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Abstract

Tau is a microtubule binding protein which plays an important role in physiological functions but
it is also involved in the pathogenesis of Alzheimer’s disease (AD) and related tauopathies. While
insoluble and B-sheet containing tau neurofibrillary tangles have been the histopathological
hallmark of these diseases, recent studies suggest that soluble tau oligomers, which are formed
prior to fibrils, are the primary toxic species. Substantial efforts have been made to generate tau
oligomers using purified recombinant protein strategies to study oligomer conformations as well
as their toxicity. However, no specific toxic tau species has been identified to date, potentially due
to the lack of cellular environment. Hence, there is a need for cell-based models for direct
monitoring of tau oligomerization and aggregation. This review will summarize the recent
advances in the cellular biosensor technology, with a focus on fluorescence resonance energy
transfer (FRET), bimolecular fluorescence complementation (BIFC) and split luciferase
complementation (SLC) approaches, to monitor formation of tau oligomers and aggregates in
living cells. We will discuss the applications of the cellular biosensors in examining the
heterogeneous tau conformational ensembles and factors affecting tau self-assembly, as well as
detecting cell-to-cell propagation of tau pathology. We will also compare the advantages and
limitations of each type of tau biosensors, and highlight their translational applications in
biomarker development and therapeutic discovery.
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1. Introduction

Alzheimer’s disease (AD) is the sixth leading cause of death for all adults in the United States and
one of the top 3 fatal diseases for older people over the age of 65. It is the most common form of
dementia and afflicting more than 25 million people in the world, but there is currently no effective
disease-modifying therapy.2® AD is a neurodegenerative disease and an example of tauopathies
with a marked increase in the number of tau inclusions such as neurofibrillary tangles (NFTSs) in
affected brain regions of dementia patients.* Tau exists as an intrinsically disordered monomer that
plays a crucial role in the regulation of signaling pathways, axonal stability and microtubule
stability by binding multiple different molecules.>® Under pathological conditions such as
abnormal post-translational modifications, pathogenic mutations or hyperphosphorylation, tau
misfolds with conformational changes, accumulates in the cytosol and initiates the fibrillogenesis
cascade.* The aggregation pathway initiates with the spontaneous formation of tau oligomers from
monomers and subsequently nucleates into paired helical filaments (PHFs), and eventually
intracellular NFTs (Figure 1). While the large insoluble NFTs have been the histopathological
hallmark of AD and tauopathies, the soluble tau oligomers that are formed prior to fibril formation
has been proposed to be the principal toxic species in recent studies.”® These toxic tau oligomers
promote cellular cytotoxicity®!! and induce cognitive deficits and neurodegeneration in animal
models.}>> As a result, there is a shift in the therapeutic paradigm to inhibit or disrupt the
formation of toxic tau oligomers, rather than the large insoluble fibrillar aggregates.1®-1°

Tau oligomers exist as a heterogeneous ensemble of distinct assemblies with molecular diversity
including both fibrillization competent and resistant, toxic and non-toxic species.?®?> Toxic tau
oligomer contributes to tau pathology by initiating tau aggregation, inducing toxicity and
propagating tau species through cell-to-cell spreading (Figure 1).2% Toxicity arises from cellular
dysfunctions such as apoptosis induced by activated caspase and mitochondrial impairments,
which impede synaptic energy production and lead to neuronal death.?*?> The cell-to-cell
spreading phenomenon is characterized by the ability of cells to secrete and uptake tau in the naked
form?527 or through other vesicles such as exosomes.?® In terms of tau aggregation, it is important
to note that wild-type (WT) full-length tau is resistant to fibrillization and forms mostly soluble
oligomers.?3! On the other hand, tau mutants and truncated forms of tau are more prone to
oligomerization, with a higher tendency of forming insoluble tau aggregates or fibrils.32

The most promising approach to target toxic tau oligomers will be to take advantage of the
available knowledge on the conformational ensembles or structures of these species.®*** A
substantial number of studies have made use of purified recombinant tau oligomers that are
assembled in vitro to explore their biophysical properties (e.g. conformational changes and
protein-protein interactions (PPIs)) and toxicity.%1*%44 While several studies have shown that WT
full-length tau forms dimers and trimers spontaneously due to disulfide bond formation,5-36:38.42-44
others have generated self-assembled tau oligomers in the presence of aggregation-prone
mutations or truncations, or with the help of aggregation inducers such as heparin or tau
seeds.%113739-41 However, it is often difficult to control the extent of aggregation to obtain toxic
oligomers with these inducers as fibrils or a mixture of oligomers and fibrils may be formed, which
will interfere with the investigations of tau oligomers. In addition, established protocols to generate
tau oligomers and aggregates from purified proteins have been shown to produce different tau
assemblies depending on aggregation conditions, without specific toxic tau species being
identified.* Furthermore, it is important to note that although some of these purified tau oligomers
are capable of inducing toxicity, they lack numerous chaperone proteins present in cells, and hence
do not recapitulate tau oligomerization in the cellular environment.*®



Several cell-based studies have illustrated that tau oligomerization and accumulation in cells result
in neurotoxicity and cell death.?547-4° Cellular assays are also responsive to indirect pathways and
various post-translational modifications such as phosphorylation and methylation,® which play key
roles in determining the formation of toxic tau oligomers.®® Therefore, the biophysical and
biochemical characterization of soluble tau oligomeric species in the cellular context is necessary
and will provide insights to the disease mechanism.>52 However, these approaches are far less
adopted, in part because of the lack of tools available for such studies. In this review, we will
present the use of different biophysical strategies such as fluorescence resonance energy transfer
(FRET), bimolecular fluorescence complementation (BiFC) and split luciferase complementation
(SLC), to investigate the spontaneous formation of tau oligomers or inducers-stimulated tau
oligomerization and aggregation in living cells (Figure 2). These strategies allow us to achieve a
spatiotemporal resolution of intramolecular interactions present in the ensembles of tau oligomers
and a range of intermolecular tau-tau interactions, from soluble dimers and oligomers to large
aggregates. A list of cellular tau biosensors engineered based on different strategies and their
respective abilities to detect the formation of soluble oligomers and/or insoluble aggregates as well
as seeding are summarized (Table 1). We will also discuss the applications of these cellular
biosensors to study cell-to-cell propagation of tau pathology and their potential as translational
tools for biomarker development and therapeutic discovery. This information will provide insights
to the understanding of the heterogeneity of tau oligomers and their role as molecular targets for
therapeutic development of AD and related tauopathies.

2. Fluorescence resonance energy transfer (FRET) based biosensors

FRET is a process by which energy is transferred from a donor fluorophore to an acceptor
fluorophore when a FRET pair, such as green and red (GFP/RFP) or cyan and yellow (CFP/YFP)
fluorescent proteins, is in close proximity. A FRET pair is individually fused to interacting proteins
and exhibits FRET when they are brought to a distance of less than 10 nm apart.>*>* The different
forms of cellular tau FRET biosensors engineered (Table 1) and the different methods of FRET
measurements will be discussed below.

2.1. Acceptor photobleaching based FRET microscopy

The FRET technique to investigate tau-tau intermolecular interaction was initially introduced by
expressing CFP or YFP tagged WT ON4R or caspase-cleaved (AAA421-441) tau proteins at either
N- or C-terminal in living human embryonic kidney 293 (HEK293) cells.>® Through the acceptor
photobleaching method, similar levels of FRET signals are detected in both WT CFP-tau/YFP-tau
and CFP-tau/tau-YFP expressing cells in the absence of aggregation inducers (Figure 3A). This
indicates spontaneous oligomerization of WT tau, independent of the positions of fluorophore
tagging, as an initial step in the aggregation cascade. The similar FRET observed from differential
fluorophore tagging suggests that tau is adopting different conformations in the formation of
oligomers and the presence of conformational ensembles in tau oligomerization. In the same study,
a higher FRET signal is detected in the presence of glycogen synthase kinase 3 beta (GSK3p) co-
expression with WT tau, illustrating a higher aggregation propensity of hyperphosphorylated tau
which is confirmed by biochemical assays. Interestingly, a similar level of higher FRET is
observed in caspase-cleaved tau which is more resistant to GSK3p-mediated phosphorylation but
known to form insoluble thioflavin-S (ThS) positive inclusions in cells (Figure 3A). Indeed, the
analysis of cell lysates shows that WT tau forms sarkosyl soluble fractions in native cellular
environment, while the caspase-cleaved tau proteins are sarkosyl insoluble (Figure 3B), indicating
that FRET originates from respective tau species. This is consistent with previous studies showing
that truncated tau aggregates more rapidly than WT tau and has been reported to promote fibril
formation, especially under aberrant phosphorylation.>” It is worth emphasizing that the similar



FRET levels obtained with different species and treatment conditions suggests the need to
stringently resolve the exact species that corresponds to the observed FRET in order to accurately
interpret the signals.

2.2. Lifetime based FRET measurement

Recently, we engineered two cellular WT 2N4R tau FRET biosensors to monitor intramolecular
(GFP-tau-RFP) (Figure 2A) and intermolecular (tau-GFP/tau-RFP) (Figure 2B) interactions. We
show efficient FRET signals through lifetime measurements in HEK293 cells expressing the
biosensors,® recapitulating the global folding of the tau proteins in the intramolecular system>%°
and their spontaneous oligomerization in the intermolecular system (Figure 3C). We note that the
FRET efficiency reflects the average of the ensemble intermolecular and intramolecular proximity
between tau molecules which potentially contains multiple different conformations and interaction
states. More importantly, there is no puncta formation in cells expressing the WT tau biosensors
and they are not ThS positive, hence confirming that these are soluble tau oligomers and do not
contain p-sheet species (Figure 3D).%8 This is also consistent with previous studies showing that
WT tau is resistant to fibrillization and forms mainly tau oligomers.?® Furthermore, we also
expressed fluorophore-tagged tau with P301L mutation (tauP301L-GFP/tauP301L-RFP) in both
HEK293 and SH-SY5Y cells and show that higher FRET signal is observed in tauP301L FRET
biosensor than the WT tau biosensor, indicating the higher propensity of oligomerization for
tauP301L.%¢ Importantly, we have also observed an increase in FRET with treatment of
recombinant tau proteins to the biosensor cells, suggesting the possibility of using our biosensors
in seeding experiments. As overexpression of fluorophore-tagged tau in HEK293 cells does not
illustrate toxicity, we overexpressed unlabeled WT tau or tauP301L in SH-SY5Y cells to study the
effect of tau oligomers in cell cytotoxicity.> Overexpression of WT tau does not induce significant
cell cytotoxicity but overexpression of tauP301L in SH-SY5Y cells induces significant toxicity,
consistent with other observations.5:%* Interestingly, it has been shown that overexpression of
tauP301L does not induce fibril formation in SH-SY5Y cells,% suggesting that tauP301L induced
toxicity is due to toxic oligomers.

2.3. Flow cytometry based FRET measurement

With a primary goal of detecting uptake, seeding and propagation of toxic tau species, the Diamond
group developed a groundbreaking tau FRET biosensor made up of tau repeat domains (RD)
(tauRD-CFP/YFP or tauRD FRET biosensor). Different variants and mutations of tau, including
WT, AK280 (AK), P301L/V337M (LM), AK280/1227P/1308P (PP) show varying FRET signals
(Figure 3E).%® Importantly, distinct puncta and evident thioflavin positive fibrillar species are
present, indicating the formation of B-sheet aggregates by tauRD FRET biosensor (Figure 3F),
but no toxicity is observed. The unlabeled tauRD aggregates are also shown to be released from
one cell population and taken up by recipient tau biosensor cells to induce aggregation as illustrated
through an increase in FRET. This indicates seeding®”%® and the propagation of seeds between
cells.®5®° The use of the tauRD FRET biosensor has also been extended to the study of the initiation
of pathological aggregation beginning with conversion of inert tau monomer to a seed-competent
form based on increasing accessibility of the hexapeptide motifs (VQIINK/VQIVYK) that
promote aggregation.?! This is consistent to a report that pathogenic tau mutations, alternative
splicing and proline isomerization are all capable of destabilizing the local structure proximal to
the hexapeptide motifs and triggering spontaneous aggregation as illustrated by an increase in
FRET of the tauRD biosensor.” More recently, the tauRD FRET biosensor is applied to study the
seeding capability of tau oligomers. Purified oligomeric assemblies containing 3-mer, ~10-mer,
and ~20-mer as well as fibrils have been shown to increase FRET of the tauRD biosensor.’



Treatment of heparin or a heparinoid compound (SN7-13) inhibits seeding by both oligomeric and
fibrillar species and reduces FRET of the biosensor.”

The development of these cellular FRET biosensor technologies provide the platforms to study the
aggregation cascade of tau proteins, including monomers (intramolecular doubly labeled tau or
single-molecule FRET'?), oligomers (intermolecular WT tau biosensor) and fibrillar species
(intermolecular tauRD biosensor). Some of these systems, especially the intramolecular
biosensors, have also been used to study tau-microtubule interactions’>"® as well as the detachment
of tau from microtubule and the subsequent formation of oligomers and aggregates.”®

3. Split fluorescent protein complementation or BiFC based biosensors

An important consideration in selecting a fluorescence-based technique to quantify PPIs is to
ensure that the use of fluorescent proteins does not obstruct the biological interactions between the
proteins of interest. While FRET is one of the prominent approaches to investigate protein
interactions, it requires large fluorescent protein fusion which may cause steric hindrance that
potentially results in inaccurate measurement of the key interactions. To minimize the size of
fluorescent protein tagging, the split fluorescent protein technique or BiFC is introduced (Table
1) where a fluorescent protein is split into two non-fluorescent fragments to reduce the size of
fusion as well as background fluorescence.”” Two types of BiFC based biosensors are available:
(1) BIFC fluorescence turn-off biosensor where tau monomers exhibit fluorescence and
aggregation abolishes the fluorescence (Figure 2C), and (2) BiFC fluorescence turn-on biosensor
where the non-fluorescent constituents are tagged to tau proteins and fluorescence is observed
when tau self-associates (Figure 2D).

3.1. Split-GFP complementation (fluorescence turn-off biosensor)

To create a tau fluorescence turn-off biosensor, Johnson group adopted a split-GFP
complementation approach by fusing WT ON4R tau protein directly to a small non-fluorescent
GFP fragment (GFP11), and co-expressing in HEK cells with a large non-fluorescent GFP
fragment (GFP1-10).”%"® When tau exists as a monomer or low degree aggregate, the
complementary large GFP fragment is able to access the small GFP fragment fused to tau,
assembling the fluorescently active GFP. The reconstitution of active GFP is prohibited primarily
due to steric hindrance when tau aggregates, leading to a decrease in GFP fluorescence intensity
in cells.”®” The complementation of the tau-GFP occurs in a concentration-dependent and linear
manner, illustrating the sensitivity of this assay to monitor the fusion of non-fluorescent GFP and
hence quantifying tau oligomerization and aggregation. Different tau fluorescence turn-off
biosensors have been generated based on various tau constructs, including K18-WT, K18-AK and
K18-AK-Proline-Mutant. The basal fluorescence for all constructs increase to a maximum after 48
hours, with K18-AK being the dimmest, K18-AK-Proline-Mutant being the brightest and K18-WT
with intermediate intensity level. This confirms the pro-aggregation effect of K18-AK and
aggregation resistance of K18-AK-Proline-Mutant as compared to K18-WT.”® This result indicates
that there is spontaneous formation of tau oligomers in the basal level after transfection. There is
also a general decrease in the fluorescent intensity across all constructs with time, which indicates
that more oligomerization and aggregation occurs with longer transfection period.”

Besides WT tau, the fluorescence turn-off approach was also applied to truncated tau (AAA421-
441) and tau-2EC with two Ser-to- Glu mutations at Ser396/5404 to mimic phosphorylation of
these sites. The results show that truncated tau and tau-2EC proteins are accumulating in cells to
a greater extent with reduced GFP fluorescence as compared to WT tau in the absence of
phosphorylation inducers.”® The presence of active GSK3p significantly increases the GFP



intensity of WT, which strikingly corresponds directly to the increased expression of WT tau as
illustrated through immunoblots. An increase in the fluorescence intensity of the turn-off biosensor
should correspond to less aggregation with more monomers, but this is complicated with an
increase in tau expression. Therefore, although active GSK3p is used, it is unclear from the
fluorescence turn-off biosensor whether extensive phosphorylation of WT tau leads to an enhanced
oligomerization or aggregation as these should have led to a decrease in GFP intensity. Conversely,
no change in GFP intensity is observed for truncated tau regardless of phosphorylation and no
change in tau expression is observed.”® This is a conflicting observation from the FRET study
where the truncated tau shows higher FRET signal with active GSK3f expression, which we will
expect a decrease in GFP intensity in the split-GFP tau biosensor to indicate increasing
aggregation; however this is not observed in this study. Interestingly, tau-2EC, which is
pseudophosphorylated at S396/S404 and is not efficiently further phosphorylated by active
GSK3p, exhibited significantly decreased GFP intensity in the presence of active GSK3p,
indicating that there is increased aggregation.” This is suggested to be due to the formation of
sarkosyl insoluble aggregates and enhanced phosphorylation at other residues besides S396/S404.
We should also note that this method is only feasible when there is an initial self-assembly between
the two parts of the split-GFP to form monomer signals of GFP fluorescence, but the intrinsic
affinity between these two GFP parts may affect the aggregation propensity of the protein of
interest.

3.2. Split-Venus BiFC (fluorescence turn-on biosensor)

In a BIiFC fluorescence turn-on biosensor (hereinafter refers to as a tau-BiFC biosensor),
fluorescence is exhibited when there are interactions between the protein of interest. This can
overcome the intrinsic limitations to monitor the more transient early-stage spontaneous formation
of soluble tau intermediates in the fluorescence turn-off biosensor. An eminent example of the tau-
BiFC biosensor is the split-Venus based BiFC system established by the Kim group where the two
non-fluorescent N- and C-terminal fragments of the Venus fluorescent protein are individually
fused to tau, and tau self-assembly turns on the Venus fluorescence.®’ The Venus protein is a
variant of YFP and is well suited for achieving spatiotemporal resolution of tau assembly because
(i) it has fast and efficient maturation, (ii) its self-assembly rate is low compared to that of other
BiFC pairs, and (iii) the fluorescence intensity of Venus-based BiFC is higher than that of EYFP-
based BiFC.8!

The Venus-based tau-BiFC biosensor is generated by fusing WT 2N4R human tau to the N- (1-
172 amino acids, VN173) or the C-terminal (155-238 amino acids, VC155) fragment of Venus
fluorescent protein, followed by stable expression of these DNA constructs in HEK293 cells, with
tau-GFP expressing cells used as a control and comparison.?® Interestingly, a basal fluorescence
intensity about 20% of that of the tau-GFP expressing cells is observed in the tau-BiFC cells on
the basis of similar level of protein expression. This indicates that there are some spontaneous tau
dimeric or oligomeric interactions under physiological conditions, with majority of the tau
molecules exist as monomers.2° Treatment of small molecules okadaic acid (30 nM) or forskolin
(20 uM) induces tau hyperphosphorylation and increases in tau-tau interactions. This is illustrated
by an enhanced fluorescence intensity of the biosensor cells (Figures 4A) which follows a time-
course dependent manner (Figure 4B).% Interestingly, in both basal and hyperphosphorylation
conditions, despite changes in the fluorescence levels, there are no distinct changes in the cell
morphology and no presence of puncta which corresponds to higher molecular weight aggregates,
except some neurite-like structures. This suggests that soluble tau dimers and oligomers are present
in the biosensor cells under both conditions. Cells expressing the Venus-based tau-BiFC biosensor



have been applied to study the regulation of tau oligomerization by different mechanisms, which
will be discussed below.

Several studies have suggested that 26S proteasome activity may be beneficial to neuronal cells as
they play a key role in degrading abnormally accumulated protein aggregates that are implicated
in neurodegeneration.®? To be delivered into cells, purified proteasomes have been loaded onto
novel mesoporous silica nanoparticles, which act as a proteasome transporter. Tau oligomerization
is induced by okadaic acid, which shows a high fluorescence complementation in tau-BiFC
biosensor cells. Treatment with proteasome—MSNPN complexes illustrates less tau aggregation
with a significantly lower fluorescence complementation compared with cells treated with
MSNPN alone which do not show significant change in fluorescence complementation.®®
Therefore, cells treated with exogenous proteasomes are more efficient in degrading overexpressed
human tau than endogenous proteasomal substrates. This results in a decrease in tau oligomers and
aggregates, and a reduced proteotoxic stress caused by tau and reactive oxygen species. Cells
expressing tau-BiFC biosensor are also used to study tau aggregation in ATP dyshomeostasis.
To examine whether an increased level of ATP affects the extent of tau self-assembly, the tau-
BiFC biosensor cells are treated with TNFa/CHX to induce an increase in the intracellular ATP
levels. A significant increase in the average fluorescence intensity of tau-BiFC by 60-70% in both
HEK?293 and SH-SY5Y cells indicates an enhanced intracellular tau aggregation with upregulation
of ATP.3

Recent studies have also shown that O-linked B-N-acetylglucosamine (O-GIcNAC) reduces tau
hyperphosphorylation by protecting the tau phosphorylation sites in normal brain. In pathological
condition, tau is de-glycosylated and becomes a substrate for kinases.®®> Two enzymes, O-GIcNAc
transferase (OGT) and O-GIcNAcase (OGA), are responsible for the catalysis of the addition and
removal of O-GIcNACc respectively. As the tau-BiFC biosensor cells are capable of revealing the
aggregation potential of tau based on its phosphorylation states, they have been used to study the
role of OGA and OGT on tau aggregation. Inhibition of OGA by Thiamet G decreases aggregation
and leads to a 30% reduction in the complementation response. On the other hand, inhibition of
OGT by BZX2 increases aggregation and results in a nearly two-fold elevation in biosensor
fluorescence.® These results confirm the counter-regulatory mechanism of OGA and OGT in tau
pathology.

To bring this important BiFC tool in vivo to directly monitor tau self-assembly in the mouse brain,
a novel tau transgenic mouse expressing tauP301L-BiFC fluorescence turn-on biosensor was
recently generated (Figure 4C).%" Initially, there is a significant increase in BiFC fluorescence in
the mouse brain in the first 3 months, corresponding to the initial spontaneous formation of tau
oligomers. At this time, most neurons in tauP301L-BiFC mice are also shown to express tau in the
cortex (Figure 4C). At 6 months, tau cleavage occurs which results in a dramatic decrease in BiFC
fluorescence. The truncated tau species then serves as a seed for triggering further insoluble tau
aggregation, resulting in a subsequent increase in BiFC fluorescence from 9 months. Above 12
months of age, neurodegeneration and cognitive dysfunctions are observed in the tauP301L-BiFC
mice (Figure 4D).% This in vivo full-length tauP301L-BiFC fluorescence turn-on mouse model
recapitulates in vitro observation of the early stages of tau pathology such as oligomerization,
truncation, nucleation and fibrillization,>>7:58:66.80

4. Split luciferase complementation (SLC) based biosensors
To improve on the BiFC assay, tau split luciferase complementation (SLC) assays are developed.
SLC assays possesses enormous dynamic range with superior detection sensitivity and more



dynamic reversibility of the complementation.® Examples of SLC assays are detailed below with
different types of split luciferase used in each assay (Table 1).

4.1. Gaussia-Luc SLC

To generate a SLC assay, the Hyman group used WT 2N4R tau to fuse to either the N- or the C-
terminal region of Gaussia luciferase (gLuc), forming a split-gLuc.®® The formation of tau
oligomers enables the complementation of two separate parts of split-gLuc, namely tau-L1
(residues 1-92) and tau-L2 (residues 93-163), which then reconstitutes glLuc activity. Robust gLuc
activity is observed in HEK293 cells with co-expression of tau-L1 and tau-L2, as well as in the
conditioned medium after 40 hours of transfection (Figure 5A), without observed toxicity from
the tau split-gLuc expression.®® The control, L1 and L2 only without fusing to tau, does not result
in luciferase activity, indicating specific tau-tau self-association and oligomerization in the SLC
assay. Linear correlation between split-gLuc activity and tau concentration in conditioned medium
indicates an excellent assay sensitivity of 7.5 pg/ml tau-L1/L2 which is equivalent to 0.16 nM full-
length tau as characterized by human total tau ELISA (Figure 5B). More importantly, these tau
species are not thioflavin-T (ThT) positive, indicating that tau-L1/L2 activity originates mostly
from dimers and oligomers but not insoluble tau fibrillar species with B-sheet.®® Furthermore, the
tau-L1/L2 complementation is enhanced with addition of aggregation inducers, including heparin,
pre-formed fibrils (PFFs),® and mouse brain lysates,®* to tau-L1/L2 transfected HEK293 cells
(Figure 5C). The glLuc activity reaches a maximum after 12-24 hours of inducer treatment and
subsequently decreases to the non-treated basal level after 48 hours.®® This is an interesting
observation as these inducers will typically result in the formation of irreversible and insoluble j3-
sheet oligomers and aggregates,* which should not result in a decrease in luciferase signals. The
authors suggest that this could be due to accelerated oligomerization kinetics upon different
aggregation inductions although the overall oligomeric contents remain the same. We also
speculate that this temporary spike in luciferase complementation is probably due to spontaneously
formed reversible, soluble and off-pathway tau oligomers as they do not proceed to form [-sheet
aggregates, although the extent in which the inducers trigger cellular tau oligomerization remains
to be investigated. It is also reported that the stable intracellular tau oligomers can be released and
internalized by split-gLuc biosensor cells, constituting the cell-to-cell spreading phenomena in tau
pathology and resulting in increased luciferase bioluminescence signals.°

4.2. NanoLuc SLC

Using a similar approach, a NanoLuc SLC assay is generated with N- and C-terminal of WT 2N4R
tau fused to two different NanoLuc luciferase subunits (an 18 kDa polypeptide (large Bit) and a
1.3 kDa peptide (small Bit)) respectively.®> NanoLuc activity is observed in human liver HuH-7
cells transfected with the two tau-NanoLuc fusion constructs for 24 hours, illustrating the
reconstitution of luciferase activity based on tau protein self-association and oligomerization.®?
The NanoLuc activity is reduced with treatment of protein kinase inhibitors, suggesting that the
tau oligomerization is initiated by self-association of phosphorylated tau monomers and that the
kinase inhibitors are either directly inhibiting tau phosphorylation or indirectly affecting
alternative mechanisms.%

4.3. Click beetle green-Luc SLC

In another study to investigate tau propagation and spontaneous internalization for cell-to-cell
spreading of tau pathology, a tau SLC assay based on click beetle green luciferase (cbgLuc) is
developed.®® The N- and C-terminal halves of the cbgLuc are fused to the C-terminal of the tauRD
containing P301S mutation, and the tau split-cbgLuc illustrates a basal cbgLuc activity upon
spontaneous tau dimerization and oligomerization.®*% Interestingly, the luciferase signal is



increased with treatment of exogenous tau oligomers (n > 3) and fibrils, suggesting the minimal
tau assembly capable of spontaneous cell uptake and seeding (Figure 5D).%*

5. Translational applications of cell-based tau biosensors

The cellular tau biosensors are continuously being used in biomarker development as well as
therapeutic discovery such as identification of small molecules or antibodies that disrupt toxic tau
interactions or alter tau conformational ensembles. In this section, we will discuss the sensitivity
of each type of tau biosensor in detecting seeding activity and examples of tau biosensors used as
translational tools in high-throughput screening drug discovery.

5.1. Detection of seeding activity as a biomarker for AD pathology

High seeding activity in a biological sample can be a new biomarker for a subset of subjects that
are more likely to develop symptoms of pathological tau aggregation. The cellular tau biosensors
have been widely used to characterize the seeding capability of in vitro protein samples and
biological samples from both mice and human.

TauRD FRET biosensor: The tauRD FRET biosensor is highly sensitive and specific to the
detection of isolated tau oligomeric species and fibrillar aggregates from human patients and AD
transgenic mouse brains that are seed-competent. %% Specifically, tauRD FRET biosensor has
been used to test the tau seeding capacity of the soluble high molecular weight brain fraction
containing mostly seed-competent oligomeric species from AD patients.®”%® The FRET assay
readily discriminates diseased and aged control brains,®” and further illustrates heterogeneous
seeding properties across the patients as characterized by different extents of FRET increase.® In
another study, brain-derived tau oligomers or oligomeric tau seeds from AD, dementia with Lewy
bodies, and progressive supranuclear palsy patients have been shown to significantly increase
FRET of tauRD biosensor with clear formation of tau inclusion as observed by
immunofluorescence microscopy.®

Tau-BiFC biosensor: The seeding capacity of the tau-BiFC biosensor was evaluated with
treatment of the pre-aggregates and aggregates of purified proteins of K18-WT and K18-P301L to
the cell culture medium of tau-BiFC biosensor cells.!® The pre-aggregates and aggregates of K18-
P301L increase the fluorescence intensity of cells by 2-fold while K18-WT does not induce any
increase in BiFC fluorescence under any aggregation conditions.!® This suggests the greater
propagation and internalization of the K18-P301L than the K18-WT.

TauRDAK SLC biosensor: To examine whether tau containing exosomes derived from the
cerebrospinal fluid (CSF) of AD patients are seed-competent, tauRDAK SLC biosensor was
generated with two halves of luciferase fusing to tauRD containing AK280 mutation and expressed
in N2a cells.?® Tau containing exosomes dramatically increase the luciferase bioluminescence
signal by about 50% for AD patients and 40% for healthy controls, corresponding to an increase
in tauRDAK aggregation.?® While exosomes from AD patients induced slightly higher aggregation
than the controls, it is important to note that the difference is not statistically significant.?® This
suggests that exosomes from both AD and control CSF may contain different species of tau
oligomers which are capable of triggering tau aggregation to a different extent, recapitulating the
heterogeneity in tau oligomers.*

By comparing the efficacy of these three types of biosensors in detecting seeding activity, tau seeds
activate all of them with a half-maximal effective concentration (ECso) between 0.03 uM and 0.1
uM, although they have different dynamic ranges of detection (Figure 6). TauRDAK SLC



biosensor has the greatest dynamic range with an 8-fold increase in signal between non-treated
and treatment of the highest concentration of tauRD seeds (Figure 6A).% This is followed by a 4-
fold signal increase in tauRD FRET biosensor with treatment of tauRD seeds (Figure 6B)% and a
2-fold signal increase in tau-BiFC biosensor with treatment of K18-P301L tau (Figure 6C).1%°
However, we should note that the seeds used in these studies are different, which might contribute
to the difference in the sensitivity or fold change observed.

5.2. High-throughput screening (HTS) drug discovery

Fluorescence and bioluminescence biosensors constitute attractive and powerful tools for drug
discovery campaigns, from HTS assays, to optimization of lead compounds, and preclinical
evaluation of candidate drugs. In the context of tau oligomerization and aggregation, tau biosensors
have been used in HTS assays to identify small molecules that interfere with tau-tau interactions,
conformational changes of tau and other biological processes that alter the propensity of tau
aggregation such as tau phosphorylation.

WT 2N4R tau FRET biosensor: We have developed a HTS platform to discover small molecules
that target tau oligomerization by combining fluorescent tau biosensor engineering and FRET
measurements through high precision and high-throughput fluorescence lifetime detection.®810!
We used WT 2N4R tau FRET biosensor expressed in HEK293 cells to perform screening of NIH
Clinical Collection (NCC) library comprising of 727 compounds and identified a novel small
molecule, MK-886, which reduces FRET in the intermolecular tau biosensor (Figure 7A).%¢ As
HEK?293 cells do not express endogenous tau and they have been shown to have good signal-to-
noise ratio in lifetime based FRET studies,'21% they are suitable to be used in HTS to identify
modulators of tau oligomer conformations. MK-886 reduces FRET in a dose-dependent manner
in both WT and tauP301L FRET biosensor expressed in HEK293 cells (Figure 7B), and rescues
tauP301L induced cytotoxicity in SH-SY5Y cells.®® Interestingly, MK-886 does not fully abolish
FRET, suggesting that it may be acting through conversion of toxic tau oligomers into non-toxic
oligomers rather than direct disruption of the toxic oligomers, although it remains to be
investigated if these non-toxic oligomers are capable of forming neuroprotective fibrils in cells.
Using purified protein approach, we show that MK-886 directly binds tau protein, stabilizes an on-
pathway oligomer and increases the formation of B-sheet species by altering the conformation of
tau monomer at the proline-rich and microtubule binding regions, as characterized by surface
plasmon resonance, ThT and single-molecule FRET.%® In sum, our new tau FRET biosensor and
the fluorescence lifetime detection technology are well suited to identify novel compounds capable
of remodeling heterogeneous tau oligomers and rescuing tau induced cytotoxicity, thus enabling
therapeutic targeting of early-stage tau pathology. This HTS strategy has also been validated in
other systems with a-synuclein'® and huntingtin exon 1, indicating its robustness in
investigating intrinsically disordered proteins.

In a separate study, the abovementioned WT 2N4R tau intermolecular FRET biosensor was
adopted and expressed in SH-SY5Y cells to perform HTS on ChemBridge DIVERSet library of
10,000 compounds to identify 195 small molecules that inhibit tau oligomerization.*® This small
subset of compounds was then filtered by their ability to inhibit purified proteins of a-synuclein
aggregation revealed by ThT assay and dynamic light scattering measurements. MG-2119 is then
identified as a dual mode inhibitor that targets tau oligomerization and a-synuclein aggregation.
MG-2119 binds tau monomers with high affinity and is able to rescue cell cytotoxicity induced by
a combination of tau and a-synuclein oligomers in SH-SY5Y cells in a dose-dependent manner.1%
In addition, the intermolecular tau FRET biosensor was also used to further filter hits from both
acetylcholinesterase (AChE) inhibitor screen'*® and microRNA-146a inhibitor screen''! to obtain



compounds that serve dual functions, including inhibition of tau oligomerization. These newly
identified small molecules and MK-886 are capable of rescuing cell cytotoxicity induced by
different systems, including a combination of tau, a-synuclein and -amyloid oligomers as well as
cells co-expressing tau and miRNA-146a. It is important to note that some of the compounds that
serve dual functions rescue cell cytotoxicity beyond controls, suggesting the promotion of inherent
cell growth in addition to inhibiting protein induced toxicity. Furthermore, while these compounds
are novel and could be effective, it is worth noting that they may potentially contain promiscuous
characteristics and exhibit non-specificity by targeting both tau and other proteins. Hence, the
exact inhibition mechanism and mode of action of the compounds require further investigation.

WT 2N4R tau-BiFC biosensor: The Venus-based tau-BiFC biosensor was used to screen a FDA-
approved drug library containing 1,018 compounds, and identified levosimendan as a potent small
molecule inhibitor of tau oligomerization (Figure 7C).}'? Levosimendan directly inhibits
disulfide-linked tau oligomerization by covalently binding to tau cysteines as characterized by *4C-
isotope labeling of the small molecule. In addition, levosimendan prevents the formation of
oligomers from monomers and is also capable of disassembling preformed tau oligomers or
aggregates into monomers (Figure 7D), thus rescuing neurons from tau-induced toxicity.*'? The
study also made a comparison between levosimendan and the well-known inhibitors of tau
aggregation, methylene blue (MB) and LMTM, and they show that MB and LMTM disrupt fibrils
but generate high-molecular weight tau oligomers which are toxic to neurons. A key strength of
this study is that they tested levosimendan in vivo with the tauP301L-BiFC transgenic mice. The
administration of levosimendan reduces tau oligomerization as illustrated by a decrease in tau-
BiFC signals, suppresses tau pathology in the brain, and prevents cognitive declines in the mice.'*?

Several tau targeted compounds have been identified from recent drug discovery campaigns which
could potentially be further tested and developed into more effective drugs targeting AD and
related tauopathies. While HTS assays performed with living cells are able to preserve the native
environment as well as capture indirect mechanisms in inhibiting tau oligomerization, it also
increases non-specificity as many other biological processes can be altered in cells that lead to
reduction of tau aggregation. It is therefore important to elucidate the binding sites and inhibitory
profiles of all compounds identified from HTS to ensure that they are only restrictive to tau-
specific targeting.

6. Comparison between different biosensor systems

We have described three major techniques, FRET, BiFC and SLC, as well as multiple forms of
cellular tau biosensors engineered based on each technique. Fluorescence and bioluminescence
methods to quantify tau-tau interactions and conformational dynamics represent promising
approaches to probe first-hand molecular insights of tau aggregation cascade and cell-to-cell
spreading of tau pathology.'*31¥> However, they differ in terms of the type of interactions they can
detect, sensitivity and signal-to-noise ratio, the possibility of false-positive or false-negative
signals, capability of spatiotemporal monitoring of interactions, and the instrumentation
needed.”"1%11" We have summarized the advantages and limitations of each technique (Table 2).
In general, expressing these tau biosensors in living cells have the key advantage of preserving the
native surroundings, such as the presence of molecular chaperones or other molecular constituents,
in which the interaction takes place and is monitored. It has been shown that fluorophore tagging
could prevent tau toxicity and non-tagged tau should be used for toxicity studies. This also suggests
that a common limitation of these biosensors is that they are not capable of monitoring tau-induced
toxicity in cells by themselves, although treatment of exogenous tau oligomers or aggregates to
the biosensors has been shown to induce cell cytotoxicity.!® In the technical aspects, all three



types of biosensors can be used for time-course analysis and HTS assays, and they are sensitive to
changes in local environment.

BiFC: The BIiFC approach allows for tagging of smaller fluorophores, a low background
fluorescence as noise and signal detection even at low level of protein expression.!811° The
multicolor BiFC assay allows concurrent imaging of several protein complexes within the same
cell such as tau-tau interactions and interactions between tau and other proteins which might
change tau aggregation propensity.!'® However, the process of fluorophore fusion is not reversible.
Once a transient complex between the protein of interest is formed, the reconstituted fluorescence
protein remains relatively stable, hence reducing its capability in continuously monitoring the tau
aggregation and disaggregation process.!'® In addition, the split fluorescent protein might
autonomously and spontaneously assemble, which will alter the binding properties of interacting
tau and increase the false-positive signals.116:118

SLC: A key advantage of SLC assays is the low background signals as they do not require external
light for detection and allows a binary on-or-off characteristic that increases the detection
sensitivity.120121 It also has a large and linear dynamic range with 7 to 8 orders of magnitude.1?2
However, the presence of a luciferase inhibitor may generate false-negative results.*?® In addition,
it is unable to measure distance between proteins and is not suitable for monitoring protein
interactions over a long time as the bioluminescence signals gradually decrease over time.1%

FRET: FRET is powerful in determining spatiotemporal dynamics and reversibility of PPIs
instantaneously at real time.>*1° Besides measuring direct tau-tau intermolecular interactions, it
also allows measurements of tau intramolecular folding or conformational change.®® However, it
requires large fluorophore fusion which may cause steric hindrance.*?* In addition, it has
disadvantages of irreversible photobleaching, being less sensitive due to small fractions of
interacting proteins combine with each other at any time, and insensitive to distance outside the
dynamic range of the detection of the FRET pair.?>126 Despite these limitations, important recent
advances in lifetime based FRET measurements allow for data fitting of the acquired fluorescent
waveforms with sufficient precision to analyze two or more samples having different lifetimes,
and resolving multiple components with high accuracy with respect to both lifetime and mole
fraction, 27128

The potential of resolving the different populations of protein species and the distance distributions
of PPIs through model fitting of the time-resolved FRET waveforms containing high-content
information!?® can be in theory applied to the investigation of tau oligomers and aggregates.
However, a major limitation of tau oligomer associated time-resolved FRET data lies in the lack
of information such as the number of interacting tau monomers, the stoichiometry of the tau
oligomer or well-defined structural states required to constrain the model in order to identify
specific toxic species. This suggests the need to perform additional complementary biophysical
and spectroscopic characterizations such as analytical ultracentrifugation, nuclear magnetic
resonance, electron paramagnetic resonance, surface plasmon resonance or Raman spectroscopy
to obtain oligomer size and binding affinity, although these techniques are mostly conducted with
purified proteins in current studies and may not be directly correlated to cellular observations.

7. Conclusion and future perspectives

The advancements in the cellular biosensor technology allow for the studies of molecular
mechanisms involved in tau oligomerization and aggregation, as well as in cell-to-cell spreading
of tau pathology. The tau biosensors can further be used to study the effect of different tau



isoforms, mutations and post-translation modifications on the formation of toxic tau oligomers. It
might be important to perform cross validation experiments with different biosensors to ensure an
observation or finding is consistent and reproducible with different tools. It is also imperative to
compare biophysical observations from cellular models to tau oligomers extracted from AD mouse
models or patients to elucidate the structural states of the true toxic tau oligomeric species. The
use of FRET, BiFC and SLC assays can also be used to study cross reactivity between tau and
other intrinsically disordered proteins such as B-amyloid'? and a-synuclein.** To improve on the
physiological relevance, the tau biosensors can be expressed in human induced pluripotent stem
cells. Furthermore, future drug discovery campaigns using tau biosensors should include screening
of CNS-focused compound libraries to ensure tau-targeted small molecules have a high probability
of crossing the blood-brain barrier for more effective treatment of AD and related tauopathies.

Acknowledgements: | would like to thank Dr. Jialiu Zeng for proofreading the manuscript. This
study is supported by a NUS Development Grant to C.H.L. from the National University of
Singapore.

Author Contributions: C.H.L. conceived the idea and wrote the manuscript.
Conflicts of Interest: The author declares no competing interest.

Data available statement: Data sharing not applicable to this article as no datasets were
generated or analyzed during the current study

References

1. National Institute on Aging, NIH. Alzheimer's Disease Fact Sheet. 2021.

2. Huang L-K, Chao S-P, Hu C-J. Clinical trials of new drugs for Alzheimer disease.
Journal of Biomedical Science. 2020;27(1):18.

3. Cummings J, Lee G, Ritter A, Sabbagh M, Zhong K. Alzheimer's disease drug
development pipeline: 2020. Alzheimer's & Dementia: Translational Research & Clinical
Interventions. 2020;6(1):e12050.

4. Ballatore C, Lee VMY, Trojanowski JQ. Tau-mediated neurodegeneration in Alzheimer's
disease and related disorders. Nature Reviews Neuroscience. 2007;8(9):663-672.

5. AVILA J, LUCAS JJ, PEREZ M, HERNANDEZ F. Role of Tau Protein in Both
Physiological and Pathological Conditions. Physiological Reviews. 2004;84(2):361-384.

6. Mandelkow E-M, Mandelkow E. Biochemistry and cell biology of tau protein in
neurofibrillary degeneration. Cold Spring Harb Perspect Med. 2012;2(7):a006247-
a006247.

7. Cérdenas-Aguayo MdC, Gomez-Virgilio L, DeRosa S, Meraz-Rios MA. The Role of Tau
Oligomers in the Onset of Alzheimer's Disease Neuropathology. ACS Chemical
Neuroscience. 2014;5(12):1178-1191.

8. Himmelstein DS, Ward SM, Lancia JK, Patterson KR, Binder LI. Tau as a therapeutic
target in neurodegenerative disease. Pharmacol Ther. 2012;136(1):8-22.

9. Lasagna-Reeves CA, Castillo-Carranza DL, Guerrero-Mufioz MJ, Jackson GR, Kayed R.
Preparation and Characterization of Neurotoxic Tau Oligomers. Biochemistry.
2010;49(47):10039-10041.

10. Lasagna-Reeves CA, Castillo-Carranza DL, Sengupta U, et al. Identification of oligomers
at early stages of tau aggregation in Alzheimer's disease. FASEB J. 2012;26(5):1946-
1959.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

217.

28.

29.

30.

31.

Flach K, Hilbrich I, Schiffmann A, et al. Tau Oligomers Impair Artificial Membrane
Integrity and Cellular Viability. Journal of Biological Chemistry. 2012;287(52):43223-
43233.

Wittmann CW, Wszolek MF, Shulman JM, et al. Tauopathy in Drosophila:
Neurodegeneration Without Neurofibrillary Tangles. Science. 2001;293(5530):711-714.
Santacruz K, Lewis J, Spires T, et al. Tau suppression in a neurodegenerative mouse
model improves memory function. Science (New York, NY). 2005;309(5733):476-481.
Berger Z, Roder H, Hanna A, et al. Accumulation of pathological tau species and
memory loss in a conditional model of tauopathy. J Neurosci. 2007;27(14):3650-3662.
Castillo-Carranza DL, Gerson JE, Sengupta U, Guerrero-Mufioz MJ, Lasagna-Reeves
CA, Kayed R. Specific Targeting of Tau Oligomers in Htau Mice Prevents Cognitive
Impairment and Tau Toxicity Following Injection with Brain-Derived Tau Oligomeric
Seeds. Journal of Alzheimer's Disease. 2014;40:S97-S111.

Gerson JE, Castillo-Carranza DL, Kayed R. Advances in Therapeutics for
Neurodegenerative Tauopathies: Moving toward the Specific Targeting of the Most
Toxic Tau Species. ACS Chemical Neuroscience. 2014;5(9):752-769.
Guzmén-Martinez L, Farias GA, Maccioni RB. Tau oligomers as potential targets for
Alzheimer's diagnosis and novel drugs. Front Neurol. 2013;4:167-167.

Lo Cascio F, Garcia S, Montalbano M, et al. Modulating Disease-Relevant Tau
Oligomeric Strains by Small Molecules. Journal of Biological Chemistry. 2020.

Ono K, Yamada M. Low-n oligomers as therapeutic targets of Alzheimer’s disease.
Journal of neurochemistry. 2011;117(1):19-28.

Gerson JE, Mudher A, Kayed R. Potential mechanisms and implications for the
formation of tau oligomeric strains. Critical reviews in biochemistry and molecular
biology. 2016;51(6):482-496.

Mirbaha H, Chen D, Morazova OA, et al. Inert and seed-competent tau monomers
suggest structural origins of aggregation. Elife. 2018;7:e36584.

Kjaergaard M, Dear AJ, Kundel F, et al. Oligomer Diversity during the Aggregation of
the Repeat Region of Tau. ACS chemical neuroscience. 2018;9(12):3060-3071.
Niewiadomska G, Niewiadomski W, Steczkowska M, Gasiorowska A. Tau Oligomers
Neurotoxicity. Life. 2021;11(1):28.

Lasagna-Reeves CA, Castillo-Carranza DL, Sengupta U, Clos AL, Jackson GR, Kayed
R. Tau oligomers impair memory and induce synaptic and mitochondrial dysfunction in
wild-type mice. Molecular neurodegeneration. 2011;6:39-39.

Shafiei SS, Guerrero-Mufioz MJ, Castillo-Carranza DL. Tau Oligomers: Cytotoxicity,
Propagation, and Mitochondrial Damage. Front Aging Neurosci. 2017;9:83-83.

Chai X, Dage JL, Citron M. Constitutive secretion of tau protein by an unconventional
mechanism. Neurobiology of Disease. 2012;48(3):356-366.

Katsinelos T, Zeitler M, Dimou E, et al. Unconventional Secretion Mediates the Trans-
cellular Spreading of Tau. Cell Reports. 2018;23(7):2039-2055.

Wang Y, Balaji V, Kaniyappan S, et al. The release and trans-synaptic transmission of
Tau via exosomes. Mol Neurodegener. 2017;12(1):5-5.

Lo CH, Sachs JN. The role of wild-type tau in Alzheimer's disease and related
tauopathies. J Life Sci (Westlake Village). 2020;2(4):1-17.

Kuret J, Congdon EE, Li G, Yin H, Yu X, Zhong Q. Evaluating triggers and enhancers of
tau fibrillization. Microscopy Research and Technique. 2005;67(3-4):141 -155.
Chirita CN, Congdon EE, Yin H, Kuret J. Triggers of Full-Length Tau Aggregation: A
Role for Partially Folded Intermediates. Biochemistry. 2005;44(15):5862-5872.



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Goedert M, Spillantini MG. Propagation of Tau aggregates. Molecular Brain.
2017;10(1):18.

Weaver CL, Espinoza M, Kress Y, Davies P. Conformational change as one of the
earliest alterations of tau in Alzheimer’s disease. Neurobiology of Aging. 2000;21(5):719-
7217.

Akoury E, Gajda M, Pickhardt M, et al. Inhibition of Tau Filament Formation by
Conformational Modulation. Journal of the American Chemical Society.
2013;135(7):2853-2862.

Sahara N, Maeda S, Murayama M, et al. Assembly of two distinct dimers and higher-
order oligomers from full-length tau. European Journal of Neuroscience.
2007;25(10):3020-3029.

Tian H, Davidowitz E, Lopez P, Emadi S, Moe J, Sierks M. Trimeric Tau Is Toxic to
Human Neuronal Cells at Low Nanomolar Concentrations. International Journal of Cell
Biology. 2013;2013:260787.

Sonawane SK, Balmik AA, Boral D, Ramasamy S, Chinnathambi S. Baicalein suppresses
Repeat Tau fibrillization by sequestering oligomers. Archives of Biochemistry and
Biophysics. 2019;675:108119.

Kaniyappan S, Chandupatla RR, Mandelkow E-M, Mandelkow E. Extracellular low-n
oligomers of tau cause selective synaptotoxicity without affecting cell viability.
Alzheimer's & Dementia. 2017;13(11):1270-1291.

Das R, Balmik AA, Chinnathambi S. Phagocytosis of full-length Tau oligomers by
Actin-remodeling of activated microglia. Journal of Neuroinflammation. 2020;17(1):10.
Gerson JE, Sengupta U, Kayed R. Tau Oligomers as Pathogenic Seeds: Preparation and
Propagation In Vitro and In Vivo. In: Smet-Nocca C, ed. Tau Protein: Methods and
Protocols. New York, NY: Springer New York; 2017:141-157.

Patterson KR, Remmers C, Fu Y, et al. Characterization of prefibrillar Tau oligomers in
vitro and in Alzheimer disease. The Journal of biological chemistry.
2011;286(26):23063-23076.

Soeda Y, Yoshikawa M, Almeida OFX, et al. Toxic tau oligomer formation blocked by
capping of cysteine residues with 1,2-dihydroxybenzene groups. Nature communications.
2015;6(1):10216.

Haque MM, Kim D, Yu YH, et al. Inhibition of tau aggregation by a rosamine derivative
that blocks tau intermolecular disulfide cross-linking. Amyloid. 2014;21(3):185-190.
Manassero G, Guglielmotto M, Monteleone D, et al. Dual Mechanism of Toxicity for
Extracellular Injection of Tau Oligomers versus Monomers in Human Tau Mice. Journal
of Alzheimer's Disease. 2017;59:743-751.

Gotz J, Xia D, Leinenga G, Chew YL, Nicholas H. What Renders TAU Toxic. Front
Neurol. 2013;4:72-72.

Miyata Y, Koren J, Kiray J, Dickey CA, Gestwicki JE. Molecular chaperones and
regulation of tau quality control: strategies for drug discovery in tauopathies. Future Med
Chem. 2011;3(12):1523-1537.

Li X-C, Hu Y, Wang Z-h, et al. Human wild-type full-length tau accumulation disrupts
mitochondrial dynamics and the functions via increasing mitofusins. Scientific reports.
2016;6:24756-24756.

Xu C, Guo J, Li L, et al. Co-Expression of Three Wild-Type 3R-Tau Isoforms Induces
Memory Deficit via Oxidation-Related DNA Damage and Cell Death: A Promising
Model for Tauopathies. Journal of Alzheimer's Disease. 2020;73:1105-1123.

Silva MC, Ferguson FM, Cai Q, et al. Targeted degradation of aberrant tau in
frontotemporal dementia patient-derived neuronal cell models. Elife. 2019;8.



50.

51.

52.

53.

54,

55.

56.

57,

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Ercan-Herbst E, Ehrig J, Schondorf DC, et al. A post-translational modification signature
defines changes in soluble tau correlating with oligomerization in early stage Alzheimer’s
disease brain. Acta Neuropathologica Communications. 2019;7(1):192.

Lim S, Haque MM, Kim D, Kim DJ, Kim YK. Cell-based Models To Investigate Tau
Aggregation. Comput Struct Biotechnol J. 2014;12(20):7-13.

Haque M, Lim S, Kim D, Kim J, Kim Y. Intracellular tau modifications and cell-based
sensors for monitoring tau aggregation. In:2016.

Berney C, Danuser G. FRET or no FRET: a quantitative comparison. Biophys J.
2003;84(6):3992-4010.

Algar WR, Hildebrandt N, Vogel SS, Medintz IL. FRET as a biomolecular research tool
— understanding its potential while avoiding pitfalls. Nature Methods. 2019;16(9):815-
829.

Chun W, Johnson GV. Activation of glycogen synthase kinase 3beta promotes the
intermolecular association of tau. The use of fluorescence resonance energy transfer
microscopy. The Journal of biological chemistry. 2007;282(32):23410-23417.

Cho J-H, Johnson GVW. Glycogen Synthase Kinase 33 Induces Caspase-cleaved Tau
Aggregation in Situ. Journal of Biological Chemistry. 2004;279(52):54716-54723.
Gamblin TC, Chen F, Zambrano A, et al. Caspase cleavage of tau: Linking amyloid and
neurofibrillary tangles in Alzheimer's disease. Proceedings of the National Academy of
Sciences. 2003;100(17):10032-10037.

Lo CH, Lim CK-W, Ding Z, et al. Targeting the ensemble of heterogeneous tau
oligomers in cells: A novel small molecule screening platform for tauopathies.
Alzheimer's & Dementia. 2019;15(11):1489-1502.

Jeganathan S, von Bergen M, Brutlach H, Steinhoff H-J, Mandelkow E. Global Hairpin
Folding of Tau in Solution. Biochemistry. 2006;45(7):2283-2293.

von Bergen M, Barghorn S, Jeganathan S, Mandelkow EM, Mandelkow E. Spectroscopic
Approaches to the Conformation of Tau Protein in Solution and in Paired Helical
Filaments. Neurodegenerative Diseases. 2006;3(4-5):197-206.

Pickhardt M, Biernat J, Hiibschmann S, et al. Time course of Tau toxicity and
pharmacologic prevention in a cell model of Tauopathy. Neurobiology of Aging.
2017;57:47-63.

Bandyopadhyay B, Li G, Yin H, Kuret J. Tau Aggregation and Toxicity in a Cell Culture
Model of Tauopathy. Journal of Biological Chemistry. 2007;282(22):16454-16464.
Tepper K, Biernat J, Kumar S, et al. Oligomer formation of tau protein
hyperphosphorylated in cells. The Journal of biological chemistry. 2014;289(49):34389-
34407.

Zhao Z, Ho L, Suh J, et al. A role of P301L tau mutant in anti-apoptotic gene expression,
cell cycle and apoptosis. Molecular and Cellular Neuroscience. 2003;24(2):367-379.
Ferrari A, Hoerndli F, Baechi T, Nitsch RM, Gétz J. B-Amyloid Induces Paired Helical
Filament-like Tau Filaments in Tissue Culture. Journal of Biological Chemistry.
2003;278(41):40162-40168.

Kfoury N, Holmes BB, Jiang H, Holtzman DM, Diamond MI. Trans-cellular propagation
of Tau aggregation by fibrillar species. The Journal of biological chemistry.
2012;287(23):19440-19451.

Holmes BB, Furman JL, Mahan TE, et al. Proteopathic tau seeding predicts tauopathy in
vivo. Proceedings of the National Academy of Sciences. 2014;111(41):E4376-E4385.
Furman JL, Holmes BB, Diamond MI. Sensitive Detection of Proteopathic Seeding
Activity with FRET Flow Cytometry. J Vis Exp. 2015(106):e53205-53205.



69.

70.

71.

72,

73.

74.

75.

76.

77,

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Polanco JC, Scicluna BJ, Hill AF, Go6tz J. Extracellular Vesicles Isolated from the Brains
of rTg4510 Mice Seed Tau Protein Aggregation in a Threshold-dependent Manner. The
Journal of biological chemistry. 2016;291(24):12445-12466.

Chen D, Drombosky KW, Hou Z, et al. Tau local structure shields an amyloid-forming
motif and controls aggregation propensity. Nature communications. 2019;10(1):2493.
Stopschinski BE, Thomas TL, Nadji S, et al. A synthetic heparinoid blocks Tau aggregate
cell uptake and amplification. Journal of Biological Chemistry. 2020;295(10):2974-2983.
Metskas LA, Rhoades E. Single-Molecule FRET of Intrinsically Disordered Proteins.
Annual review of physical chemistry. 2020;71(1):391-414.

Breuzard G, Hubert P, Nouar R, et al. Molecular mechanisms of Tau binding to
microtubules and its role in microtubule dynamics in live cells. Journal of Cell Science.
2013;126(13):2810-28109.

Di Maio IL, Barbier P, Allegro D, Brault C, Peyrot V. Quantitative analysis of tau-
microtubule interaction using FRET. Int J Mol Sci. 2014;15(8):14697-14714.

Mooney P, Sulerud T, Pelletier JF, et al. Tau-based fluorescent protein fusions to
visualize microtubules. Cytoskeleton (Hoboken). 2017;74(6):221-232.

Di Primio C, Quercioli V, Siano G, et al. The Distance between N and C Termini of Tau
and of FTDP-17 Mutants Is Modulated by Microtubule Interactions in Living Cells.
Frontiers in Molecular Neuroscience. 2017;10(210).

Kerppola TK. Visualization of molecular interactions by fluorescence complementation.
Nature Reviews Molecular Cell Biology. 2006;7(6):449-456.

Chun W, Waldo GS, Johnson GV. Split GFP complementation assay: a novel approach to
guantitatively measure aggregation of tau in situ: effects of GSK3beta activation and
caspase 3 cleavage. Journal of neurochemistry. 2007;103(6):2529-2539.

Chun W, Waldo GS, Johnson GV. Split GFP complementation assay for quantitative
measurement of tau aggregation in situ. Methods in molecular biology (Clifton, NJ).
2011;670:109-123.

Tak H, Haque MM, Kim MJ, et al. Bimolecular fluorescence complementation; lighting-
up tau-tau interaction in living cells. PloS one. 2013;8(12):e81682.

Kodama Y, Hu CD. An improved bimolecular fluorescence complementation assay with
a high signal-to-noise ratio. BioTechniques. 2010;49(5):793-805.

Lee B-H, Lee MJ, Park S, et al. Enhancement of proteasome activity by a small-molecule
inhibitor of USP14. Nature. 2010;467(7312):179-184.

Han DH, Na H-K, Choi WH, et al. Direct cellular delivery of human proteasomes to
delay tau aggregation. Nature communications. 2014;5(1):5633.

Heo CE, Han JY, Lim S, et al. ATP Kinetically Modulates Pathogenic Tau Fibrillations.
ACS Chemical Neuroscience. 2020;11(19):3144-3152.

Liu F, Shi J, Tanimukai H, et al. Reduced O-GIcNAcylation links lower brain glucose
metabolism and tau pathology in Alzheimer's disease. Brain. 2009;132(7):1820-1832.
Lim S, Haque MM, Nam G, Ryoo N, Rhim H, Kim YK. Monitoring of Intracellular Tau
Aggregation Regulated by OGA/OGT Inhibitors. Int J Mol Sci. 2015;16(9):20212-20224.
Shin S, Kim D, Song JY, et al. Visualization of soluble tau oligomers in TauP301L-BiFC
transgenic mice demonstrates the progression of tauopathy. Progress in neurobiology.
2020;187:101782.

Remy I, Michnick SW. A highly sensitive protein-protein interaction assay based on
Gaussia luciferase. Nature Methods. 2006;3(12):977-979.

Wegmann S, Nicholls S, Takeda S, Fan Z, Hyman BT. Formation, release, and
internalization of stable tau oligomers in cells. Journal of neurochemistry.
2016;139(6):1163-1174.



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Wegmann S, Jung YJ, Chinnathambi S, Mandelkow E-M, Mandelkow E, Muller DJ.
Human Tau Isoforms Assemble into Ribbon-like Fibrils That Display Polymorphic
Structure and Stability. Journal of Biological Chemistry. 2010;285(35):27302-27313.
Takeda S, Wegmann S, Cho H, et al. Neuronal uptake and propagation of a rare
phosphorylated high-molecular-weight tau derived from Alzheimer's disease brain.
Nature communications. 2015;6:8490.

Holzer M, Schade N, Opitz A, et al. Novel Protein Kinase Inhibitors Related to Tau
Pathology Modulate Tau Protein-Self Interaction Using a Luciferase Complementation
Assay. Molecules. 2018;23(9):2335.

Villalobos V, Naik S, Bruinsma M, et al. Dual-color click beetle luciferase heteroprotein
fragment complementation assays. Chemistry & biology. 2010;17(9):1018-1029.
Mirbaha H, Holmes BB, Sanders DW, Bieschke J, Diamond MI. Tau Trimers Are the
Minimal Propagation Unit Spontaneously Internalized to Seed Intracellular Aggregation.
The Journal of biological chemistry. 2015;290(24):14893-14903.

Chandupatla RR, Flatley A, Feederle R, Mandelkow EM, Kaniyappan S. Novel antibody
against low-n oligomers of tau protein promotes clearance of tau in cells via lysosomes.
Alzheimers Dement (N Y). 2020;6(1):e12097.

Furman JL, Diamond MI. FRET and Flow Cytometry Assays to Measure Proteopathic
Seeding Activity in Biological Samples. In: Smet-Nocca C, ed. Tau Protein: Methods
and Protocols. New York, NY: Springer New York; 2017:349-359.

Takeda S, Commins C, DeVos SL, et al. Seed-competent high-molecular-weight tau
species accumulates in the cerebrospinal fluid of Alzheimer's disease mouse model and
human patients. Ann Neurol. 2016;80(3):355-367.

Dujardin S, Commins C, Lathuiliere A, et al. Tau molecular diversity contributes to
clinical heterogeneity in Alzheimer’s disease. Nature Medicine. 2020;26(8):1256-1263.
Lo Cascio F, Garcia S, Montalbano M, et al. Modulating disease-relevant tau oligomeric
strains by small molecules. Journal of Biological Chemistry. 2020;295(44):14807-14825.
Kim D, Lim S, Haque MM, et al. Identification of disulfide cross-linked tau dimer
responsible for tau propagation. Scientific reports. 2015;5:15231-15231.

Petersen KJ, Peterson KC, Muretta JM, Higgins SE, Gillispie GD, Thomas DD.
Fluorescence lifetime plate reader: resolution and precision meet high-throughput. Rev
Sci Instrum. 2014;85(11):113101-113101.

Lo CH, Huber EC, Sachs JN. Conformational states of TNFR1 as a molecular switch for
receptor function. Protein Science. 2020;29(6):1401-1415.

Lo CH, Schaaf TM, Thomas DD, Sachs JN. Fluorescence-Based TNFR1 Biosensor for
Monitoring Receptor Structural and Conformational Dynamics and Discovery of Small
Molecule Modulators. In: Bayry J, ed. The TNF Superfamily: Methods and Protocols.
New York, NY: Springer US; 2021:121-137.

Lo CH, Vunnam N, Lewis AK, et al. An Innovative High-Throughput Screening
Approach for Discovery of Small Molecules That Inhibit TNF Receptors. SLAS
DISCOVERY: Advancing the Science of Drug Discovery. 2017;22(8):950-961.

Lo CH, Schaaf TM, Grant BD, et al. Noncompetitive inhibitors of TNFR1 probe
conformational activation states. Science Signaling. 2019;12(592):eaav5637.

Vunnam N, Lo CH, Grant BD, Thomas DD, Sachs JN. Soluble Extracellular Domain of
Death Receptor 5 Inhibits TRAIL-Induced Apoptosis by Disrupting Receptor—Receptor
Interactions. J Mol Biol. 2017;429(19):2943-2953.

Braun AR, Liao EE, Horvath M, et al. Potent inhibitors of toxic alpha-synuclein
oligomers identified via cellular time-resolved FRET biosensor. bioRxiv.
2020:2020.2001.2009.900845.



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Lo CH, Pandey NK, Lim CK-W, et al. Discovery of Small Molecule Inhibitors of
Huntingtin Exon 1 Aggregation by FRET-Based High-Throughput Screening in Living
Cells. ACS Chemical Neuroscience. 2020;11(15):2286-2295.

Gabr MT, Peccati F. Dual Targeting of Monomeric Tau and a-Synuclein Aggregation: A
New Multitarget Therapeutic Strategy for Neurodegeneration. ACS Chemical
Neuroscience. 2020;11(14):2051-2057.

Gabr M, Murugan NA. Discovery of biphenyl pyrazole scaffold for neurodegenerative
diseases: A novel class of acetylcholinesterase-centered multitargeted ligands.
Bioorganic & Medicinal Chemistry Letters. 2020;30(17):127370.

Gabr MT, Barbault F. First dual binder of microRNA-146a and monomeric tau: a novel
approach for multitargeted therapeutics for neurodegenerative diseases. Chemical
Communications. 2020;56(67):9695-9698.

Kim YK, Lim S, Shin S, et al. Levosimendan prevents tau pathology by inhibiting
disulfide-linked tau oligomerization posing as a promising anti-tau therapeutics. Research
Square. 2020.

Truong K, Ikura M. The use of FRET imaging microscopy to detect protein—protein
interactions and protein conformational changes in vivo. Current Opinion in Structural
Biology. 2001;11(5):573-578.

Waadt R, Schluicking K, Schroeder JI, Kudla J. Protein fragment bimolecular
fluorescence complementation analyses for the in vivo study of protein-protein
interactions and cellular protein complex localizations. Methods in molecular biology
(Clifton, NJ). 2014;1062:629-658.

Villalobos V, Naik S, Piwnica-Worms D. Detection of Protein-Protein Interactions in
Live Cells and Animals with Split Firefly Luciferase Protein Fragment Complementation.
In: Starkey M, Elaswarapu R, eds. Genomics Protocols. Totowa, NJ: Humana Press;
2008:339-352.

Kudla J, Bock R. Lighting the Way to Protein-Protein Interactions: Recommendations on
Best Practices for Bimolecular Fluorescence Complementation Analyses. The Plant Cell.
2016;28(5):1002-1008.

Kerppola TK. Design and implementation of bimolecular fluorescence complementation
(BIFC) assays for the visualization of protein interactions in living cells. Nat Protoc.
2006;1(3):1278-1286.

Miller KE, Kim Y, Huh W-K, Park H-O. Bimolecular Fluorescence Complementation
(BIiFC) Analysis: Advances and Recent Applications for Genome-Wide Interaction
Studies. J Mol Biol. 2015;427(11):2039-2055.

Kerppola TK. Bimolecular fluorescence complementation (BiFC) analysis as a probe of
protein interactions in living cells. Annu Rev Biophys. 2008;37:465-487.

Lang Y, Li Z, Li H. Analysis of Protein-Protein Interactions by Split Luciferase
Complementation Assay. Current Protocols in Toxicology. 2019;82(1):e90.
Paulmurugan R, Gambhir SS. Monitoring Protein—Protein Interactions Using Split
Synthetic Renilla Luciferase Protein-Fragment-Assisted Complementation. Analytical
Chemistry. 2003;75(7):1584-1589.

Bauer P. Luciferase Reporter Gene Assays. In: Schwab M, ed. Encyclopedia of Cancer.
Berlin, Heidelberg: Springer Berlin Heidelberg; 2017:2543-2547.

Braeuning A. Firefly luciferase inhibition: a widely neglected problem. Archives of
Toxicology. 2015;89(1):141-142.

Bajar BT, Wang ES, Zhang S, Lin MZ, Chu J. A Guide to Fluorescent Protein FRET
Pairs. Sensors (Basel). 2016;16(9):1488.



125.

126.

127.

128.

129.

130.

Piston DW, Kremers G-J. Fluorescent protein FRET: the good, the bad and the ugly.
Trends in Biochemical Sciences. 2007;32(9):407-414.

Leavesley SJ, Rich TC. Overcoming limitations of FRET measurements. Cytometry A.
2016;89(4):325-327.

Muretta JM, Kyrychenko A, Ladokhin AS, Kast DJ, Gillispie GD, Thomas DD. High-
performance time-resolved fluorescence by direct waveform recording. Rev Sci Instrum.
2010;81(10):103101-103101.

Schaaf TM, Peterson KC, Grant BD, et al. High-Throughput Spectral and Lifetime-Based
FRET Screening in Living Cells to Identify Small-Molecule Effectors of SERCA. SLAS
DISCOVERY: Advancing the Science of Drug Discovery. 2016;22(3):262-273.

Tripathi T, Khan H. Direct Interaction between the f-Amyloid Core and Tau Facilitates
Cross-Seeding: A Novel Target for Therapeutic Intervention. Biochemistry.
2020;59(4):341-342.

Moussaud S, Jones DR, Moussaud-Lamodiére EL, Delenclos M, Ross OA, McLean PJ.
Alpha-synuclein and tau: teammates in neurodegeneration? Mol Neurodegener.
2014;9:43-43.



Table 1. Cellular biosensor technologies to study tau oligomerization and aggregation.

Methods | Tauisoforms | Mutants Tags Models Inducers Aggregate types Detect Ref
seeding
ON4R WT CFP HEK293 | Spontaneous formation Soluble oligomers - 55
ON4R YFP GSK3p Insoluble aggregates
(A421-441)
2N4R WT GFP HEK?293 | Spontaneous formation Soluble oligomers Yes 58
poiL | RFP | sH.sysy Forskolin
FRET K18 (RD) WT CFP HEK?293 WT K18 PFFs Insoluble aggregates Yes 66
AK280 YFP 67
P301L/
V337TM
P301S
AK280/
1227P/
1308P
ON4R WT Split HEK293 | Spontaneous formation Soluble oligomers - 78
ON4R AK280 GFP GSK3p Insoluble aggregates &
(A421-441) AK280/
K18 (RD) 1227P/
1308P
BiFC 2N4R WT Split HEK?293 | Spontaneous formation Soluble oligomers Yes 80
Venus SH-SY5Y Forskolin Insoluble aggregates 18040
Okadaic acid 112
K18-P301L
2N4R P301L Split Mouse Spontaneous formation Soluble oligomers Yes 87
Venus model
Insoluble aggregates
2N4R WT Split HEK293 | Spontaneous formation Soluble oligomers Yes 89
glLuc .
Heparin
WT PFFs
Mouse brain lysates
(tauP301L aggregates)
sLC 2N4R WT Split HuH-7 Spontaneous formation Soluble oligomers - 92
Nano
Luc
K18 (RD) P301S Split HEK293 | Spontaneous formation Soluble oligomers Yes 94
AK280 cbgluc N2a WT K18 oligomers Insoluble aggregates %
WT K18 PFFs




Table 2. Advantages and limitations of tau biosensor engineering techniques.

SLC assays can detect both association and
dissociation of protein pairs

Kinetic measurements of PPI are permitted

Large and linear dynamic range of 7-8 orders of
magnitude

Relatively rapid turnover of the enzyme allows for
detection of high luciferase activity

Methods Advantages Disadvantages/Limitations

Real-time PPI monitoring as the complexes are in Requires the attachment of two intrinsic dyes (donor and
principle at equilibrium which allows for detection of acceptor) with the same luminousness and stoichiometry
complex formation and dissociation Large fluorophores may potentially cause steric hindrance
Ability to measure the affinity between protein and alter binding properties of interacting partners
interactions Weak interacting fluorescent species (e.g. dimerization)
Ability to detect protein conformational changes, in may result in inaccuracy of FRET measurements
addition to protein interactions Potential problems with photobleaching or direct

FRET Highly sensitive and can be performed in single cells excitation of acceptor fluorophore
and single molecules Insensitive to distance outside the dynamic range of the
Ability to resolve the molar ratios and the distance detection of the FRET pair (<10 nm)
distributions between different interacting species in Low signal-to-noise ratio associated with imaging
time-resolved FRET microscopy based FRET approach
Imaging microscopy based FRET detects localization FRET method provides less sensitive analysis of protein
of PPIs while lifetime/intensity based FRET provides a interactions as small fractions of interacting proteins
high signal-to-noise ratio combine with each other at any time
No requirement for large quantities of proteins, The fluorescent intensity of restructured fluorescent
stoichiometric proportions or structural information protein (FP) fragments should be similar to that of the
Proteins with weak interactions or low expressions are whole original FP and with adequate brightness
able to form complexes in BiFC as there are detectable Intrinsic interactions or spontaneous assembly between
fluorescence signals even at low level of expressions the FP fragments may affect the binding properties of the
Non-interacting proteins or endogenous proteins interacting partners and result in false-positive signals
consist of little background fluorescence, resulting in a Difficult to find a suitable negative control while

BiFC high signal-to-noise ratio examining the interaction between two new proteins with
The power of the fluorescent signal is directly unknown structural or biochemical information
proportional to the extent of protein interactions Irreversible BiFC formation results in inability to measure
Detection of spatiotemporal interaction between two dissociation of protein complexes
proteins in the living cells Slow maturation process affects the visualization of
The multicolor BiFC assay allows concurrent imaging short-lived interactions in cells
of several protein complexes within the same cell Lack of stability may lead to inaccurate measurements
SLC assays generate low background signals because Requirement for exogenous substrates to generate
they do not require external light. Oxidation of bioluminescence and potential false-negative results in
chemical substrate by the luciferase emits detectable the presence of a luciferase inhibitor
light known as bioluminescence Unlike stable fluorescent signals, the bioluminescence
SLC assays possess a binary on-or- off characteristic signals in SLC assays gradually decrease because the
that increases the detection sensitivity luciferase-luciferin reaction is a chemical reaction

SLC

There is a time delay of 4-6 hours from stimulus to
response to allow transcription to occur

SLC assay is not suitable for monitoring PPI over a long
time (>5 hours)

Unable to measure physical distances between a protein
pair as the minimum physical distance required to obtain
an interaction signal in SLC is unknown
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