

intensity (Figure 7D). Tracks were typically shorter than 1-2 s (Figure 7E). Mobility of the 

tracked molecules was independent from track lifetime (Figure 7F). Therefore, the track 
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population was assumed to be homogenous regarding diffusion behavior. Plotting the mean 

square displacement (MSD) over time revealed a confined diffusion of the BACE1 molecules, 

indicated by the negative deviation of the data from a linear diagonal (Figure 7G, black dots). 

As described previously,50 the mobility distribution (Figure 7H) did not fit to a γ-distribution, 

thereby excluding free diffusion. 15% of the tracks, i.e. 220 tracks, were immobile (defined 

by a mobility < 0.02 µm²/s)50. When we excluded these from the analysis, the mobile BACE1 

fraction still showed restricted movement (Figure 7G, green dots). 

To validate that the observed traces originated from single SiR-BACE1 molecules, PMLs 

were fixed to immobilize the proteins and then stained with SiR-BACE1. The presence of a 

PML was confirmed by an area showing smooth fluorescence of membrane-targeted EGFP 

(Figure 7I). Expression of SNAP-tagged hBACE1 was confirmed by staining with the SNAP 

substrate SNAP-surface549. SiR-BACE1 staining resulted in distinct BACE1 signals 

comparable to the SiR-BACE1 pattern in live PML (Figure 7I, cf. A, right panel). The signals 

had been efficiently immobilized by the fixation (cf. 0 s vs. 10 s in Figure 7J) and typically 

disappeared from one frame to the other in one-step bleaching, confirming the presence of 

single fluorophores (Figure 7J, arrows).  
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Discussion and Conclusions 

The aim of this study was to design and evaluate a small molecule BACE1 labeling tool that 

fulfils the following criteria: It marks the protease for fluorescence imaging without genetic 

manipulation or antibodies, it is easy to apply, and it is compatible with a broad range of 

imaging systems. We succeeded in developing the fluorogenic probe SiR-BACE1 as a 

conjugate of the small molecule BACE1 inhibitor S-39 for selective targeting and the far-red 

dye SiR647 (Figure 1). Following a one-step staining procedure, SiR-BACE1 can visualize 

recombinant BACE1 in solution (Figure 2C-D, Figure 3A-F), over-expressed BACE1 (Figure 

2A-B, Figure 3G-H, Figure 4, Figure 5, Figure 7), and endogenous BACE1 (Figure 6). SiR-

BACE1 staining rendered BACE1 accessible for confocal laser scanning microscopy (Figure 

2A, Figure 6), super-resolution imaging by Stimulated Emission Depletion (STED, Figure 5), 

and single molecule time-lapse analysis (Figure 7).  

 

Choice of a linker 

A key aspect in the synthetic strategy was the late-stage coupling of the pharmacophore to the 

fluorophore, which allows easy modulation of the derivatives’ linker. We selected a linker 

length of 4 methylene spacers (C4), which proved to be critical for sensitive labeling. 

Conjugates with shorter linker had a slightly lower affinity for the BACE1 active site (Figure 

2D). Longer linkers, like in the C8 compound, did allow undisturbed binding to and inhibition 

of BACE1, but resulted in low fluorescence, which likely was a consequence of insufficient 

fluorescent conversion of bound conjugate from its non-fluorescent spirolactone form to the 

fluorescent zwitter-ion. Overall, the C4 compound, which we termed SiR-BACE1, allowed 

binding of the inhibitor with low steric hindrance by SiR647 and brought the fluorophore 

close enough to the protein surface to promote its fluorogenic on-switch. 
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pH dependency 

In the endosomal pathway, pH decreases from a slightly alkaline extracellular pH to pH 5-6.51 

Based on the chemistry of SiR647,39 the acidic pH should support labeling by enforcing the 

fluorescent on-switch of the dye. Indeed, that effect was clearly observed for BACE1 in 

solution (Figure 3F) as well as for over-expressed BACE1 in cells (Figure 3H). 

In addition, BACE1 active site residues have been shown to change their hydration state 

depending on pH, which results in the enzymatic pH optimum of 4.5.42,43 Like substrate 

cleavage, binding of small molecule inhibitors into the active site pocket has been shown to 

depend on the charges of the respective side chains.41,52 Previous work has pointed out that 

the pH profile of small molecule binding to BACE1 is dependent on how the small molecule 

interacts with BACE1.53 We checked for pH dependency by cell-free FCS and found a 

tendency for enhanced binding at pH 5 (Figure 3E). Superior staining of over-expressed 

BACE1 in pH 5, as demonstrated in Figure 3G, is mainly attributable to a promoted 

fluorogenic on-switch.  

 

Acidic accumulation 

Inhibitory potency of SiR-BACE1 was 100-fold lower than that of the parent drug S-39 in a 

cell-free enzymatic assay (IC50 S-39: 10 nM).37 Only a factor 2 can be attributed to the fact 

that SiR-BACE1 was obtained as a racemate. We conclude that the conjugation of the drug to 

SiR647 diminishes its potency of binding to the BACE1 active site pocket, an effect that has 

been observed before.54 Arguing for steric hindrance is supported by the finding that short 

linker lengths, which bring SiR647 close to the pharmacophore, slightly decrease BACE1 

inhibition.  

When compared to the inhibitory potency in the cell-free FRET assay, the effective 

concentration for staining BACE1 in the cellular environment was 14-fold lower with an EC50 
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of 78 ± 18 nM. Such an observation is not unprecedented: A study that evaluated a small 

molecule labeling tool for cathepsin-D, another aspartyl protease, revealed a similar effect.55 

The compound in that study accumulated in acidic compartments and thereby reached an 

increased affinity for cathepsin-D in cells versus in-vitro-assays by one to two orders of 

magnitude. Considering such a mechanism for SiR-BACE1, it is important to note that 

SiR647 changes its conformation in acidic pH.39 Acidic trapping of SiR-BACE1 therefore 

seemed possible. Support for this hypothesis came from the staining of primary hippocampal 

neurons by SiR-BACE1: When we analyzed those for endogenous BACE1 staining, 

prominent unspecific SiR-BACE1 accumulations occurred in an irregular pattern and 

impeded BACE1 visualization in this sample (Figure 6C). Further characterization in BACE1 

knockout MEF cells confirmed that SiR-BACE1 is entrapped into acidic lysosomes. This 

local accumulation can fully explain the higher apparent affinity of SiR-BACE1 in the 

cellular system when compared to the cell-free FRET assay. 

Given the high-affinity EC50 in cellular staining, it may seem surprising that only a minor 

fraction of BACE1 in plasma membrane lawns (PMLs) was stained by 100 nM SiR-BACE1 

(Figure 7I). However, the staining situation rather resembles the cell-free assay than the 

cellular staining with locally increased SiR-BACE1 concentrations. In the homogenous 

staining solution above PMLs, SiR-BACE1 does not accumulate and may therefore not be 

able to saturate all present BACE1 molecules in the preparation. An alternative explanation 

for non-saturated staining in PMLs could be that SiR-BACE1 may prefer binding to a certain 

multimeric form of BACE1 that may occur predominantly intracellularly. However, that 

seems unlikely since recent work has identified BACE1 multimers in an equal distribution 

between subcellular compartments.56 
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SiR-BACE1 for confocal imaging and nanoscopy 

When a protein of interest is labelled using primary and dye-coupled secondary antibodies, 

one target molecule is estimated to be stained by approximately 25 fluorophores yielding a 

bright signal. In super-resolution imaging, however, this apparent advantage due to “antibody 

piling” has the adverse effect of separating the fluorophores by approximately 20 nm from the 

target protein. Such spacing is unacceptable for techniques that offer spatial resolution in the 

nanometer57 or even Angstrom scale, like the novel extension of STORM imaging at cryo 

temperatures (Cryogenic Optical Localization in 3D, COLD)58. A super-resolution label 

hence is a trade-off between photon yield and label size. In addition, ratiometric analysis and 

sub-nanometer structural investigations require a 1-to-1 labeling. SiR-BACE1 meets these 

diverging criteria by i) depositing one fluorophore per BACE1 molecule, ii) dragging the dye 

into the active site pocket, resulting in the minimal possible distance between BACE1 and the 

label, and iii) containing SiR647, which offers a high photon yield and excellent photo-

stability39. The latter compensates partially for the low number of deposited fluorophores. 

Owing to these features, SiR-BACE1 allowed STED imaging, which required long exposure 

times because of low expression level and fluorophore concentration. In addition, 

visualization of endogenous BACE1 in native hippocampal slices, where fluorophore 

concentration is naturally limited, (Figure 6A,B) similarly profited from SiR-BACE1’s 

features. Both measurements would have been impossible with a low-yield or fast-bleaching 

fluorophore. Judging from these applications, we can advocate SiR-BACE1 for super-

resolution, low-light, and single molecule applications. 

 

Single molecule BACE1 diffusion analysis 

Label size is not just a factor when discussing the distance to the target protein, but also 

matters because of its sheer mass and diameter: Analysis of single molecules in the plasma 
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membrane has mostly been done with fluorescent protein fusion constructs,50,59,60 antibodies 

labelled with quantum dots,61 or self-labeling enzymes like the SNAP tag.62,63 Since these 

labels can reach the same size as the analytes or even exceed their dimensions, they may 

confound optical recordings in several aspects. For instance, SNAP tag has been shown to 

slow the movement of a protein of interest63 and antibodies are commonly used to even 

immobilize proteins at the cell surface64. Additionally, tags interfere with protein-protein 

interactions. Incorporation of fluorescent unnatural amino acids has minimized tag size but 

requires genetic manipulation of the target protein.65 Interferometric detection of scattering 

(iSCAT) allows observation of molecules without any label but is not yet available to the 

broad life science community and is currently limited to the detection of secreted proteins.66,67 

Thus, single molecule tracking of membrane proteins still requires a label, which should be as 

small as possible, such as fluorophore conjugates of receptor agonists or antagonists.63,65,68 

These small molecules are fabricated against specific targets and, with SiR-BACE1, we 

introduce the first such label for BACE1. 

Employing this imaging tool, we are now able to probe the motility of BACE1 in cellular 

membranes. Our data argue for a confined diffusion behavior of the secretase, which was not 

dependent on diffusion coefficient, track length, or intensity. This finding strongly suggests 

that BACE1 molecules form a homogenous population in the plasma membrane that does not 

diffuse freely. We are aware that our characterization of BACE1 diffusion may be cell type-

specific, as reported for other transmembrane proteins.50 The observed confined diffusion may 

be a result of protein-protein interactions (as discussed below for ion channels), anchoring to 

the cytoskeleton, lipid microdomains, or spatial partitioning of the plasma membrane, as 

recently demonstrated for the neuronal surface.69–73 

We have previously revealed the interaction of BACE1 with the voltage-gated sodium 

channel NaV1.2, voltage-gated potassium channel KV3.4, and potassium channels of the 

KCNQ family (KCNQ1-3), for which BACE1 acts as a non-proteolytic accessory 
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subunit.22,74-77 Both NaV1.2 and KCNQ2/3 are anchored to the actin cytoskeleton at the axon 

initial segment by interaction with ankyrin-G.78 A similar anchoring to actin has been 

described for KCNQ1 via the protein kinase A anchoring protein (AKAP) yotiao.50,79 It is 

therefore conceivable that the restricted motility of BACE1 results, at least in part, from its 

physical association with anchored membrane proteins. In future studies, tracking BACE1 

diffusion with SiR-BACE1 might offer a means to identify putative new interaction partners 

and regulators of the secretase. 

Membrane composition and protein surface diffusion has garnered increasing attention in AD 

research.80 For instance, increased cholesterol levels support encounters of BACE1 with APP 

in membrane subdomains, facilitating joint endocytosis and APP processing.81,82 Vice versa, 

membrane partitioning can preclude protease-substrate interaction, as demonstrated for 

ADAM10 and its chemokine substrate CX3CL1.83 This raises the question of whether the 

efficacy of BACE1 inhibitors depends on membrane composition and sub-cellular BACE1 

localization. In a successful attempt to optimize inhibition, the pharmacophore was directed 

towards endosomes, where BACE1 is located, active, and in a protonation state favoring drug 

binding.84,85 Just as well, membrane partitioning and protein confinement could determine an 

inhibitor’s potency already at the cell surface. Remarkably, clustering of target molecules has 

been discussed to allow enzymatic reaction bursts despite the presence of high doses of 

inhibitors.86  

In conclusion, we have introduced SiR-BACE1 as new tool for live cell imaging of BACE1. 

The probe should become valuable for monitoring the distribution and dynamics of BACE1 in 

cellular membranes and the development of AD therapeutics that aim to either modulate the 

membrane to prevent BACE1-APP interaction or target inhibitors to the protease.  
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Experimental Section 

Chemistry 

All compounds used in the results section (13a-f) were determined to be >95% pure by 

analytical HPLC. All chemical reagents and anhydrous solvents for synthesis were purchased 

from commercial suppliers (Sigma-Aldrich, Fluka, Acros, Fluorochem, TCI) and were used 

without further purification or distillation. If necessary, solvents were degassed either by 

freeze-pump-thaw or by bubbling N2 through the vigorously stirred solution for several 

minutes.  

NMR spectra were recorded in deuterated solvents on a BRUKER DPX 400 or on a 

BRUKER DPX 400 instruments and calibrated to residual solvent peaks (1H/13C in ppm): 

CDCl3 (7.26/77.00), DMSO-d6 (2.50/39.52), acetone-d6 (2.05). Multiplicities are abbreviated 

as follows: s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, br = broad, m = 

multiplet. Coupling constants J are reported in Hz. Spectra are reported based on appearance, 

not on theoretical multiplicities derived from structural information.  

High-resolution mass spectra (HRMS) were measured on a Micromass Q-TOF Ultima 

spectrometer with electrospray ionization (ESI).  

LC-MS was performed on a Shimadzu MS2020 connected to a Nexerra UHPLC system 

equipped with a Waters ACQUITY UPLC BEH C18 1.7 µm 2.1x50 mm column. Buffer A: 

0.05% HCOOH in H2O Buffer B: 0.05% HCOOH in acetonitrile. Analytical gradient was 

from 10% to 90% B within 5.0 min with 0.5 or 1.0  mL/min flow.  

Preparative RP-HPLC was performed on a Dionex system equipped with an UVD 170U UV-

Vis detector for product visualization on a Waters SunFireTM Prep C18 OBDTM 5 µm 

10×150 mm column. Buffer A: 0.1% TFA in H2O Buffer B: acetonitrile. Typical gradient was 

from 10% to 90% B within 32 min with 4 mL/min flow. After lyophilization of HPLC-

purified compounds, the solid residue was generally dissolved in dry DMSO and the 
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concentration of the SiR-derivatives was measured by UV-Vis spectroscopy in PBS 

containing 0.1% SDS, using the SiR molar extinction coefficient of 100,000 M-1cm-1 at 650 

nm.  

Flash column chromatography was performed on a Teledyne ISCO CombiFlash® Rf+ with 

pre-packed silica columns or manually on silica gel (SilicaDlash® P60, 0.040–0.063 mm, 

230-400 mesh, Silicycle). Reactions and chromatography fractions were monitored by thin 

layer chromatography (TLC) on Merck silica gel 60 F254 glass plates. The spots were 

visualized either under UV light at 254 nm and/or 366 nm.  

 

4-Bromo-2,6-diethylpyridine (Figure 1C, 3) 

4-Bromo-2,6-diethylpyridine was prepared as previously described40 from 1,3-

acetonedicarboxylic acid (1) and propionic anhydride (2) over five steps and obtained as a 

yellow to colorless light oil in 0.8% yield. 

1
H NMR (400 MHz, CDCl3): δ [ppm] = 7.15 (s, 2H), 2.76 (q, J = 7.6 Hz, 4H), 1.28 (t, J = 7.6 

Hz, 6H). 

13
C NMR (101 MHz, CDCl3): δ [ppm] = 164.4, 133.3, 122.3, 31.3, 13.9. 

HRMS (ESI): calc. for C9H13BrN [M+H]+: 214.0226 and 216.0205, found: 214.0230 and 

216.0211. 

Rf (TLC; hexanes/DCM = 1/1) = 0.42. 

 

3,7-Bis(dimethylamino)-N-(3-guanidinoalkyl)-5,5-dimethyl-3'-oxo-3'H,5H-

spiro[dibenzo[b,e]siline-10,1'-isobenzofuran]-6'-carboxamide (5a-f) 

General procedure: A 2 mL vial was charged with SiR-6-COOH 4 (1.0 equiv.) in DMSO (1 

mL / 10 mg SiR-6-COOH) and DIPEA (4.0 equiv.) and TSTU (1.2 equiv.) was added in one 

portion. Upon addition, the mixture turned from blue to colorless (DIPEA) to yellow (TSTU). 

After stirring at rt for 5 min, 1,n-diaminoalkane (10 equiv.) was added (liquid diamines were 
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pipetted directly into the solution while solids were dissolved in a minimal amount of DMSO 

and then added in one portion) and the reaction mixture was vigorously stirred for 1 h (turning 

colorless) it was quenched with HOAc (25 equiv.) and 0.1% aqueous TFA (200 µL / 10 mg 

SiR-6-COOH) and the crude subjected to RP-HPLC (MeCN/H2O/TFA = 10/90/0.1 � 

90/10/0.1 over 32 minutes). The desired monoamine was collected (λ = 650 nm), freeze-dried 

and the obtained blue powder was dissolved in DMF (1 mL / 10 mg SiR-6-COOH) and NEt3 

(15 equiv.) before 1H-pyrazole-1-carboximidamide hydrochloride (10 equiv.) was added in 

one portion. The reaction mixture was vigorously stirred for 2 h before it was quenched with 

HOAc (20 equiv.) and the crude subjected to RP-HPLC (MeCN/H2O/TFA = 10/90/0.1 � 

90/10/0.1 over 32 minutes). The obtained guanidine was freeze-dried to obtain the desired 

product as a blue powder and briefly characterized by LC-MS analysis (MeCN/H2O/formic 

acid = 10/90/0.1 � 100/10/0.1 over 6 min). 

3,7-Bis(dimethylamino)-N-(3-guanidinobutyl)-5,5-dimethyl-3'-oxo-3'H,5H-

spiro[dibenzo[b,e]siline-10,1'-isobenzofuran]-6'-carboxamide (n = 4, 5c) was obtained in 85% 

yield over 2 steps and subjected to further 1H NMR and HRMS characterization: 

1
H NMR (400 MHz, acetone-d6): δ [ppm] = 8.47 (s, 1H), 8.24 (s, 1H), 8.15 (dd, J = 10.3, 7.6 

Hz, 1H), 8.06–7.91 (m, 1H), 7.82–7.74 (m, 1H), 7.49 (br s, 3H), 7.20–7.11 (m, 2H), 6.83–

6.74 (m, 2H), 6.71–6.65 (m, 2H), 3.43 (t, J = 5.3 Hz, 2H), 3.40–3.28 (m, 2H), 2.99 (s, 12H), 

1.70–1.66 (m, 4H), 0.68 (s, 3H), 0.55 (s, 3H). 

HRMS (ESI): calc. for C32H41N6O3Si [M+H]+: 585.3004, found: 585.3004. 

 

3-(3-Bromophenyl)-2-fluoropyridine (8) 

A Schlenk flask was charged with (2-fluoropyridin-3-yl)boronic acid (6) (249 mg, 1.77 mmol, 

1.0 equiv.), 1-bromo-3-iodobenzene (7) (500 mg, 1.77 mmol, 1.0 equiv.) and Cs2CO3 (577 

mg, 1.77 mmol, 1.0 equiv.) suspended in DME / H2O (8 mL / 2 mL). The suspension was 

degassed by bubbling with nitrogen for 10 min under stirring before Pd(PPh3)4 (204 mg, 
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0.177 mmol, 0.1 equiv.) was added in one portion. The flask was sealed and the reaction 

mixture was heated to 85 °C to become homogenous and stirred for 18 h before it was 

allowed to cool to rt and then quenched by the addition of water (100 mL) and extracted with 

EtOAc (2 x 100 mL). The combined organic layers were washed with water (100 mL) and 

brine (100 mL), dried over MgSO4 and the volatiles were removed in vacuo. The crude was 

taken up in DCM and hexanes was added to precipitate the majority of PPh3 that was filtered 

off before the solution was subjected to FCC (80 g silica: 3 CV 100% hexanes � 10 CV 

gradient to 100% DCM � 1 CV 100% DCM; the product eluted ~90% DCM) to obtain 88.0 

mg (0.350 mmol) of the desired product as a clear oil in 20% yield. 

1
H NMR (400 MHz, CDCl3): δ [ppm] = 8.20 (dt, J = 4.9, 1.6 Hz, 1H), 7.83 (ddd, J = 9.6, 7.4, 

2.0 Hz, 1H), 7.69 (d, J = 1.7 Hz, 1H), 7.52 (ddd, J = 8.0, 2.0, 1.0 Hz, 1H), 7.50–7.46 (m, 1H), 

7.32 (t, J = 7.9 Hz, 1H), 7.27 (ddd, J = 7.5, 4.9, 1.8 Hz, 1H). 

13
C NMR (101 MHz, CDCl3): δ [ppm] = 160.1 (d, J = 240.5 Hz), 146.9 (d, J = 14.7 Hz), 

140.5 (d, J = 4.1 Hz), 135.8 (d, J = 5.1 Hz), 131.6 (d, J = 3.1 Hz), 131.4, 130.1, 127.4 (d, J = 

3.3 Hz), 122.6, 122.3 (d, J = 28.3 Hz), 121.9 (d, J = 4.4 Hz). 

19
F NMR (376 MHz, CDCl3): δ [ppm] = –70.73 (d, J = 9.7 Hz). 

HRMS (ESI): calc. for C11H8BrFN [M+H]+: 251.9819 and 253.9798, found: 251.9823 and 

253.9804. 

UV/Vis (LCMS): λmax1 = 226 nm; λmax2 = 268 nm.  

tR (LCMS; MeCN/H2O/formic acid = 10/90/0.1 � 90/10/0.1 over 6 min) = 3.900 min. 

Rf (TLC; hexanes/DCM = 1/1) = 0.41. 

 

2-Fluoro-3-(3-((trimethylsilyl)ethynyl)phenyl)pyridine (9) 

A Schlenk flask was charged with 3-(3-bromophenyl)-2-fluoropyridine (8) (302 mg, 1.20 

mmol, 1.0 equiv.), TMS-acetylene (141 mg, 1.44 mmol, 205 µL, 1.2 equiv.), CuI (2.2 mg, 12 

µmol, 0.01 equiv.) and PdCl2(PPh3)2 (25 mg, 36 µmol, 0.03 equiv.) dissolved in degassed 
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DMF / NEt3 (5 mL / 1 mL) under a nitrogen atmosphere. The reaction mixture was heated to 

65 °C o.n. before it was allowed to cool to rt and quenched by the addition of water (50 mL) 

and extracted with EtOAc (50 mL). The organic layer was washed with water (2 x 100 mL) 

and brine (100 mL), dried over MgSO4 and the solvents were removed in vacuo. The crude 

was subjected to FCC (40 g silica: 2 CV 100% hexanes � 10 CV gradient to 100% DCM � 

3 CV 100% DCM; the product eluted ~85% DCM) to obtain 251 mg (0.93 mmol) of the 

desired product as a yellow oil in 78% yield. 

1
H NMR (400 MHz, CDCl3): δ [ppm] = 8.18 (ddd, J = 4.9, 1.9, 1.1 Hz, 1H), 7.83 (ddd, J = 

9.6, 7.4, 2.0 Hz, 1H), 7.64 (q, J = 1.6 Hz, 1H), 7.51–7.47 (m, 2H), 7.42–7.35 (m, 1H), 7.29–

7.21 (m, 1H), 0.25 (s, 9H). 

13
C NMR (101 MHz, CDCl3): δ [ppm] = 160.2 (d, J = 240.3 Hz), 146.6 (d, J = 14.7 Hz), 

140.6 (d, J = 4.2 Hz), 133.9 (d, J = 5.0 Hz), 132.1 (d, J = 2.6 Hz), 131.7, 128.8 (d, J = 3.3 

Hz), 128.6, 122.9 (d, J = 28.3 Hz), 121.8 (d, J = 4.5 Hz), 104.3, 94.9, –0.2. 

19
F NMR (376 MHz, CDCl3): δ [ppm] = –70.9 (d, J = 9.8 Hz). 

HRMS (ESI): calc. for C16H17FNSi [M+H]+: 270.1109, found: 270.1111. 

UV/Vis (LCMS): λmax1 = 244 nm; λmax2 = 257 nm. 

tR (LCMS; MeCN/H2O/formic acid = 10/90/0.1 � 90/10/0.1 over 6 min) = 4.897 min. 

Rf (TLC; hexanes/DCM = 1/1) = 0.45. 

 

3-(3-Ethynylphenyl)-2-fluoropyridine (10) 

A round bottom flask was charged with 2-fluoro-3-(3-((trimethylsilyl)ethynyl)phenyl)pyridine 

(9) (251 mg, 0.93 mmol, 1.0 equiv.) and Cs2CO3 (363 mg, 1.12 mmol, 1.2 equiv.) dissolved in 

EtOH / DCM (10 mL / 10 mL) and stirred at rt for 30 min. The volatiles were removed in 

vacuo and the crude was filtered through a plug of silica with DCM to obtain 180 mg (0.91 

mmol) of the desired product as an orange-brown oil in 98% yield. 
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1
H NMR (400 MHz, CDCl3): δ [ppm] = 8.18 (dt, J = 4.9, 1.6 Hz, 1H), 7.83 (ddd, J = 9.6, 7.4, 

2.0 Hz, 1H), 7.66 (q, J = 1.6 Hz, 1H), 7.54–7.49 (m, 2H), 7.40 (t, J = 7.8 Hz, 1H), 7.31–7.20 

(m, 1H), 3.11 (s, 1H). 

13
C NMR (101 MHz, CDCl3): δ [ppm] = 160.2 (d, J = 240.4 Hz), 146.6 (d, J = 14.7 Hz), 

140.5 (d, J = 4.3 Hz), 134.0 (d, J = 5.0 Hz), 132.2 (d, J = 2.9 Hz), 131.9, 129.1 (d, J = 3.3 

Hz), 128.7, 122.9, 122.6, 121.8 (d, J = 4.5 Hz), 82.9, 77.8. 

19
F NMR (376 MHz, CDCl3): δ [ppm] = –70.9 (d, J = 9.7 Hz). 

HRMS (ESI): calc. for C13H9FN [M+H]+: 198.0714, found: 198.0717. 

UV/Vis (LCMS): λmax1 = 229 nm; λmax2 = 268 nm.  

tR (LCMS; MeCN/H2O/formic acid = 10/90/0.1 � 90/10/0.1 over 6 min) = 3.618 min. 

Rf (TLC; hexanes/DCM = 1/1) = 0.39. 

 

2,6-Diethyl-4-((3-(2-fluoropyridin-3-yl)phenyl)ethynyl)pyridine (11) 

A Schlenk flask was charged with 3-(3-ethynylphenyl)-2-fluoropyridine (10) (180 mg, 0.91 

mmol, 1.0 equiv.), 4-bromo-2,6-diethylpyridine (196 mg, 0.91 mmol, 1.0 equiv.), CuI (1.7 

mg, 9.1 µmol, 0.01 equiv.) and PdCl2(PPh3)2 (19.2 mg, 27.3 µmol, 0.03 equiv.) dissolved in 

degassed DMF / NEt3 (5 mL / 1 mL) and flushed with nitrogen. The reaction mixture was 

heated to 65 °C o.n. before it was allowed to cool to rt and quenched by the addition of water 

(50 mL) and extracted with EtOAc (50 mL). The organic layer was washed with water (2 x 

100 mL) and brine (100 mL), dried over MgSO4 and the solvents were removed in vacuo. The 

crude was subjected to FCC (40 g silica: 20 CV 20% EtOAc/hexanes) to obtain 199 mg (0.60 

mmol) of the desired product as a light-yellowish oil in 66% yield. 

1
H NMR (400 MHz, CDCl3): δ [ppm] = 8.27–8.15 (m, 1H), 7.88 (ddd, J = 9.6, 7.4, 1.9 Hz, 

1H), 7.74 (q, J = 1.6 Hz, 1H), 7.58–7.55 (m, 2H), 7.46 (t, J = 7.7 Hz, 1H), 7.31–7.26 (m, 1H), 

7.10 (s, 2H), 2.80 (q, J = 7.6 Hz, 4H), 1.30 (t, J = 7.6 Hz, 6H). 
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13
C NMR (101 MHz, CDCl3): δ [ppm] = 163.2, 160.3 (d, J = 240.4 Hz), 146.8 (d, J = 14.6 

Hz), 140.6 (d, J = 4.2 Hz), 134.3 (d, J = 5.0 Hz), 132.1 (d, J = 2.9 Hz), 131.7, 131.5, 129.3 (d, 

J = 3.2 Hz), 128.9, 123.1, 122.9 (d, J = 28.2 Hz), 121.9 (d, J = 4.5 Hz), 120.9, 91.8, 88.2, 

31.4, 14.0. 

19
F NMR (376 MHz, CDCl3): δ [ppm] = –70.8 (d, J = 9.8 Hz). 

HRMS (ESI): calc. for C22H20FN2 [M+H]+: 331.1605, found: 331.1632. 

UV/Vis (LCMS): λmax1 = 225 nm; λmax2 = 277 nm, λmax3 = 302 nm, λmax4 = 321 nm.  

tR (LCMS; MeCN/H2O/formic acid = 10/90/0.1 � 90/10/0.1 over 6 min) = 3.178 min. 

Rf (TLC; hexanes/EtOAc = 8/2) = 0.26. 

 

1-(2,6-Diethylpyridin-4-yl)-2-(3-(2-fluoropyridin-3-yl)phenyl)ethane-1,2-dione (12) 

A round bottom flask was charged with 2,6-diethyl-4-((3-(2-fluoropyridin-3-

yl)phenyl)ethynyl)pyridine (11) (199 mg, 0.60 mmol, 10 equiv.) dissolved in acetone (20 

mL). NaHCO3 (30 mg, 0.36 mmol, 0.6 equiv.) and MgSO4 (108 mg, 0.90 mmol, 1.5 equiv.) 

was added to the solution to obtain a slurry, to which KMnO4 (209 mg, 1.32 mmol, 2.2 

equiv.) was added spatula-wise at rt. The reaction mixture was warmed to and stirred at 40 °C 

for 1 h before it was diluted with water (100 mL) and extracted with Et2O (2 x 100 mL). The 

combined organic layer was washed with water (100 mL) and brine (100 mL), dried over 

MgSO4 and the solvents were removed in vacuo. The crude was subjected to FCC (40 g silica: 

2 CV 10% EtOAc/hexanes � 5 CV gradient to 50% EtOAc/hexanes � 5 CV 50% 

EtOAc/hexanes) to obtain 73 mg (0.20 mmol) of the desired product as a yellow wax in 34% 

yield. 

1
H NMR (400 MHz, CDCl3): δ [ppm] = 8.23 (ddd, J = 4.9, 1.9, 1.2 Hz, 1H), 8.17–8.15 (m, 

1H), 7.98 (dt, J = 7.8, 1.4 Hz, 1H), 7.92–7.87 (m, 2H), 7.63 (t, J = 7.8 Hz, 1H), 7.44 (s, 2H), 

7.30 (ddd, J = 7.4, 4.9, 1.7 Hz, 1H), 2.86 (q, J = 7.6 Hz, 4H), 1.29 (t, J = 7.6 Hz, 6H). 
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13
C NMR (101 MHz, CDCl3): δ [ppm] = 193.4, 192.2, 164.5, 159.8 (d, J = 240.4 Hz), 146.9 

(d, J = 14.7 Hz), 140.3 (d, J = 3.9 Hz), 139.2, 135.0 (d, J = 3.6 Hz), 134.8 (d, J = 5.1 Hz), 

132.7, 129.6, 129.6 (d, J = 2.5 Hz), 129.2, 121.9 (d, J = 28.5 Hz), 121.7 (d, J = 4.5 Hz), 117.4, 

31.2, 13.5. 

19
F NMR (376 MHz, CDCl3): δ [ppm] = –71.0 (d, J = 9.7 Hz). 

HRMS (ESI): calc. for C22H20FN2O2 [M+H]+: 363.1503, found: 363.1504. 

UV/Vis (LCMS): λmax1 = 234 nm; λmax2 = 265 nm.  

tR (LCMS; MeCN/H2O/formic acid = 10/90/0.1 � 90/10/0.1 over 6 min) = 4.086 min. 

Rf (TLC; hexanes/EtOAc = 8/2) = 0.16. 

 

4-((3-(2-Amino-4-(2,6-diethylpyridin-4-yl)-4-(3-(2-fluoropyridin-3-yl)phenyl)-5-oxo-4,5-

dihydro-1H-imidazol-1-yl)alkyl)carbamoyl)-2-(7-(dimethylamino)-3-(dimethyliminio)-

5,5-dimethyl-3,5-dihydrodibenzo[b,e]silin-10-yl)benzoate (13a-f) 

All SiR647-linked BACE1 inhibitors were firstly synthesized on a <0.5 mg scale for initial 

biological assessment and only the C4 linker (i.e. SiR-BACE1) was upscaled. 

General procedure: A vial was charged with SiR-guanidine 5 (1.0 equiv.), 1-(2,6-

diethylpyridin-4-yl)-2-(3-(2-fluoropyridin-3-yl)phenyl)ethane-1,2-dione (12) (1.0 equiv.) 

dissolved in EtOH / 1,4-dioxane / H2O (0.5 / 0.4 / 0.1, Vtot = 1 mL / 0.5 mg 5). Na2CO3 was 

added spatula tip-wise until the color changed from blue to pale yellow forming the 

spirolactone before the reaction mixture was heated to 85 °C for 1 h. The reaction was 

quenched with HOAc (10 equiv.) and the crude subjected to RP-HPLC (MeCN/H2O/TFA = 

10/90/0.1 � 90/10/0.1 over 32 minutes). The obtained probe was freeze-dried to obtain the 

desired product as a blue powder.  

4-((3-(2-Amino-4-(2,6-diethylpyridin-4-yl)-4-(3-(2-fluoropyridin-3-yl)phenyl)-5-oxo-4,5-

dihydro-1H-imidazol-1-yl)butyl)carbamoyl)-2-(7-(dimethylamino)-3-(dimethyliminio)-5,5-
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dimethyl-3,5-dihydrodibenzo[b,e]silin-10-yl)benzoate (n = 2, 13c, SiR-BACE1) was obtained 

in 93% yield and subjected to further 1H NMR characterization: 

1
H NMR (400 MHz, acetone-d6): δ [ppm] = 8.26 (t, J = 5.8 Hz, 1H), 8.23 (d, J = 4.9 Hz, 1H), 

8.08 (ddd, J = 9.7, 7.8, 1.8 Hz, 2H), 8.01 (d, J = 8.0 Hz, 1H), 7.79 (s, 1H), 7.74 (d, J = 1.3 Hz, 

1H), 7.69 (dd, J = 6.7, 2.0 Hz, 1H), 7.63–7.54 (m, 4H), 7.40 (ddd, J = 7.0, 4.8, 1.8 Hz, 1H), 

7.16 (d, J = 2.8 Hz, 2H), 6.78 (d, J = 8.9 Hz, 2H), 6.68 (dd, J = 9.0, 2.9 Hz, 2H), 3.95 (dd, J = 

8.7, 6.5 Hz, 2H), 3.43 (t, J = 6.2 Hz, 2H), 3.01 (s, 12H), 2.91 (q, J = 7.6 Hz, 4H), 1.77 (q, J = 

7.4 Hz, 2H), 1.67 (q, J = 7.1 Hz, 2H), 1.26 (t, J = 7.6 Hz, 6H), 0.68 (s, 3H), 0.55 (s, 3H).  

Purity for all compounds 13a-f was assessed by analytical HPLC (Waters e2695 HPLC 

system equipped with a Supelco Ascentis C18 5.0 µm 250x10 mm column. Buffer A: 0.1% 

TFA in dH2O Buffer B: 0.1% TFA in MeCN. Analytical gradient was: 10% B for 5.0 min; 

from 10% to 90% within 30.0 min; 90% B for 5.0 min; from 90% to 95% within 4.0 min; 

95% for 1.0 min with either 4.0 mL/min flow, absorbance was monitored at λ = 648 nm), as 

displayed in Supplementary Figure 1. 

 

Animals 

BACE1-/- mice (BACE1tm1Psa) were generated by insertion of a neo cassette into exon 1 of the 

Bace1 gene, resulting in a premature translational stop codon.87 Mice had ad libitum access to 

food and water and were housed and fed according to federal guidelines. Genotyping was 

performed by PCR amplification for detection of wild type allele or neo cassette. 

 

Plasmids 

hBACE1 (NM_012104.4) and hBACE1(D289N), both kindly provided by Michael Willem 

(Adolf-Butenandt-Institute, Ludwig-Maximilians-Universität München, Germany), hBACE2 

(NM_012105.3), and h-cathepsinD (HsCD00438327, Harvard PlasmID, Harvard Medical 
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School, Boston, MA, USA) were all fused to EGFP (U55761.1) in pcDNA3.1 hygro+ 

(Thermo Fisher Scientific). hBACE1 was additionally sub-cloned in pcDNA3.1 hygro+ 

without addition of a tag (referred to as “untagged hBACE1”), and sub-cloned in pcDNA3.1 

hygro+ with insertion of SNAP tag (from pSNAPf, NEB) after its pro-peptide following 

amino acid 45 to generate SNAP-hBACE1. Membrane localization signal (Mls) from Fyn 

kinase88 was fused to EGFP in pcDNA3.1 hygro+ to generate Mls-EGFP. 

 

Cell lines 

HEK293T cells (ATCC accession number CRL-11268) were maintained in DMEM with 1 g/l 

glucose (Sigma-Aldrich D6046), supplemented with 10% FCS (Merck) and 1% 

penicillin/streptomycin (PAA); N1E-115 murine neuroblastoma cells (ATCC: CRL-2263) in 

DMEM with 4.5 g/l glucose (Thermo Fisher Scientific D5796), supplemented with 10% FCS 

and 1% pen/strep; and CHO-K1 cells (ATCC: CCL-61) in RPMI without phenol red (Sigma-

Aldrich R7509), supplemented with 10% FCS and 2 mM L-glutamine (Sigma-Aldrich). 

Mouse embryonic fibroblasts (MEF) were prepared from BACE1 knockout mice (kindly 

provided by Karina Reiß, Department of Dermatology and Allergology, University Hospital 

Schleswig-Holstein, Campus Kiel, Germany). MEF were cultured in DMEM with 4.5 g/l 

glucose (Thermo Fisher Scientific D5796), supplemented with 10% FCS and 1% pen/strep. 

All cells were cultured at 37 °C, 5% CO2. 

 

Fluorescence spectra 

Absorption of SiR-BACE1 was measured at 137 µM with a Nanodrop 2000 (Thermo Fisher 

Scientific) in PBS or PBS/0.2% SDS (C. Roth) with a resolution of 1 data point per 1 nm. 

Emission was recorded at 10 µM in PBS/0.2% SDS with a Tecan Infinite M1000 (Tecan) at 1 

data point per 2 nm or at 100 nM in HBS pH 5 in the absence or presence of 200 nM 
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recombinant mouse BACE1 protein (amino acids 1-457, equaling the extracellular domain 

(ECD), Thermo Fisher Scientific 50002M08H50) with TECAN Spark M20 plate reader at 1 

data point per 1 nm. 

 

Buffers 

HEPES-buffered saline (HBS) contained, in mM: 150 NaCl, 3 KCl, 2 CaCl2, 2 MgCl2, 10 

HEPES, 10 D-glucose, adjusted to pH 5, pH 7.4, or pH 8 (with HCl or NaOH), as stated in the 

results. Plasma membrane lawn (PML) buffer contained, in mM: 70 KCl, 30 HEPES, 5 

MgCl2, 3 EGTA, adjusted to pH 7.5. Chemicals were purchased from Sigma-Aldrich, C. 

Roth, and Merck. 

 

Confocal laser scanning microscopy 

Confocal imaging was performed with an inverse Zeiss Axio Observer.Z1 equipped with the 

LSM 780 module, 405 nm laser diode, LASOS argon laser LGN 3001 for 488 nm laser line, 

HeNe633 laser, HAL 100 transmitted-light illumination, Plan-Apochromat 63x/1.40 Oil DIC 

objective, Plan-Apochromat 20x/0.8 objective, and ZEN 2010 software. 

HEK293T cells were plated onto sterile 18 mm 1.5H borosilicate coverslips (VWR) and 

transfected 1 d later using jetPEI (Polyplus-transfection). After 1 d, cells were used for 

evaluation of linker length, pH dependency, and BACE1-specific labeling. All live cell 

imaging was performed with the 63x objective and the pinhole set to 1 AU for each channel. 

For linker length evaluation, live cells were washed twice with HBS pH 5 and stained with 

100 nM solutions of the conjugates in HBS pH 5 at room temperature for 20 min. Cells were 

then incubated in HBS pH 5 for imaging. ZEN software was used to generate 3-pixel averages 

for colocalization analysis. Colocalization scatter plots were generated for whole frames and 
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for representative regions of interest (ROIs) covering the plasma membrane or intracellular 

clusters. 

For evaluation of pH dependency, cells were stained as either live or fixed samples. Live cells 

were washed with HBS and stained with 100 nM SiR-BACE1 in HBS for 2 min at 4 °C. HBS 

was either used at pH 5 or pH 7.4. Confocal images were acquired in HBS pH 7.4. For 

fixation, cells were washed twice with PBS and treated with 4% PFA (C. Roth), 1.44% 

Na2HPO4 x 2 H2O (C. Roth), 0.26% NaH2PO4 x 1 H2O (Merck) for 10 min at room 

temperature. Next, cells were washed twice with PBS and once with HBS pH 7.4, stained 

with 100 nM SiR-BACE1 in HBS pH 7.4 for 10 min at 4 °C, washed twice with HBS pH 7.4, 

and subjected to confocal time-lapse imaging in HBS pH 7.4 with the 63x objective and the 

pinhole set to 1 AU for each channel. EGFP and SiR intensity were monitored over 2 h with 

an interval of 3 min. Medium was changed to HBS pH 5 after 60 min. 

For evaluation of BACE1-specific labeling, cells were washed with HBS pH 5 and stained 

with 100 nM SiR-BACE1 in HBS pH 5 for 2 min at 4 °C. Confocal imaging was done in 

HBS pH 7.4. 

Overview images for STED samples were acquired with the 20x objective. For display, 

fluorescence channels were registered in Fiji89 using the StackReg plugin.  

 

BACE1 activity FRET assay 

Inhibition of BACE1 proteolytic activity was tested for conjugates of all linker lengths with a 

fluorescence resonance energy transfer (FRET)-based BACE1 assay (Thermo Fisher 

Scientific; P2985). Despite overlapping TMR emission and SiR excitation spectra, we 

observed no confounding FRET between those two fluorophores. Inhibition was determined 

in endpoint assays according to the manufacturer’s protocol, using black 384-well plates 

(Greiner) with total reaction volume reduced to 12 µl. Fluorescence was quantified with a 

Tecan Infinite M1000 reader with a Quad4 monochromator (Tecan). Experiments were done 
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in triplicate and each plate was quantified three times to obtain 9 data points per 

concentration. Product fluorescence (I) as a function of conjugate concentration (c) was fitted 

to a logistic curve in OriginPro per the following equation: 

�(�) = 	 ��			�

��	 �

�����
� +	��         Equation 1 

with I1 and I2 being the initial and final asymptotes and p being the power. k-means cluster 

analysis of IC50 was performed with k = 2 and subsequent ANOVA testing in OriginPro. For 

analysis of pH effects, assay buffer was replaced by HBS pH 5, 7.4, or 8, and incubation was 

extended to over-night. Assay activity was determined by subtracting I2 from I1. 

 

Fluorescence correlation spectroscopy (FCS) 

In Small Volume Sensoplates (Greiner 788896), SiR-BACE1 in HBS pH 5 or 7.4 was mixed 

with recombinant mouse BACE1 protein (amino acids 1-457, equaling the extracellular 

domain (ECD), Thermo Fisher Scientific 50002M08H50), which had been dissolved in H2O. 

FCS was performed with the LSM 780 with 10% power of the 50 mW 633 nm laser line and a 

C-Apochromat 40x/1.20 objective selected for FCS with water immersion at 22 ± 1 °C 

approx. 50 µm above the glass surface. Pinhole was set to 1 AU and calibrated before every 

session. The correction collar and positioning of the plate were adjusted to optimize photon 

yield. SiR intensity was recorded from a point scan at 20 MHz for 500x (time-lapse) or 30x 

(end-point FCS) 10 s at 647-691 nm with the GaAsP array. Data were auto-correlated and 

fitted with Zeiss’ 1- or 2-component 3D translational models, both additionally considering a 

triplet state, in ZEN2010 with the FCS software module. For time-lapse FCS recordings, data 

were displayed as 6-point adjacent averages equaling sampling intervals of 1 min. 

Parameterized time-lapse data of slowly diffusing SiR-BACE1 (J) over time (t) were fitted to 

the exponential curve 
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�(�) = 	 �� + �	 ×	2	� ��.�⁄          Equation 2 

with J∞ being the asymptote and A being the amplitude or to a linear curve with slope set to 0. 

Parameterized data from end-point FCS recordings were fitted to logistic curves (Equation 1). 

 

Flow cytometry 

HEK293T cells were cultured in 12-well plates and transfected with hBACE1-EGFP using 

jetPEI (Polyplus-transfection). After 1 d, cells were washed with HBS pH 5 and stained with 

SiR-BACE1 in HBS pH 5 for 2 min at 4 °C. For a second data set, cells were stained with 

70 nM SiR-BACE1 in HBS pH 5, containing different concentrations of BACE1 inhibitor IV 

(Merck, Calbiochem), for 2 min at 4 °C. After staining, cells were washed with HBS pH 7.4, 

detached with accutase (PAA), resuspended in phenol red-free RPMI / 10% FCS / 2 mM L-

glutamine, and pelletized by centrifugation. Cells were resuspended in 1 mL flow cytometry 

buffer (5 mM EDTA x 2 H2O (Merck), 2% FCS in PBS) and analyzed with a Cytoflex S 

(Beckman Coulter) equipped with 488 nm and 638 nm laser lines, and 525/40 BP and 660/20 

BP detection filters at a sample flow rate of 30 µl/s. Data was collected and analyzed with 

CytExpert 1.2 software (Beckman Coulter). Living cells were identified per size and 

granularity according to forward and sideward scatter, respectively. 35,000 living cells were 

measured per recording. Fluorescence data was exported with FCSExtract 1.02 (Earl F Glynn, 

Stowers Institute for Medical Research, Kansas City, Missouri, USA), and SiR-BACE1 

intensity (ISiR-BACE1) as a function of EGFP intensity (IEGFP) was fitted to a bilinear custom 

equation programmed in Origin C: 

� !"	#$%&� =	 '(	 × 	� + �)															*+,	�&-./ 	≤ 	�
(	 ×	�&-./ + �)								*+,	�&-./ 	> 	�				     Equation 3 

with A being the EGFP intensity at which the curve switches from the horizontal to the 

ascending part, and m and I0 being the slope (proportionality factor) or intercept of the 
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ascending part, respectively. A, m, and I0 were determined by the fit. EC50 for SiR-BACE1 

staining and IC50 for inhibitor IV competition were determined by fitting m to a logistic curve 

(Equation 1). 

 

Stimulated emission depletion microscopy (STED) 

N1E-115 cells were seeded onto sterile 18 mm 1.5H borosilicate coverslips (VWR), which 

had been previously coated with 0.1 mg/mL poly-D-lysine (Sigma-Aldrich) for 20 min, and 

were maintained in culture medium for 1 d. Cells were transfected with 500-800 ng hBACE1-

EGFP using jetPRIME (Polyplus-transfection SA). Just before transfection, medium was 

changed to induction medium (DMEM supplemented with 2% FCS, 1,25% DMSO, 1% 

pen/strep), in which cells were kept for 3 d.  

Before staining, cells were washed twice with PBS, fixed with 4% PFA (see above) for 

10 min at room temperature, washed twice with PBS and once with HBS pH 5. Staining was 

accomplished with 100 nM SiR-BACE1 in HBS pH 5 for 10 min at room temperature, 

followed by washing twice with HBS pH 5 and mounting with Fluoromount G (Electron 

Microscopy Sciences) and Twinsil (picodent). 

Super-resolution imaging was performed at the Optical Imaging Centre Erlangen (OICE) with 

an Abberior Stimulated Emission Depletion (STED) setup based on an inverse Olympus IX83 

equipped with a 100x/1.44 oil immersion objective, pulsed 485 nm and 640 nm excitation 

lasers, pulsed 1.2 W 775 nm depletion laser, ET525/50 and ET685/70 emission filters, and 

APD detectors. Data were acquired at 16-bit with a pixel size of 50 nm and 100 line averages, 

using the STED laser at 50% and the pinhole at 1.2 AU with Imspector software. 

Representative profiles were extracted in Fiji from 3-pixels-wide ROIs over corresponding 

structures in STED and confocal image. 
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Imaging of endogenous BACE1 

At postnatal age of 33 days (p33), wild type and knockout mice were anesthetized with 

Sevofluran (Sevorane, AbbVie) and decapitated. Brains were dissected, covered with Tissue-

Tek (Sakura Finetek), and frozen at -40 °C in methylbutan (C. Roth) for 1-2 min. Tissue was 

sliced into 14 µm coronal sections, which were placed on polysine slides (R. Langenbrinck), 

and stored at -20 °C until use. For staining, slices were thawed shortly, rehydrated with PBS, 

and circumvented with silicone grease (VWR) to minimize staining area. Tissue was 

preincubated for 45 min with PBS / 5% bovine serum albumin (BSA, Sigma-Aldrich) at room 

temperature before staining with 1 µM SiR-BACE1 in HBS pH 5 for 1 h at 4 °C in the 

presence or absence of 20 µM BACE1 inhibitor IV (Merck, Calbiochem). Slices were washed 

for 10 min with HBS pH 5 / 5% BSA three times and further incubated in the buffer for 12 h 

before mounting with DAPI-containing mounting medium (C. Roth) and sealing with nail 

polish (essence). Confocal images were taken with the LSM 780 at an optical slice thickness 

of 3.3 µm (DAPI) or 6.1 µm (SiR-BACE1) with the 20x objective and the 405 nm and 

633 nm laser lines. 

Primary hippocampal neurons were prepared from p2-4 BACE1 wild type and knockout mice 

as described previously90 except that 1) tissue was digested without DNase and 2) growth 

medium was supplemented with 1X pen/strep. At DIV8, cells were stained with 100 nM SiR-

BACE1 in conditioned medium incubated overnight at 37 °C, 5% CO2. The next day, cells 

were washed three times with HBS pH 5 and imaged in HBS pH 5. 

BACE1 knockout MEF were cultured in fluorodishes (WPI) previously coated with 

0.1 mg/mL poly-D-lysine for 20 min. To disrupt lysosomal acidification, cells were treated 

with 20 nM bafilomycin A1 (BafA1, Sigma-Aldrich) for 4 h. Subsequent double-staining was 

performed with 75 nM LysotrackerGreen (Thermo Fisher Scientific) and 1 µM SiR-BACE1 

diluted in BafA1-containing conditioned medium for 30 min at 37 °C, 5% CO2. Cells were 
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then washed twice with PBS and subjected to confocal imaging in HBS pH 7.4 with the 63x 

objective and the pinhole set to 1 AU for the SiR channel.  

 

Single molecule tracking 

CHO-K1 cells were cultured in TC-treated CellView dishes with glass bottom (Greiner 

627860) and transfected with untagged hBACE1 using jetPRIME (Polyplus-transfection). 

After 1 d, plasma membrane lawns (PML) were generated by incubating the dishes on ice for 

5 min, washing twice with ice-cold PBS, incubating on ice in hypotonic 0.3X PML buffer for 

5 min, and generating PML by gently pipetting hypotonic 1X PML buffer directly onto the 

cells.49 PML were pre-incubated in HBS pH 5 for 5 min at room temperature before being 

stained with 100 nM SiR-BACE1 in HBS pH 5 for 2 min on ice. PML were washed three 

times with and imaged in HBS pH 5. 

Time-lapse imaging was performed with a custom-built widefield fluorescence microscope 

based on an inverse Leica DMi8 equipped with a HC PL APO 63x/1.40 oil immersion 

objective and supplemented with a 700 mW 640 nm laser diode (Lasertack) coupled into a 

multimode fiber (Thorlabs), and evolve delta EMCCD camera (Photometics) controlled via 

Leica Application Suite X software. Laser power at the sample was 8.5 mW. Data were 

recorded from full camera chip with EM gain 300 at 16-bit with 40 ms interval over 1000 

frames.  

Time series were imported to Fiji and PML regions were exported as 8-bit gmv files for 

analysis with the automated single particle tracking (ASPT) algorithm in GMimPro.91 Full 

width at half-maximum (FWHM) of diffraction-limited single molecule signals was 

calculated from the Rayleigh criterion as 292 nm. Velocity was calculated from 5 frames, the 

maximum search radius for linking signals from frame to frame was 5 pixels, minimum track 

length was 10 frames, Q threshold (equation 8 in 91) was 2 (corresponding to a Q value from 

single particle detection of 0.2), and cluster threshold to exclude bright accumulations from 
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analysis was 35. Track analysis was performed in Motility91 except for track intensity 

distribution, which was fitted to a bi-modal Gaussian curve using Clampfit 10.4 (Molecular 

Devices). 

To demonstrate single molecule character, cells were transfected with 400 ng SNAP-hBACE1 

and 600 ng Mls-EGFP. After 1 d of expression, cells were stained with 1 µM SNAP-

surface549 (NEB) in RPMI medium, supplemented with 10% FCS and 2 mM L-glutamine, 

for 50 min at 4 °C. Next, cells were washed 3x with ice-cold medium, subjected to PML 

generation, washed twice with PBS, and fixed with 4% PFA (see above) / 0.2% 

glutaraldehyde for 30 min at room temperature. Fixed PML were washed twice with PBS and 

once with HBS pH 5. For staining, PML were preincubated in HBS pH 5 for 30 min, then 

incubated with 100 nM SiR-BACE1 in HBS pH 5 for 2 min at 4 °C, washed twice with HBS 

pH 5 before being imaged in HBS pH 5. Acquisition was performed at an inverted Zeiss 

spinning disc microscope equipped with an evolve delta EMCCD camera (Photometics) 

cooled to -80 °C, a 100 mW 488 nm laser line used at 100%, a 75 mW 561 nm laser line used 

at 75%, a 75 mW 638 laser line used at 75%, a Plan-Apochromat 63x/1.40 Oil DIC objective, 

and ZEN 2.0.0.0 blue software with EM gain 300 at 16-bit. For SiR-BACE1, 3 consecutive 

images with an exposure time of 10 s each were acquired, accompanied by single acquisitions 

of EGFP (1 s exposure) and SNAP (4 s). Stack registration was performed in Fiji with 

StackReg plugin applying a Rigid Body transformation.  
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Ancillary Information 

Supporting Information  

Supplementary Table 1: Analysis data for monoamines SiR-6-CONH-Cn+2-NH2; 

Supplementary Table 2: Analysis data for guanidines SiR-6-CONH-Cn+2-NH-C(NH)-NH2; 

Supplementary Table 3: Analysis data for inhibitors SiR-6-CONH-Cn+2-Inh.; 

Supplementary Figure 1: Purity assessment for 13a-f by analytical HPLC;  

Supplementary Figure 2: Conformational change of SiR-BACE1 upon binding to BACE1; 

Molecular formula strings 
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Figures 

Figure 1. SiR-BACE1 was developed as a novel fluorogenic BACE1 probe.  

A, Development of the new small molecule BACE1 probe SiR-BACE1, which is present in 

its dark state in solution and shows its fluorogenicity upon binding to BACE1. B, SiR-BACE1 

was designed as a dyadic conjugate of the small molecule BACE1 inhibitor S-39 and the far-

red fluorogenic dye SiR647 with a variable linker of 2 (C2, n = 0), 3, 4, 5, 6, or 8 (C8, n = 6) 

methylene spacers. Synthesis was performed as shown in C with late-stage linker introduction 

that allows efficient diversification. D, Normalized absorption and emission spectra were 

recorded from the conjugate with a 4-carbon linker (SiR-BACE1) in PBS with 0.2% SDS. E, 

Fluorogenicity of SiR647 was preserved as shown by the absorption of SiR-BACE1 in PBS 

versus PBS with 0.2% SDS. Absorption spectra are depicted as a 10-point average (D,E). F, 

Fluorogenic on-switch could also be induced by incubation of SiR-BACE1 with 200 nM 

recombinant BACE1 protein in HBS pH 5. 

 

Figure 2. Optimized linker length ensures specific BACE1 staining and inhibition. 

A-B, HEK293T cells were transiently transfected with BACE1-EGFP and stained with 

100 nM of the conjugates with different linker lengths (C2-6, C8) in pH 5. Representative 

images from 3 independent experiments are depicted (A). Scale bars: 20 µm. B, Color-coded 

colocalization plots of EGFP and SiR647 pixel intensities show the fluorophores’ 

colocalization for the merged images shown in A (whole frame), and for representative 

regions of interest covering the plasma membrane (membrane ROI) or an intracellular cluster 

(cluster ROI). C-D, Inhibition of BACE1 enzymatic activity by the conjugates was tested with 

a FRET-based enzymatic assay (inset), in which a substrate holds a donor fluorophore (D) 

that is quenched by an acceptor (A) until BACE1 cleaves the molecule to release the donor 

fluorophore. Intensity of the dequenched product is displayed as mean ± SEM for different 
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concentrations of SiR-BACE1, superimposed with a logistic fit (C). IC50 for all conjugates 

was determined from respective logistic data fits (mean ± SE) and analyzed by k-means 

cluster analysis (D). *** p < 0.001 (ANOVA). 

 

Figure 3. Fluorogenic switch is promoted in pH 5. 

A-F, 100 nM SiR-BACE1 were incubated with different concentrations of recombinant 

BACE1 extracellular domain. Diffusion of SiR-BACE1 was analyzed by fluorescence 

correlation spectroscopy (FCS). A shows representative raw data (grey) with their fit (black) 

in the absence of BACE1 in pH 5. B-C, Changes in SiR-BACE1 diffusion upon adding 2µM 

BACE1 protein were followed by time-lapse FCS. B, With BACE1, a second fraction with 

slower diffusion increases over time. Grey dots represent data from 3 independent 

experiments fitted to an exponential curve (black line). The diffusion time of this slow 

fraction is stable over time (C), indicated by a linear horizontal fit (black line) of the data 

(grey dots). D-F, End-point FCS was recorded with different BACE1 concentrations. D, 

Representative normalized raw data demonstrate a shift towards longer diffusion times with 

increasing BACE1 concentrations, which indicates decelerated diffusion due to complex 

formation with BACE1. The fraction of slowly diffusing SiR-BACE1, indicating SiR-

BACE1-BACE1 complexes (E), and the count rate (CR), indicating fluorescent SiR-BACE1 

concentration (F), were plotted as a function of BACE1 concentration. Data was collected in 

pH 5 (black) and pH 7.4 (green) in 3 independent experiments (dots) and fitted to logistic 

curves (lines). * p < 0.05 (2-sample t-test). G-H, pH dependency of staining in cellular 

environment was evaluated on HEK293T cells transiently expressing BACE1-EGFP. G, SiR-

BACE1 patterns were compared for staining living cells with 100 nM SiR-BACE1 in pH 5 or 

pH 7.4. Scale bars: 10 µm. H, Cells were fixed and stained with 100 nM SiR-BACE1 in 

pH 7.4 for 10 min at 4 °C. Fluorescence was monitored over 2 h with an interval of 3 min. 

Medium was changed from HBS pH 7.4 to HBS pH 5 after 60 min. Representative images are 
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shown at the end of the incubation periods at pH 7.4 and pH 5. Scale bar: 20 µm. I, pH 

dependency of BACE1 inhibition by SiR-BACE1 was assessed with a FRET-based enzymatic 

assay in HBS pH 5, 7.4, or 8, which affected BACE1 activity (upper panel), but not inhibition 

(lower panel). Data is given as mean ± SE. 

 

Figure 4. SiR-BACE1 binds to BACE1 with high affinity and specificity in 

cellular environment. 

A-C, HEK293T cells were transiently transfected with BACE1-EGFP and stained with 

different concentrations of SiR-BACE1. 35,000 cells per condition were analyzed by flow 

cytometry. n = 3. A, Correlation between cells’ EGFP and SiR-BACE1 intensities (AU) is 

depicted for three exemplary SiR-BACE1 concentrations from one representative recording 

series. Data were fitted to a bilinear custom function (thick lines). The slope of the second 

component indicated specific SiR-BACE1 staining, summarized as mean ± SEM and 

superimposed with a logistic fit (red) in B. C, In order to test for target specificity, cells were 

stained with 70 nM SiR-BACE1 in the presence of different concentrations of the BACE1 

inhibitor IV, which competed with SiR-BACE1 for BACE1 binding. IC50 was determined by 

a logistic fit (red). D, HEK293T cells were transiently transfected with EGFP fusion 

constructs of BACE1, BACE1(D289N), BACE2, or cathepsin-D and stained with 100 nM 

SiR-BACE1. Scale bars: 10 µm. 

 

Figure 5. SiR-BACE1 marks BACE1 for super-resolution imaging by stimulated 

emission depletion (STED) microscopy. 

A, N1E-115 neuroblastoma cells were transiently transfected with BACE1-EGFP and stained 

with SiR-BACE1. A confocal image was recorded with LSM780. Scale bar: 30 µm. B, A 

neurite was imaged with the STED setup in confocal mode and is shown as EGFP/SiR-
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BACE1 merge. Scale bar: 10 µm. The boxed detail is depicted as confocal and corresponding 

STED image in C. Scale bar: 1 µm. Profile lines were drawn over corresponding structures in 

STED and confocal image and intensities were plotted for representative cross profile (green 

box and curve) or neighbouring vesicular structures (red box and curve) from STED image or 

the corresponding structures in the confocal image (grey curves).  

 

Figure 6. SiR-BACE1 visualizes endogenous BACE1 in fixed neuronal tissue. 

A-B, Endogenous BACE1 was visualized by SiR-BACE1 in native hippocampal brain slices 

from BACE1 wild type (WT) or knockout (KO) mice. A, WT and KO slices were stained 

with 1 µM SiR-BACE1 and depicted as merged (upper panel) or single channel images (lower 

panel). B, Target-specific staining in WT was evaluated by competition with the unlabeled 

BACE1 inhibitor IV. A-B, Scale bar: 300 µm. C, In living primary hippocampal neurons from 

BACE1 WT or KO mice, SiR-BACE1 incubation resulted in unspecific staining. Note that the 

SiR channel is overexposed to emphasize the intense accumulations. Scale bars: 50 µm. D, 

Unspecific staining was further analyzed in living BACE1 knockout mouse embryonic 

fibroblasts (MEF). SiR-BACE1 puncta co-localized with LysoTracker Green (upper panel, 

DMSO control) and both SiR-BACE1 and lysosomal marker staining were abolished by 

pretreatment with 20 nM bafilomycin A1 (BafA1) for 4 h. Scale bar: 10 µm. 

 

Figure 7. SiR-BACE1-mediated single particle tracking of BACE1 demonstrates 

restricted diffusion in the plasma membrane. 

A-H, BACE1 diffusion was monitored in plasma membrane lawns (PML) from CHO-K1 

cells transiently transfected with untagged BACE1 and stained with 100 nM SiR-BACE1. A, 

Control images of transfected or untransfected PML with or without SiR-BACE1 staining 

validated specificity. Scale bar: 5 µm. B, SiR-BACE1 signals in the probe (A, right panel) 
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were followed over 1,000 frames with an interval of 40 ms. Individual tracks are depicted in 

random color. C, Distribution of the tracks’ intensities (grey bars) was fitted to a bi-modal 

Gaussian curve (black component and red bi-modal graphs). D, Velocity of BACE1 (black 

dots) was independent from track intensity (red curve, reproduced from C). E depicts track 

lifetime (grey line, reproduced in F), which showed no influence on BACE1 mobility (F, 

black dots). G, Mean square displacement (MSD, black squares) over time demonstrates 

confined movement of BACE1. H shows the distribution of individual SiR-BACE1 signals’ 

mobility. Data is given as mean ± SE (D,F,G). n= 418 tracks (B) or 1429 tracks (C-H). I-J, 

Single molecule character of SiR-BACE1 signals was confirmed by following their intensity 

in fixed PML expressing membrane-targeted EGFP (I, green) and SNAP-hBACE1, which 

was stained with SNAP-surface549 (orange, overexposed) and SiR-BACE1 (greyscale). Scale 

bar: 3 µm. J, Single-step bleaching between frames confirmed presence of single SiR-BACE1 

molecules (colored arrows). Scale bar: 4 µm.  
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