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Their application in living tissue requires injection procedures that damage the tissue
and release damage-associated molecular patterns, which in turn stimulates phos-
phatidylserine exposure.

Methods: For this reason, we developed a novel genetically encoded phosphati-
dylserine probe based on the C2 domain of the lactadherin (MFG-E8) protein, suit-
able for labelling exposed phosphatidylserine in various research models. We tested
the C2 probe specificity to phosphatidylserine on hybrid bilayer lipid membranes

by observing surface plasmon resonance angle shift. Then, we analysed purified fused
C2 proteins on different cell culture lines or engineered AAVs encoding C2 probes

on tissue cultures after apoptosis induction. For in vivo experiments, neurotropic AAVs
were intravenously injected into perinatal mice, and after 2 weeks, brain slices were
collected to observe C2-SNAP expression.

Results: The biophysical analysis revealed the high specificity of the C2 probe

for phosphatidylserine. The fused recombinant C2 proteins were suitable for labelling
phosphatidylserine on the surface of apoptotic cells in various cell lines. We engineered
AAVs and validated them in organotypic brain tissue cultures for non-invasive delivery
of the genetically encoded C2 probe and showed that these probes were expressed

in the brain in vivo after intravenous AAV delivery to mice.

Conclusions: We have demonstrated that the developed genetically encoded PS
biosensor can be utilised in a variety of assays as a two-component system of C2
and C2m2 fusion proteins. This system allows for precise quantification and PS
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visualisation at directly specified threshold levels, enabling the evaluation of PS expo-
sure in both physiological and cell death processes.

Keywords: Phosphatidylserine, Genetically encoded probe, Lactadherin, MFG-E8, C2
domain, SNAP-tag

Background
Phosphatidylserine (PS) is a negatively charged lipid, which constitutes a rela-
tively minor component of most biological membranes, accounting for only about
3-10 mol% of total phospholipids in mammalian cells [1]. However, the physiological
importance of PS outweighs its low abundance. Rather than being evenly distributed,
PS is preferentially located in the inner leaflet of the plasma membrane under normal
conditions [2]. It is widely recognized that the disruption of this asymmetry, which
leads to the exposure of phosphatidylserine on the cell surface, plays a fundamental
role in apoptosis and the clearance of apoptotic cells [3]. Nevertheless, other cellular
processes also necessitate the externalisation of phosphatidylserine. Specific translo-
cation of PS is crucial for blood coagulation, bone mineralization, myoblast fusion,
fertilisation, rod cell shedding, and, as recently demonstrated, in synaptic pruning [4].
Due to the contribution of PS to widespread cellular functions, an efficient PS probe
is needed to study the dynamics of these processes. Currently, a few commercial PS
labelling tools are available. The most commonly used label for PS is fluorescently
tagged annexin A5 that can successfully detect and quantify cell death [5] or platelet
activation [6] and has been used to study the activity of procoagulants [7]. However,
annexin A5 requires a relatively high concentration of calcium ions for its binding
(1-3 mM) [8], thus preventing the detection of internal PS in live cells or its applica-
tion for in vivo assays [9]. Furthermore, it has been reported that annexin A5 has lim-
ited specificity for PS, as it binds to the phosphatidylethanolamine, the second most
abundant phospholipid in eukaryotic cell membranes [10]. Therefore, alternative
annexins have been explored as potential tools for more specific PS detection. Modi-
fied annexin B12 has been fused to polarity-sensitive fluorophores to develop the
pSIVA probe that exhibits a significant increase in fluorescence upon binding to the
membrane and displays low fluorescence when not bound [11]. However, like annexin
A5, this probe also requires calcium (~1-2 mM) and has a limited signal-to-noise
ratio for in vivo applications [12]. Alternatively, PS can be visualised by PS-specific
antibodies [13]; however, antibodies exhibit cross-reactivity with other phospho-
lipids, diminishing the specificity of such labelling techniques [14]. Small organic
compounds have also been developed for PS labelling and include TNBS (2,4,6-trini-
trobenzenesulfonate) [15] or Zn-DPA (bis(zinc-dipicolylamine)) and Zn-DPA-based
fluorescent imaging reagent PSVue® [16]. Such compounds can detect PS on apop-
totic cells in vitro when used either directly or delivered by liposomes [17]. However,
these tools have significant limitations. TNBS is not suitable for live cell imaging
[18] and shows limited selectivity to PS due to the reaction with phosphatidylethan-
olamine and other amines [19]. Meanwhile, PSVue demonstrates a significant back-
ground signal [20]. Finally, the distribution and dynamics of PS can be visualised by
fluorescent PS analogues, such as aromatic fluorescent compound 7-nitro-2-1,3-ben-
zoxadiazol-4-yl (NBD) attached to the acyl chain [21]. Unfortunately, PS analogues
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photobleach extremely rapidly [22] and can cause membrane distortion, thus modify-
ing the behaviour of the lipid bilayer [21].

The need to visualise the exposure of PS on the membrane of living cells in culture or
in vivo, has promoted the development of genetically encoded biosensors. These biosen-
sors are typically based on the PS-binding domains of various PS-recognizing proteins.
For instance, milk fat globule-epidermal growth factor-factor 8 (MFG-ES), also known
as lactadherin, is an opsonin expressed by a variety of cells, including both professional
and non-professional phagocytes [23]. MFG-E8 consists of four functional domains: two
epidermal growth factor domains (EGF1 and EGF2), as well as C1 and C2 domains like
those found in coagulation factors V and VIII [24]. MFG-ES8 tightly binds to the exposed
PS through its C2 domain in a calcium-independent manner [25, 26]. Therefore, the
C2 domain of MFG-E8 can be used to develop a sensitive probe for PS exposed on cell
surfaces, overcoming several challenges presented by the aforementioned tools. It has
been demonstrated that the C2 domain binds to PS more sensitively and efficiently than
annexin A5, enabling the detection of lower levels of PS and cell apoptosis at earlier
stages compared to other available tools [9]. The microinjection of a plasmid encoding
MFG-ES8 fused to red fluorescent protein mCherry into C. elegans has allowed visuali-
sation of PS in vivo on necrotic neurons after dysregulated Ca?* influx, which induced
excitotoxicity [27]. PS labelling on living cells has also been achieved using the C2
domain alone [28, 29]. The fusion of the C2 domain with green fluorescent protein ena-
bles the monitoring of the endogenous distribution of PS in intact S. cerevisiae and vari-
ous mammalian cells [28, 29]. However, this approach is not suitable for labelling PS on
the external surface of the cells and thus cannot be used to investigate the mechanisms
and the role of PS exposure. Therefore, our aim was to develop a genetically encoded
probe for sensitive and selective PS labelling in both in vitro cell cultures and ex vivo
and in vivo tissues. We utilised the C2 domain of MFG-E8 for sensitive and selective
PS binding and fused it to either red fluorescent protein mKate [30] or the self-labelling
enzyme SNAP-tag® [31]. We characterised our PS probe on artificial hybrid bilayer lipid
membranes and in different mammalian cell cultures, demonstrating its applicability
as a biomarker for sensitive and selective PS labelling in tissue after non-invasive AAV

delivery.

Materials and methods

The modelling of the structure of fused recombinant proteins

The structures of fused recombinant C2-mKate and C2-SNAP proteins were predicted
using de novo modelling tools Robetta [32], Raptor-X [33] and artificial intelligence tool
AlphaFold 2 [34, 35]. The quality of the obtained models was assessed using VoroMQA
[36], ProSA [37], QMEANDIsCo [38], and ProQ2 [39] values and the optimal model for
each protein was chosen (Additional file 1: Tables S1, S2). The selected protein mod-
els for C2-mKate and C2-SNAP were aligned to PDB structures of individual domains
(C2—PDB ID:2L9L [26], mKate—PDB ID:3BXC [40], SNAP-tag—PDB ID:3KZZ) using
the PyMOL program.
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Plasmids for fused protein expression

All plasmids in this study were obtained using traditional molecular cloning techniques.
For recombinant protein expression, fused proteins were cloned into pET-21a(+) plas-
mid. The open reading frame of the C2 domain was amplified using mouse tissue DNA
as a template and Thermo Fisher Scientific Phusion Flash High-Fidelity PCR Master
Mix, following manufacturer’s recommendations. The pET-C2 plasmid was obtained
by ligating Ndel and HindIII restriction fragments of pET21a(+) vector and C2 PCR
product. For protein fusion, flexible peptide linker was used [41]. The SNAP-tag gene
was amplified from a plasmid kindly gifted by Heppenstall [42], and the mKate gene was
amplified from pAAV-GFAP-mKate plasmid (Addgene #99129, RRID:Addgene_99129)
with primers that inserted Xhol and HindIII restriction sites. The SNAP-tag or mKate
amplicons were ligated into the pET-21a(+) plasmid after restriction with HindIII and
Xhol. The sequences of all constructs are provided in Additional file 2.

The mutagenesis of C2 domain

To obtain the inactive C2 domain, substitutions were made at Lys24 and Lys45, replacing
them with asparagines. Site-directed mutagenesis was performed for the Lys24 substi-
tution using specific primers (F: 5'-CAGCTACAATACATGGAACC-3" and R: 5'-CTG
GAGGCTGACATCTGGCT-3") for PCR amplification with Thermo Fisher Scientific
Phusion Flash High-Fidelity PCR Master Mix. Similarly, site-directed mutagenesis for
the Lys45 substitution was carried out using specific primers F: 5'-TCAGGGCAATAT
CAATGCCT-3" and R: 5-TTATCCAGCCTTCCCAAGTG-3’. The resulting pET21a-
C2m?2 plasmid was used to construct pET21a-C2m2-SNAP and pET21a-C2m2-mKate
plasmids, following the procedure described above.

PAAV plasmid for virus production

The plasmids for virus production were designed to carry astrocyte specific pro-
moter GFAP sequence from pAAV-GFAP-mKate plasmid (Addgene plasmid #99129,
RRID:Addgene_99129). Signal peptide sequence (UniProtKB/Swiss-Prot Accession
Number: P21956) [43] was introduced to ensure the secretion of fused proteins.

Protein expression and purification

The recombinant pET2la-C2-mKate, pET21la-C2m2-mKate, pET21a-C2-SNAP or
pET21a-C2m2-SNAP expression plasmids were transformed into E. coli BL21(DE3),
HMS174(DE3), C43(DE3)pLysS, NovaBlue(DE3), Rosetta-gami 2(DE3), or ArcticExpress
(DE3) competent cells. Transformants were selected by plating cells on agar plates con-
taining ampicillin (100 pg/ml). The expression of recombinant proteins was induced by
either 0.5 mM or 1.0 mM (2R,3R,4S5,5R,6S5)-2-(hydroxymethyl)-6-(propan-2-ylsulfanyl)
oxane-3,4,5-triol (IPTG) at different temperatures (13°C, 20 °C, 25 °C, 16 °C) with con-
tinuous shaking. After 16 h, cells were harvested by centrifugation at 3000x g for 20 min.
at 4 °C. The pellet was sonicated using BANDELIN SONOPULS mini20 with VS70T
probe for 5 min. at an amplitude setting of 50%. Sonication was performed for 15 s
with 15 s intervals to cool down the specimen. Cell debris was centrifuged at 3000x g
for 25 min. at 4 °C. The solubility of recombinant proteins was assessed by 14% SDS-
PAGE. The recombinant proteins from the supernatant of ArcticExpress (DE3) biomass
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induced by 1 mM IPTG at 16 °C were purified by immobilized chelate affinity chroma-
tography on HisPur" Ni-NTA (Thermo Fisher Scientific) column using AKTA™ avant
25 chromatography system (Cytiva). After loading the sample, the system was washed
with NPI-10 buffer (50 mM Na,HPO,, 300 mM NaCl, 10 mM imidazole). The pro-
teins with His-tag were eluted with NPI-400 buffer containing 400 mM imidazole. Elu-
tion fractions were loaded on 14% SDS-PAGE to select those containing purified fused
recombinant proteins. Chosen fractions were concentrated using Amicon® Ultra-4 Cen-
trifugal Filter Units 10 kDa (Millipore) in a buffer containing 20 mM Na,HPO,, 20 mM
NaCl, pH 6.5. The concentration of purified proteins was determined using NanoDrop""
2000 (Thermo Fisher Scientific).

Preparation of multilamellar vesicles (MLV)

Vesicle suspensions were prepared using defined mixtures of 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC), cholesterol (CHOL), 1,2-dioleoyl-sn-glycero-3-phosphoe-
thanolamine (DOPE) and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) from
Avanti Polar Lipids, Inc., USA. The phospholipids were dissolved in chloroform at
a concentration of 10 mM to obtain stock solutions that were used for final lipid mix-
tures. Three different vesicle compositions were used, each with different molar ratios of
lipids: neutral membrane (60% DOPC and 40% CHOL), a membrane containing PS (45%
DOPC and 30% CHOL with 25% DOPS), and a membrane containing PE (45% DOPC
and 30% CHOL with 25% DOPE). The lipid mixtures were dried for 30 min. under a con-
tinuous flow of nitrogen to evaporate chloroform, resulting in the formation of a thin,
uniform lipid film. The resulting lipid film was resuspended in PBS at a total lipid con-
centration of 1 mM using mixing and vortexing until the lipid film on the vial walls dis-
persed and the solution became turbid.

Substrate preparation for surface plasmon resonance

BK7 glass slides (25 mm diameter, 1 mm thickness, Methorm AutoLab, The Nether-
lands) were prepared for surface plasmon resonance (SPR) as previously described [44].
In brief, glass slides were coated with the Cr (2 nm) and Au (50-90 nm) films using the
PVD 75 magnetron sputtering system (Kurt J. Lesker Company, USA). Immediately after
the sputtering, the slides were transferred into the self-assembled monolayer (SAM)
preparation solution containing 0.1 mM octadecanethiol (ODT) dissolved in ethanol.
Incubations were carried out for 3—4 h at RT. Then, the slides were washed with etha-
nol and dried in a stream of nitrogen. The hybrid bilayer lipid membranes (hBLM) were
formed through a fusion mechanism by exposing the samples with SAM to a 100 pl
solution of multilamellar vesicle (1 mM). After incubating with the multilamellar vesi-
cles (MLV) for 20—30 min., the vesicles were rinsed with PBS buffer, and the hBLM was
formed.

Surface plasmon resonance assay

Surface plasmon resonance (SPR) measurements were conducted using an Autolab
Twingle system (Eco Chemie B.V., The Netherlands) equipped with a flow-through
cell, as previously described [44]. The system automatically tracked millidegree posi-
tional changes in the reflection angle resulting from the excitation of surface plasmon
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resonance. The temperature was stabilised at 22 + 0.1 °C using F34 refrigerating/heat-
ing circulator (Julabo, Germany). Prior to each MLV fusion experiment, the baseline
in PBS solution was recorded.

Once an hBLM was formed and the minimum angle baseline was established, the
proteins were injected into the cell. After reaching a plateau in protein binding (at
approximately 20 min.), any nonspecific protein interaction was disrupted by washing
with PBS. Protein binding was quantified as the change in SPR angle after wash-out.
To regenerate the cell, it was washed with 1 M NaOH and then rinsed with PBS.

Cultivation of mammalian cell lines

HEK293T (RRID:CVCL_0063) and Neuro2a (RRID:CVCL_0470) cell lines were
purchased from American Type Culture Collection (ATCC). Human embryo kid-
ney HEK293T cells were maintained in T25 flasks with Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with GlutaMAX™, 5% foetal bovine serum (FBS),
100 U/ml penicillin, 100 pg/ml streptomycin, and 1% non-essential amino acids
(Thermo Fisher Scientific). Mouse neuroblastoma Neuro2a cells were cultured in
Eagle’s Minimum Essential Medium (EMEM) supplemented with 10% FBS, and
100 U/ml penicillin, 100 pg/ml streptomycin. The cell cultures were maintained at
37 °C and 5% CO,. The cells were harvested using TrypLE"™ solution. To evaluate
phosphatidylserine (PS) exposure, the cells were plated at a density of 400 cells/mm?
onto 8-well plates (Nunc'" Lab-Tek", Thermo Fisher Scientific) that were pre-coated
with poly-L-lysine (0.001% in PBS) for at least 20 min. at RT.

Apoptosis assay

To induce apoptosis, 24 h after plating the cells were treated with 3 uM of stauro-
sporine (Sigma Aldrich) for 16 h. PS exposure was then detected by adding 100 pg/
ml recombinant fusion proteins for 30 min. Excess protein was removed by rinsing
with pre-warmed media, and then the cells were fixed with 4% paraformaldehyde
(PFA) in PBS for 20 min. at RT. After rinsing with PBS, residual PFA was quenched
with 30 mM glycine in PBS, and the cells were washed twice with PBS. To visualise
C2-SNAP and C2m2-SNAP proteins, the cells were labelled with 3 pM of benzylgua-
nine substrate SNAP-Surface® Alexa Fluor® 647 (NEB) for 30 min. at RT. Excess sub-
strate was removed by washing with PBS three times and then incubating in PBS for
additional 30 min. All cells were stained with DAPI (1 pg/ml) for 10 min. at RT. After
the final three washes with PBS, Lab-Tek chambers were removed, and the micro-
scopic slide was coverslipped with Mowiol (Calbiochem). The imaging was performed
on the confocal Leica TCS SP8 microscope with 63x/1.4 oil immersion objective
(pixel size 0.481 x 0.481 pm). A diode laser with an excitation wavelength of 405 nm
was used for DAPI excitation. The white light laser was used for the excitation of
PSVue (A =553 nm), AlexaFluor647 (1 =647 nm), and mKate (1 =589 nm). DAPI flu-
orescence was collected using a photomultiplier tube (PMT) detector (415-550 nm).
The fluorescence of AlexaFluor647 (657—680 nm), mKate (599-750 nm), and PSVue
(563—-660 nm) was collected using a hybrid detector with a gating of 0.3-6 ns.
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Cell image analysis

Confocal images were analysed using the open-source CellProfiler software
(RRID:SCR_007358) [45]. The integrated intensity of C2 probe-specific fluorescence
was measured in each image (n=10-15 images for each condition, all conditions
were repeated in duplicates across three independent experiments). The intensity was
estimated per cell by dividing the image fluorescence intensity by the count of nuclei
in that image (Additional file 3). Fluorescence values were normalised to the high-
est obtained values of C2-SNAP and C2-mKate, as required. Detailed image analysis
pipeline with an example is presented in Additional files 1: Fig. S1 and 3.

Adeno-associated virus production

The adeno-associated viruses (AAVs) expressing C2 probes were produced as
described previously [46]. For viral packaging, HEK293T cells were plated at a den-
sity of 6 x 10* cells/cm?. After 24 h, the cells were transfected by three plasmids: (1)
pAAV encoding the C2 probe of interest, engineered in this study as described above,
(2) capsid-encoding plasmid pUCmini-iCAP-PHP.eB (a gift from Viviana Gradinaru,
Addgene plasmid #103005; RRID: Addgene_103005) [47], and (3) helper plasmid
XX6-80 (received from The National Gene Vector Biorepository, NGVB) at the ratio
of 1:4:2, with a total of 40 pug of DNA per dish. The transfection was mediated by poly-
ethylenimine (linear, MW 25 000, Sigma Aldrich). After 72 h and 120 h post-trans-
fection, cell media were collected and filtered through a 0.45 pm filter to remove cell
debris and sterile-filtered through 0.22 pm syringe filter. The AAV solution was con-
centrated by centrifugation in Amicon Ultra Centrifugal Filter Units 100 kDa (Merck
Millipore) at 3000x g for 8 min. at RT or until the volume of the solution remaining
in the top chamber of the Amicon filter device was 500—1500 pl. Then DPBS with
0.001% Pluronic F-68 (Thermo Fisher Scientific) was added to the AAV solution in
Amicon filter device and centrifuged 3000x g for 8 min. at RT, repeating the washing
three times. During the last spin 300-500 pul of AAV solution was collected. AAV titre
was determined by quantitative PCR using SYBR Green, as described previously [46].
In brief, to degrade any unpacked DNA, DNAse I was added, which was then inacti-
vated with EDTA. Viral DNA was released using proteinase K and detected by qPCR.
The obtained Ct values were used to determine AAV titres.

Animals

Thy1:EGFP mice (IMSR Cat# JAX:007788, RRID:IMSR_JAX:007788) were used in the
heterozygous state. Animal studies were conducted in accordance with the require-
ments of the Directive 2010/63/EU and were approved by the Lithuanian State Food
and Veterinary Service (Permit No G2-92, B6-(1.9)-2653). All mice were bred and
kept at the animal facility of the Life Sciences Center of Vilnius University.

Organotypic hippocampus slice culture preparation

Organotypic hippocampal slice cultures (OHSC) were prepared using the inter-
face method, as previously described [48, 49]. Briefly, 3-day-old pups of Thyl:EGFP
mice were decapitated after cervical dislocation. The isolated brain was placed in a
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Petri dish filled with an ice-cold dissection medium (100 U/ml penicillin, 100 pg/
ml streptomycin, 15 mM HEPES, 0.5% glucose in HBSS). The removed hippocampi
were sliced at a thickness of 300 um using a Mcllwain tissue chopper. The intact slices
were carefully planted on prepared 0.4 pm 30 mm diameter cell culture inserts with
PTFE membrane (Merck Millipore) with maintaining medium (25% 1x BME, 25%
horse serum, 5% 10x MEM, 100 U/ml penicillin, 100 ug/ml streptomycin, 2 mM Glu-
taMAX, 0.65% glucose, 9 mM sodium bicarbonate in ddH,0) and maintained in 5%
CO, incubator at 37 °C. The medium was changed 24 h after the plating and every
2-3 days during culture maintenance.

PS labelling in AAV-transduced OHSC

OHSC were transduced with 6.7 x 10'° vg of AAV-C2-mKate, AAV-C2m2-mKate, AAV-
C2-SNAP, or AAV-C2m2-SNAP at 5 days in vitro (DIV5). The medium was changed
2 days after treatment and then every 2—-3 days. The selected treatment was performed
9 days after the transduction, at DIV14. To inhibit fused protein secretion, OHSC were
treated with 10 pg/ml of brefeldin A (BFA) (Thermo Fisher Scientific) for 5 h. To induce
apoptosis, OHSC were treated with 100 uM of staurosporine (Sigma Aldrich) for 16 h.
After either treatment, slice cultures were washed with prewarmed media and fixed in
4% PFA in PBS for 30 min. at RT. Next, slices were rinsed once with PBS and quenched
with 30 mM glycine/PBS. OHSC expressing C2-SNAP and C2m2-SNAP were labelled
with 3 uM benzylguanine substrate SNAP-Surface® Alexa Fluor ® 647 for 2 h at RT.
Nuclei were counterstained with DAPI (1 pg/ml) for 15 min. at RT. Both apoptosis and
protein localization experiments were performed in three independent cultures contain-

ing duplicates for each experimental condition.

OHSC immunofluorescence labelling

To label different cell types in BFA-treated OHSC, fixed slices were permeabilized and
blocked in 0.4% Triton-X/PBS with 20% normal goat serum (NGS) (Abcam). They
were then incubated for 16 h on a shaker at 4 °C. Afterwards, the slices were incubated
with primary antibodies (polyclonal rabbit anti-Ibalor polyclonal chicken anti-GFAP
(Table 1), in 0.1% Triton-X with 5% NGS for 24 h on a shaker at 4 °C. Following three
washes with PBS, the slices were incubated with secondary antibodies (polyclonal goat
anti-rabbit Alexa Fluor Plus 594, or polyclonal goat anti-chicken Alexa Fluor Plus 594
(Table 1), respectively) in PBS with 5% NGS for 4 h on a shaker at RT. The nuclei were

Table 1 Primary and secondary antibodies used in this study

Antibody Source Final Host Research Lot number
concentration resource
(ng/ml) identifiers
Anti-IbaT FUJIFILM T Rabbit  RRID:AB_839504  LEK0542
Wako Chemi-
cals
Anti-GFAP Abcam 36.8 Chicken RRID:AB_1975558 GR3393187-1
Anti-rabbit Alexa Fluor Plus 594 Invitrogen 4 Goat RRID:AB_2762824 2307236

Anti-chicken Alexa Fluor Plus 594  Invitrogen 4 Goat RRID:AB_2762829 XE349349
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counterstained with DAPI (1 pg/ml) for 15 min. at RT. After three more washes with
PBS, the slices were mounted onto the microscope slides using Mowiol (Calbiochem).
Images were acquired using Leica TCS SP8 confocal microscope with either 63x/1.4
oil immersion objective (pixel size 0.18 x 0.18 pm) for protein secretion experiments
or dry 20x/0.75 objective (pixel size 1.137 x 1.137 pum) for apoptosis experiments. For
DAPI excitation, a diode laser with a wavelength of 405 nm was used. A white light laser
was used for the excitation of AlexaFluor647 (A =647 nm), mKate (1 =589 nm), EGFP
(=488 nm), and AlexaFluor594 plus (1 =594 nm). DAPI fluorescence was collected
using a photomultiplier tube (PMT) detector (415-550 nm). The fluorescence of Alex-
aFluor647 (657-680 nm), mKate (599-750 nm), and AlexaFluor594 plus (604—650 nm)
was collected using a hybrid detector under gating of 0.3—6 ns.

OHSC image analysis

Image analysis was performed using Image] software (RRID:SCR_003070) [50]. The
accumulation of C2-SNAP, C2m2-SNAP, C2-mKate or C2m2-mKate fusion proteins in
astrocytes was quantified by assessing SNAP-specific fluorescence within GFAP-spe-
cific signal. For both SNAP and GFAP channels, the background was removed using
the Subtract background function (rolling ball radius 50 pixels). Images were smoothed
with Gaussian Blur filter (sigma=2) and thresholded using the Otsu algorithm with the
Auto-Threshold function to obtain masks for further measurements. The image of SNAP
signal within the astrocytes was obtained using the Process-Image Calculator function
with the selected operation as “AND,” and the area of both GFAP and SNAP within
GFAP was determined using Measure function. Image processing example is shown in
Additional file 1: Fig. S2.

AAV transduction in vivo

Study design: mice injected with AAV-C2-SNAP were compared to non-injected litter-
mate control using a single mouse as an experimental unit. Sample size: five mice were
injected with AAV-C2-SNAP, one mouse was used as non-injected control. In total, six
mice were used. The number of animals was chosen to be sufficient for qualitative analy-
sis. Inclusion and exclusion criteria: no animals were excluded during the experiment.
Randomization: mice were allocated to the injection and control groups randomly. The
cofounders were controlled by comparing littermate injected and control mice. Blinding:
blinding was not applied. Outcome measures: C2 labelling was qualitatively assessed by
imaging fluorescent signal in the brain samples from AAV-C2-SNAP and control ani-
mals. Statistical methods: only qualitative analysis was performed. Experimental ani-
mals: 3-day-old (P3) homozygous Thyl::EGFP mice. Experimental procedures: P3 mice
were injected into the facial vein with 1 x 10'! vg of AAV-C2-SNAP in 0.9% saline, in a
total volume of 20 pl, using an insulin syringe with a 29G needle. After 2 weeks (at P17),
mice were transcardially perfused with 0.9% saline for 2 min., followed by 4% PFA for
5 min. The brains were post-fixed for 24 h and then sectioned at 50 um using a 5100mz
vibratome (Campden Instruments). Free-floating brain sections were labelled with
3 uM SNAP-Surface® Alexa Fluor® 647, counterstained with DAPI (1 pg/ml) for 15 min.
and washed with PBS. Slices were mounted in Mowiol (Calbiochem), and images were
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acquired using a Leica TCS SP8 confocal microscope with a 63x/1.4 oil immersion

objective (pixel size 0.18 x 0.18 pum).

Statistical analysis

Neuro2a and HEK293T cell culture, as well as OHSC experiments, were replicated
in at least three independent cultures. For SPR experiments, at least six independ-
ent measurements were completed. Data presented were expressed as means =+ stand-
ard error of the mean. Fold change graphs were expressed as geometric means £ 95%
confidence intervals. Statistical analysis was performed using GraphPad Prism (version
9.5.1 for Windows, GraphPad Software, San Diego, California USA). The normality of
the data was verified by the Shapiro—Wilk test. The means were compared by one-way
ANOVA and post-hoc Tukey test. The geometrical means of fold change were compared
by Kruskal-Wallis one-way analysis of variance and post-hoc Dunn’s test. p values <0.05

were considered as significant.

Results

Protein modelling suggests structural integrity of fused proteins

Due to the lack of specific PS probes for in vivo applications, our aim was to develop a
genetically encoded tool. To overcome the drawbacks of currently available PS labelling
tools discussed above, we chose the C2 domain of the MFG-E8 protein as the basis for
PS recognizing tool. We fused it with proteinaceous tags for visualisation: either a fluo-
rescent mKate protein [30] or a self-labelling enzymatic SNAP-tag [51]. Fluorescent pro-
teins allow direct imaging of a bound probe without any additional staining procedures
[52]. However, fluorescent proteins, particularly those excited by longer wavelengths,
have significantly lower brightness than organic dyes. Therefore, we also employed
SNAP-tag, which is visualised by highly specific and irreversible attachment of its syn-
thetic benzylguanine (BG) derivative ligands to covalently bind chosen fluorophore [51].
To ensure the functionality of both fused proteins, we chose to space them with a linker
composed of threonine, serine, glycine, which are the preferable amino acids for natural
linkers [53, 54].

To assess whether the C2 domain and the fluorescence tag can be compatible after the
fusion, we created structural models of C2-mKate and C2-SNAP using de novo mod-
elling tools. To identify the most energetically and spatially favourable model we used
VoroMQA, ProSA, QMEANDIsCo and ProQ2 quality assessment tools (Additional
file 2: Tables S1, S2). We then aligned the preferable models for C2-mKate and C2-SNAP
fusion proteins to the structures of C2, mKate and SNAP-tag from the Protein Data Bank
(PDB) [55] to compare the models of the fusion proteins to the experimentally defined
structures of each individual domain (Fig. 1). We demonstrated that the C2 domain in
both fused proteins retained the same fundamental structural motifs as in PDB experi-
mentally defined structures, namely a beta barrel core with seven loops. Importantly, the
loops 1-3 that constitute the binding site for the PS [26] were arranged as in native C2
(Fig. 1), suggesting that fused proteins should retain the affinity to the PS. Furthermore,
the key lysine residues (K24 and K45) that are essential for PS binding [26] were in simi-
lar positions in the model of fused proteins as in the PDB structures (Fig. 1a, b), further
suggesting that the fusion did not affect the structure of the active site of C2 domain.
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linker
m C2 domain PDB ID: 2L9L m SNAP-tag PDB ID: 3KZZ m PS binding site
m mKate PDB ID: 3BXC m predicted structural model m two lysines mutated in C2m2

Fig. 1 Structural models of recombinant C2 fusion proteins. a C2-mKate aligned to experimentally defined
structures of C2 domain (PDB ID: 2L9L) and mKate (PDB ID: 3BXC). b C2-SNAP aligned to experimentally
defined structures of C2 domain and SNAP-tag (PDB ID: 3KZZ). Purple dashed circle marks putative site of C2
and PS interaction, including critical amino acids K24 and K45 in red

The structural motifs of fluorescence tags were also maintained in fused proteins. The
structure of mKate in a fused model overlapped with the motifs of the beta barrel with
an alpha spiral inside that are required for the fluorescence (Fig. 1a). The SNAP-tag in
the fused protein was mostly composed of alpha spirals, closely resembling the PDB
structure (Fig. 1b). The introduced linker had sufficient length to alleviate any tensions
between the fused domains (Fig. 1). The models predicted by AlphaFold 2 (Additional
file 1: Fig. S3) were similar to the structures created by de novo modelling tools. The PS
binding site in the C2 domain remained intact. In particular, loops 1-3 and two lysines
were arranged close to one another suggesting retained functionality of the C2 domain.
The spatial arrangement of the linker in AlphaFold 2 predictions was different, but this
did not affect predicted structures of functional domains. These results suggested that
the fused proteins should retain their functional structures in a recombinant protein to
be expressed in cells.

C2-mKate and C2-SNAP purification

To experimentally define the interaction of designed protein probes with PS, we first
expressed recombinant proteins in bacteria using pET system plasmids (Additional
file 2: Fig. S4a) and purified them chromatographically. To evaluate the specificity of the
C2 probe, we also developed mutated versions (C2m2) of the designed fusion probes.
In C2m2, the codons that specify previously identified key amino acids K24 and K45
[26] were substituted with asparagine codons (Additional file 1: Fig. S4b). All of the
proteins were fused with a six histidine residues tag for immobilized metal affinity
chromatography.

To purify the fusion proteins, we tested different E. coli strains BL21(DE3), Rosetta-
gami 2(DE3), HMS174(DE3), NovaBlue(DE3), C43(DE3)pLysS, ArcticExpress(DE3) and
different induction conditions (temperature, IPTG concentration) as well as cell lysis
conditions (NaCl concentration and pH of cell sonication buffer) to obtain the highest
content of soluble recombinant protein (Additional file 1: Table S3). In all the strains,
except for ArcticExpress(DE3), recombinant protein precipitated in the pellet rather
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than remaining in the soluble fraction, independently of other tested parameters (Addi-
tional file 1: Table S3). This precipitation rendered these strains unsuitable for the puri-
fication of recombinant fusion protein. Although we did not explore the reasons for
the precipitation further, it could potentially be caused by the lack of post-translational
modifications of the C2 domain, which may be essential for its structural integrity [23].
Recombinant fusion proteins were successfully expressed in the ArcticExpress(DE3)
strain after 1 mM IPTG induction at 16 °C using 300 mM NaCl and pH 8 cell lysis
buffer (Additional file 2: Table S3). It is known that the ArcticExpress(DE3) strain pro-
duces exogenous chaperones Cpnl0 and Cpn60, which facilitate protein folding [56].
These chaperones are active at lower temperatures, which also slow down the expres-
sion of a recombinant protein, further contributing to correct protein folding [56].
Using ArcticExpress(DE3) bacteria, we were able to purify C2, C2-mKate, C2m2-mKate,
C2-SNAP and C2m2-SNAP recombinant proteins, which were further used to charac-
terize C2 fusion proteins as PS probes.

PS affinity and specificity of C2-mKate and C2-SNAP probes

We measured C2 probe binding to different composition hybrid bilayer lipid membranes
(hBLM) using SPR. An increase in mass at the SPR sensor surface, caused by the binding
of proteins to artificial hybrid phospholipid membranes, results in a change in the local
refractive index. This change gives rise to an SPR response, which is observed as a shift
in the SPR angle. Figure 2 displays representative SPR sensorgrams obtained on hBLM
exposed to purified recombinant C2 domain, C2-mKate, and C2-SNAP proteins. To
assess the affinity and specificity of the purified recombinant C2-mKate and C2-SNAP
proteins to the PS, we measured the SPR angle shift after the binding of C2 and C2 fusion
proteins on hBLM: (1) neutral (PC:Chol) hBLM, (2) PE-enriched (PC:Chol:PE) hBLM or
(3) PS-enriched (PC:Chol:PS) hBLM (Fig. 2). The binding of the protein on the lipid sur-
face was indicated by an increase in the SPR angle (Fig. 2a). As expected, the C2 domain
bound only to PS and not to Chol, PC or PE (Fig. 2b, c). During the C2 binding assay on
PS-enriched membranes, the increase of SPR angle remained significant even after PBS
wash-out, indicating a high affinity of the C2 domain for PS (Fig. 2b). The binding of the
C2 domain to PS was significantly stronger than to neutral and PE-enriched membranes,
and PE did not significantly increase C2 binding to the membranes, indicating a high
specificity of the C2 domain to PS (Fig. 2c).

Next, we investigated whether the C2 domain fused to fluorescence tags retained its
affinity and specificity for PS. The binding traces of C2-mKate and C2-SNAP proteins
reflected those observed for the individual C2 domain (Fig. 2d, h). Strong and specific
binding of C2-mKate and C2-SNAP proteins to PS-enriched membranes was observed
through SPR measurements, in comparison to the neutral or PE-enriched membranes
(Fig. 2e, ).

Previous studies have shown that mutations of key amino acids K24 and K45 inhibit
C2 binding to the PS exposed on the cell surface [29]. To assess the specificity of the
interaction between C2 fusion proteins and PS, we evaluated the binding of mutant C2
domain probes (C2m2) to different hBLMs (Fig. 2f, j). We found no significant differ-
ences in the binding of C2m?2 fusion proteins to membranes with different phospholipid

composition (Fig. 2g, k), indicating that mutated C2 probe counterparts can be used to
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Fig. 2 Surface plasmon resonance (SPR) revealed the specificity of C2 fusion proteins to PS in artificial hybrid
bilayer lipid membranes (hBLM). a Schematic representation of SPR: the monochromatic light is reflected
on a gold surface. At a certain angle, where the surface plasmons are excited, the reflected light has a
minimum, which is continuously measured. The angle changes upon protein binding on the lipid surface.
b—f, i Representative SPR sensorgrams of C2, C2-mKate, C2m2-mKate, C2-SNAP, C2m2-SNAP binding to
the membranes of different composition: neutral hBLM composed of cholesterol and phosphatidylcholine
(PC:Chol), phosphatidylethanolamine-enriched hBLM (PC:Chol:PE), phosphatidylserine-enriched hBLM
(PC:Chol:PS). bf, ii Quantification of C2 fusion protein binding after wash-out. Data are presented as
means = standard error of the mean (n=6-8 independent measurements). Means were compared by
one-way ANOVA and post-hoc Tukey test. p values < 0.05 were considered as significant

define background binding in any experimental system. Therefore, we were able to con-
clude that fusing the C2 domain to mKate or SNAP-tag did not affect the binding of the
C2 domain to PS, while mutated C2m?2 fusion proteins can be used to directly evalu-
ate any background signal and nonspecific binding of the designed PS probes in further

experiments.

C2-mKate and C2-SNAP label apoptotic cells in vitro

To test whether PS-specific C2 fusion proteins are suitable for detecting the exposure
of PS on the plasma membrane of cells in vitro, we induced apoptosis in the culture of
two different cell lines: mouse neuroblastoma Neuro2a and human embryonic kidney
HEK293T cells. After staurosporine treatment, apoptotic cells were labelled with either
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Fig. 3 C2 fusion proteins label apoptotic Neuro2a cells in vitro. a, ¢ Confocal images of control (CTRL) and
apoptotic (STAU, treated with 3 uM staurosporine) Neuro2a cells labelled with either C2-mKate or C2-SNAP
or their mutated counterparts C2m2-mKate and C2m2-SNAP; scale bar 10 um. b, d Quantification of mKate
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PSVue. f Quantification of PSVue fluorescence intensity on Neuro2a cells with or without staurosporine
treatment. g Comparative signal strength of mKate, SNAP and PSVue on apoptotic Neuro2 cells. Data
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C2-SNAP or C2-mKate (Fig. 3, Additional file 1: Fig. S5). In both cell lines, C2 probes did
not bind to non-apoptotic cells, while on apoptotic cells both C2-mKate and C2-SNAP
decorated the cell membrane, revealing the cell contour. In contrast, mutated C2m2-
mKate and C2m2-SNAP probes did not label apoptotic cells (Fig. 3, Additional file 1:Fig.
S5), indicating that the binding of C2 probes on apoptotic cells was PS-dependent.

Next, we compared the sensitivity of the designed C2 probes to one of PS labelling
tools that can be used for both in vitro and in vivo labelling—the organic label zinc dipi-
colamine known as PSVue [20, 57]. In contrast to the C2 probes, PSVue labelling exhib-
ited a high background signal on non-apoptotic cells (Fig. 3e, f, Additional file 1: Fig. S5e,
f). PSVue labelled apoptotic cells with an intensity above the background, but the con-
tour of cell surface was not observed (Fig. 3e, Additional file 1: Fig. S5e). Both C2-mKate
and C2-SNAP probes had significantly higher signal-to-noise ratio compared to PSVue,
whose signal on apoptotic cells was only 15% higher than that on non-apoptotic cells
(Fig. 3f). Meanwhile, C2-SNAP demonstrated more than a 22-fold increase in fluo-
rescence on apoptotic Neuro2a cells (Fig. 3d). C2-mKate signal on apoptotic Neuro2a
cells increased about four-fold (Fig. 3b). C2-SNAP exhibited significantly stronger signal
than C2-mKate, possibly due to favourable properties of the organic fluorophore used in
SNAP-tag labelling: lower photobleaching and higher stability compared to autofluores-
cent proteins [52]. The in vitro experiments demonstrated that C2 fusion probes are spe-
cific and sensitive labelling tools for PS exposure on the external surface of cell plasma

membrane.

Expression of genetically encoded C2 probes in tissue culture

The investigation of PS exposure in 3D cellular models, tissue, or explant cultures poses
further difficulties due to the limited permeability of externally applied PS probes. To
overcome this limitation, we developed adeno-associated viral (AAV) vectors that genet-
ically encode C2 probes and deliver them to the tissue without direct damage to the tis-
sue of interest (Additional file 2, Additional file 1: Fig. S4c, d). We used glial fibrillary
acidic protein (GFAP) promoter to target C2 expression to astrocytes [58]. To ensure the
release of C2 fusion proteins into the extracellular space for the labelling of exposed PS
on the external membrane surface of the cells, we introduced a secretory signal peptide
[43]. Finally, for packaging, we used the AAV-PHP.eB capsid, which has been demon-
strated to efficiently transduce the cells in the central nervous system after non-invasive
delivery [47].

To test genetically encoded C2 probes, we used these engineered AAVs in organotypic
hippocampal slice cultures—a well-established 3D tissue model that closely resemble
the development, cell physiology and intercellular interactions in the brain tissue [59].
By design, AAV-delivered C2 fusion proteins were secreted. Therefore, to assess their
expression in the ex vivo tissue, we used brefeldin A (BFA) to inhibit protein secretion
and accumulate the recombinant protein in the Golgi—endoplasmic reticulum compart-
ment of expressing cells [60]. By using immunolabelling we identified the major nervous
tissue cell types to determine the cells expressing C2 probes in a tissue culture. OHSC
slices were transduced with engineered AAVs at the 5th day in vitro (DIV5) (Fig. 4a).
At DIV14, tissue cultures were treated with BFA for 5 h to inhibit protein secretion. We
found that after BFA treatment C2-SNAP, C2m2-SNAP, C2-mKate, and C2m2-mKate
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Fig. 4 The expression of C2 fusion proteins in ex vivo organotypic hippocampal slices after AAV delivery.

a OHSC were transduced with AAV carrying either C2-SNAP or C2m2-SNAP at 5 days in vitro (5DIV)

and maintained for 9 days for protein expression. The secretion of recombinant proteins was inhibited

by 10 ug/ml brefeldin A (BFA) for 5 h. Fixed control (CTRL) and inhibited (BFA) slices were labelled by
immunohistochemistry and SNAP-tag substrate for fluorescent imaging. Created by Biorender.com. b
Confocal images of OHSC transduced with either AAV-C2-SNAP or AAV-C2m2-SNAP. Cell nuclei were stained
with DAPI, fused SNAP-tag was labelled with AlexaFluor647 (AF647). Astrocytes, microglia and neurons were
labelled with GFAP, Iba1 antibodies, or expressed EGFP, respectively. Scale bar 20 um. ¢, d Quantification of
(C2-SNAP and C2m2-SNAP fluorescence within astrocytes with or without BFA treatment. Data presented as
means = standard error of the mean (n=10-15 images per replicate, two independent replicates). Means
were compared by one-way ANOVA and post-hoc Tukey test. p values < 0.05 were considered as significant.
RFU relative fluorescence units

proteins accumulated in cells in organotypic slices (Fig. 4b, Additional file 1: Figs. S6a—
S9). In contrast, in slices without treatment to inhibit protein trafficking, no accumula-
tion of C2 fusion probes was observed, indicative of effective protein secretion (Fig. 4b,
Additional file 1: Fig. S6). To determine what cells expressed C2 probes, we colocalized
C2 fusion proteins with astrocytic (GFAP), microglial (Ibal) and neuronal (7hyI:GFP)
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markers (Additional file 1: Figs. S7-S9). C2 was only found in astrocytes, but not micro-
glia or neurons (Fig. 4b—d, Additional file 1: Fig. S6). These results revealed that AAV-
delivered C2 probes are selectively expressed in astrocytes and are efficiently secreted
into the extracellular space under normal conditions in 3D brain tissue cultures.

AAV-encoded C2 probes label apoptotic cells in tissue culture

We then evaluated the capacity of AAV-encoded C2 fusion probes to label exposed PS
in organotypic slices. OHSC were transduced with engineered AAVs on the DIV5, and
apoptosis was induced by staurosporine 9 days later (Fig. 5a). We found that AAV-
delivered C2-SNAP and C2-mKate fusion proteins efficiently labelled apoptotic cells

in a tissue culture (Fig. 5b, c¢). The C2 probes visualised apoptotic neuron processes
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Fig. 5 AAV-encoded C2 fusion probes label apoptotic cells in ex vivo organotypic hippocampal slices. a
OHSC were transduced with AAVs carrying C2-SNAP, C2m2-SNAP, C2-mKate or C2m2-mKate at 5 days in vitro
(5DIV) and maintained for 9 days for protein expression (n =3 biological replicates). Apoptosis was induced
by the treatment with 10 uM staurosporine for 16 h. Created by Biorender.com. b, ¢ Confocal images of OHSC
transduced with AAV-C2-mKate vs. AAV-C2m2-mKate or AAV-C2-SNAP vs. AAV-C2m2-SNAP. Cell nuclei were
counterstained with DAPI. Scale bars 500 um (whole slice) and 100 um (enlarged area)
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throughout the slice (Fig. 5b, c). Importantly, there was no labelling in viable organo-
typic slices without staurosporine treatment, indicating that AAV-delivered C2-SNAP
and C2-mKate specifically bound to apoptotic cells (Fig. 5b, c). Furthermore, when
AAVs delivered mutated C2m2 probes, neither cell bodies nor neuronal processes
were labelled, and only a weak background signal was observed (Fig. 5b, c). There-
fore, we propose that C2m2 probes could be used in parallel with C2 probes to serve
as a negative control to evaluate any unspecific binding and to define thresholding
for quantitative analysis. Our results reveal that C2 fusion probes can be efficiently
expressed after AAV delivery and can be used to label exposed PS in a more complex
experimental platform, such as tissue culture.

AAV-C2-SNAP efficiently transduce the central nervous system in vivo

In order to investigate whether the genetically encoded C2-SNAP protein could be
used for in vivo assays, we intravenously injected perinatal (P3) mice with neuro-
tropic recombinant AAVs. After 2 weeks of in vivo expression, at P17, we observed
C2-SNAP expression in the hippocampus, as expected during brain development
(Fig. 6). These results confirmed that intravenous AAV-C2-SNAP injection was suf-
ficient for brain transduction.

No specific labelling was observed in brain sections of control mice treated with
only SNAP-tag substrate, without C2-SNAP expression (Fig. 6). These results demon-
strated that genetically encoded C2-SNAP probe could be used for functional studies
on PS exposure in vivo without invasive reagent delivery to the brain tissue.

DAPI SNAP-tag AF647 SNAP-tag AF647

Enlarged
CTRL

Enlarged
AAV-C2-SNAP AAV-C2-SNAP

e 20 um|

Fig. 6 Application of adeno-associated viruses (AAV) for in vivo C2 probe delivery. At postnatal day 3

(P3) mice were injected with 1 x 10" vg of AAV-C2-SNAP virus. Representative microscopy images of
hippocampus after 2 weeks of AAV-C2-SNAP expression (P17) (n=5 animals) and enlarged hippocampal
areas. Cell nuclei were stained with DAPI, fused SNAP-tag was labelled with AlexaFluor647 (AF647). Control
images represent BG-AF647 labelling of non-transduced brain tissue. Scale bar 250 um (whole hippocampus)
and 20 um (enlarged area)
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Discussion

In this study, we have developed a two-component PS labelling system based on the C2
domain of the MFG-E8 opsonin. The C2 probe can be used either as a purified protein
or as a genetically encoded tool delivered by AAV. It is intended to be used in parallel
with a C2m2 negative control, which was developed by mutating two amino acids in C2
domain, disabling the probe binding to PS. SPR experiments revealed high C2 domain
specificity to PS compared to neutral membranes (Fig. 2b, c) in agreement with previous
studies where PC membranes were used as a control [61]. Importantly, we demonstrated
that the C2 domain and fused C2 probes did not bind to another abundant phospho-
lipid, PE, indicating that the C2 domain specifically recognizes PS rather than negatively
charged phospholipids (Fig. 2). It is an advantage in comparison to other reagents for PS
labelling that lack PS over PE selectivity [10, 19]. SPR experiments also confirmed that
the mutated C2m2 domain does not bind to PS (Fig. 2f, g, j, k) and could therefore be
used to assess the background signal both qualitatively and quantitatively. Fused mKate
and SNAP-tags did not interfere with C2 domain’s interaction with PS and did not intro-
duce any nonspecific interactions with phospholipid membranes, ensuring the applica-
bility of fused C2 probes (Fig. 2d, e, h, i).

As artificial membranes cannot fully replicate the complete composition of cellular
plasma membranes, we employed the probes on in vitro cell cultures and demonstrated
that C2-SNAP and C2-mKate fusion proteins effectively labelled apoptosis in different
cell lines (Fig. 3a—d, Additional file 2: Fig. S5a—d). C2 probes provided more precise and
efficient visualisation of PS-exposing cells compared to another currently available tool,
PSVue (Fig. 3g, Additional file 2: Fig. S5g).

Cell monolayer cultures are insufficient when assessing complex physiological pro-
cesses. In contrast, 3D cell cultures, tissue cultures, or in vivo experiments can capture
intracellular interactions more accurately. However, it is difficult to apply recombinant
proteins or small molecule probes in 3D tissue due to the limited access to cell mem-
branes. The local injections of genetically encoded plasmids [27, 62], chemical rea-
gents [20] or proteins [63] have limited permeability and can also cause tissue damage,
potentially leading to apoptosis or necrosis, which in turn are marked by PS exposure
[64]. This problem can be solved by using gene delivery tools. AAV delivery is a poten-
tial technique to label exposed PS ex vivo and in vivo. Here we demonstrated that C2
probes can be designed to be selectively targeted to the chosen cell type and can be effi-
ciently secreted for PS externalisation assays (Figs. 4, 5 Additional file 1: Fig. S6-S9).
We observed that C2-SNAP proteins were expressed in the mouse brain transduced by
AAVs 2 weeks after gene delivery (Fig. 6), consistent with other studies that used the
same PHP.eB capsid in mice [47, 65]. Importantly, genetically encoded probes are read-
ily modifiable and can be applied to any cell type of interest by changing the expression
promoter [66] and the tropism of the used AAV capsid [67]. Therefore, AAVs encod-
ing C2 probes could be applied in other areas than brain development research, such as
blood clotting studies, by changing the promoter to target blood or epithelium cells to
secrete C2 probe for the labelling of exposed PS on platelets. This system should then be
supplemented with a specific AAV serotype for efficient transduction of the chosen cell
type. Genetically encoded C2 fusion probes can be adapted for different visualisation
applications as well. If mKate was not suitable for a particular experiment, a different
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fluorescent protein (e.g. green and yellow) or other red variants could be chosen. In
addition, to obtain different visualisation spectra C2-SNAP probes could be easily modi-
fied by selecting a SNAP-tag substrate with required organic dye. This ensures the versa-
tility of the C2 probe system presented in this paper.

Finally, we demonstrated that AAV-delivered C2 probes can be used for uninvasive
labelling of brain tissue. It is known that the mouse brain is developing approximately
until the 30th day after birth (P30) [68, 69]. During brain development, synaptic pruning
is a critical process in which PS-exposing synapses are eliminated [70]. Therefore, it is
important to have PS labelling tools that can be delivered to the postnatal animals with-
out disturbing nervous tissue. In our in vivo study, we localized C2-SNAP protein label-
ling in the developing hippocampus (Fig. 6). This demonstrated that C2-SNAP can be
applied to label not only apoptotic cells, but also physiologically exposed PS.

In conclusion, the selectivity and specificity of the C2 domain allowed us to create a
genetically encoded and modifiable PS labelling probe for in vitro, ex vivo and in vivo
applications. This tool can be applied in various assays as a two-component system con-
sisting of C2 and C2m2 fusion proteins for PS visualisation and precise quantification.
By directly defining threshold levels, it enables to assess PS exposure both in cell death
and in physiological processes.
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