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Abstract. Calcium ions (Ca”") serve as vital second messengers in neurons, regulating
numerous physiological processes. Neuronal calcium sensor (NCS) proteins play a key role
in this regulation by detecting changes in Ca?' concentration in the cytosol and triggering
downstream signalling. One such sensor, hippocalcin (HPCA), binds Ca?" and undergoes
a reversible translocation to membranes, interacting with target proteins. Previous in vitro
studies suggest that this translocation may be selective for membrane regions enriched with
phosphatidylinositol 4,5-bisphosphate (PIP3y) [Biochem. J. 391 (2005), 231-238]. To fur-
ther investigate this issue, we analysed the translocation of fluorescently-tagged HPCA in
HEK 293 cells following a rapid homogeneous increase in [Ca2+]i induced by photolysis of
caged Ca?". In a separate series of experiments, we also recorded the distribution of PIP,
between the plasma membrane (PM) and intracellular membranes (IMs) using the fluores-
cently tagged PH domain of phospholipase C, which has a high affinity for PIP5. Despite
substantial variability in PIPs localisation between PM and IMs in different cells, we found
that PIPgy is generally more enriched in the intracellular membranes rather than in the
plasma membrane. Notably, HPCA did not show a consistent preference for either compart-
ment. These findings suggest that other unidentified factors contribute to the translocation
and membrane targeting of HPCA.
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1 Introduction

Calcium signalling processes demonstrate remarkable sensitivity to even minor fluctuations in
cytosolic Ca?™ concentration ([Ca?t];). Notably, various types of Ca?" signals might differ spa-
tially, temporally, and in magnitude. Despite extensive research, numerous calcium-dependent
mechanisms, such as those involved in neuronal plasticity that require precise and rapid regula-
tion of neural activity, remain incompletely understood.

Neuronal Ca?* sensor (NCS) proteins, including NCS1, VILIP-1, HPCAL4, HPCALI, hip-
pocalcin, neurocalcin, recoverin, GCAPs, and KChIPs, may provide essential insights into these
mechanisms. They act as cytosolic Ca?t binding proteins that transduce signals to downstream
targets, playing critical roles in neuronal function. NCS proteins, despite sharing 22-55% se-
quence identity, exhibit highly diverse and non-overlapping physiological functions [6]. For
instance, a knockout of neuronal calcium sensor-1 (NCS-1) in mice leads to increased dendritic
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arbour complexity in the frontal cortex and a reduction in long-term potentiation (LTP) in the
dentate gyrus [12].

Among the neuronal calcium sensor proteins, hippocalcin (HPCA) is particularly interesting
due to its unique biophysical properties. Unlike some other NCS proteins, HPCA functions as
a Ca?"-dependent switch. At basal [Ca?T]; levels, the hydrophobic myristoyl group of HPCA
is hidden. The Ca?* binding provoke conformational changes and expose the myristoyl group,
allowing protein to associate with membranes. HPCA relies on N-terminal myristoylation for
membrane association. HPCA was initially identified in the hippocampal pyramidal layer [9]
and later found to be almost exclusively expressed in the central nervous system (CNS), with
the highest expression levels in the hippocampus, cortex, striatum, and cerebellum [2]. Notably,
among all analysed NCS proteins, HPCA exhibits the highest sensitivity to Ca?", reaching its
active state at the lowest Ca" concentration [1]. Regarding the functional role of HPCA, it
has been shown to mediate calcium signalling and regulate slow afterhyperpolarisation (sSAHP)
channels. Brief depolarizations sufficient to activate the sAHP in wild-type mice fail to elicit
the sSAHP in HPCA knockout mice [19]. Beyond its physiological role, HPCA mutations have
been linked to neurological disorders. Specifically, mutations in the HPCA gene are associated
with the orphan movement disorder known as autosomal recessive primary isolated dystonia
(DYT2) [2,14]. Additionally, it was shown that HPCA is implicated in cognitive functions,
namely spatial and associative memory processes [8].

One of the most notable functional roles of HPCA identified so far is its involvement in
NMDAR-dependent LTD, which is induced by a reduction in the number of AMPA receptors
(AMPARSs) on the postsynaptic membrane via clathrin-mediated endocytosis [15]. This process
occurs in specialised postsynaptic structures called endocytic zones (EZs), which are enriched
in the phospholipid Phosphatidylinositol-4,5-bisphosphate PIP,, a key regulator of clathrin-
mediated endocytosis. Beyond its role in endocytosis, PIP, also regulates phagocytosis, cell
motility, signal transduction, and ion channel activity. PIPs is one of the polyphosphoinosi-
tides (PPIs), a group of essential minor phospholipids located in the inner leaflet of eukary-
otic cell membranes, constituting approximately 1% of plasma membrane phospholipids [3,17].
HPCA exhibits a high-affinity interaction with PIPs-containing membranes, suggesting that
PIP; may influence its subcellular localisation and function [13]. However, whether this minor
phospholipid is necessary for its membrane insertion remains unclear. These findings suggest
that HPCA may play a critical role in key neuronal activity mechanisms, where even a small
amount of this protein in the plasma membrane can significantly impact neuronal function. Such
effects may become even more pronounced under pathological conditions, where [Ca2+]i fluc-
tuate abnormally, further supporting the potential involvement of HPCA in neurodegenerative
diseases.

2 Methods

2.1 HEK 293 cells

Human embryonic kidney (HEK) 293 cells were obtained from the Cell Culture Bank of the
National Academy of Sciences of Ukraine (Bogomoletz Institute of Physiology, Kyiv, Ukraine).
Cells were grown on the cell culture dish in Dulbecco’s modified Eagle’s medium (DMEM,
Thermo Fisher Scientific, USA), supplemented with 10% fetal bovine serum (FBS, Thermo
Fisher Scientific, USA) and 0.25% gentamicin (10 mg/ml stock solution) at 37 °C and 5%
COg4 in an atmosphere. The culture medium was changed every 3-5 days, and the cells were
transfected 2-3 days after plating. Registration was performed using a confocal microscope 1-2
days after transfection.
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2.2 Transient transfection

The two-component Lipofectamine 3000 reagent (Thermo Fisher Scientific, USA) was used for
transfection. All procedures were performed according to the protocols and recommendations
provided by the manufacturer. The amount of DNA for transfection of one dish was 0.5 ug
for each plasmid construction. HEK 293 cells were co-transfected with a plasmid encoding
HPCA tagged with the bright, photostable, and rapidly maturing fluorescent protein mBaoJin
(HPCA-mBaoJin) [24]. In a second series of experiments, cells were co-transfected with yellow
fluorescent protein fused with a neuromodulin C-terminal domain, a non-specific tag that evenly
distributed across all membranes (EYFP-Mem) [10] and a cyan fluorescent protein fused to the
pleckstrin homology domain of phospholipase §1 (PHD-ECFP), which binds PIPy with high
affinity [11]. Cells were used for experiments 1-2 days post-transfection.

2.3 Photolysis-induced calcium release

Nitrophenyl-EGTA (NP-EGTA; Thermo Fisher Scientific Inc., USA), a photolabile derivative
of the calcium chelator EGTA, was used to increase [Ca?");. Exposure to short-wavelength
radiation induces photolysis of the compound, enabling controlled Ca?*t release in individual
cells by modulating the exposure time and photostimulation area.

2.4 Confocal microscopy

Fluorescence images of a single focal plane were acquired using an Olympus FluoView FV1000
confocal laser scanning microscope (Olympus, Japan) at the Core Facilities of the National
Academy of Sciences of Ukraine, Bogomoletz Institute of Physiology of NAS of Ukraine. The
microscope was controlled via FV10-ASW software provided by the manufacturer. Images were
acquired using a high-aperture water-dipping objective (60xNA 1.00, Olympus, Japan). HPCA-
mBaoJin was excited using the 488 nm line of an argon laser, with emission collected within
a 497-535 nm bandwidth. NP-EGTA was photolysed using a short wavelength semiconductor
laser with a 405 nm emission line. A single photostimulation event was applied to the entire
cell area within a frame, with a laser power of 20-25% and an exposure time of 8 ms per
pixel. Microscopic image processing was performed using napari, enhanced with the domb-napari
plugin and specialised Python libraries (NumPy, pandas, and Matplotlib) [4,5,21]. The source
code for the custom-developed scripts is available in an open-access repository and published
under open-source license (https://github.com/danabiruk/HPCA PIP2).

2.5 Statistical methods

To assess the relationship between the maximal translocation of HPCA-mBaoJin we used lin-
ear regression models and the Bland—Altman plot. We employed probability density functions
(PDFs) for the ratio between PHD-ECFP and EYFP-Mem to compare PIP, distributions across
plasma and intracellular membranes. We confirmed significant differences in PIP, distributions
between distinct cellular membrane pools using the Kolmogorov—Smirnov (KS) test. For the
asymmetrical and unusual PIPy distributions in PM ROlIs, we additionally applied a Gaussian
mixture model (GMM) to check for distinct clusters within the distributions. This approach
allowed us to analyze the distribution patterns and confirm the presence of significant dif-
ferences. All calculations and analyses were performed in Python using the NumPy, SciPy,
Scikit-learn, Seaborn, and Matplotlib libraries [4, 5, 16,20, 22]. The source code for the statis-
tical analysis is available in an open-access repository and published under open-source license
(https://github.com/danabiruk/HPCA_PIP2).
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3 Data analysis and results

At basal intracellular calcium concentrations, HPCA primarily behaves as a cytoplasmic pro-
tein [18]. At the same time, in all investigated cells some dim intracellular regions were detected
(Figure 1(Aa), intracellular regions with low fluorescence intensity highlighted with dashed
line). Notably, these intracellular regions, which initially exhibited lower HPCA fluorescence
intensity, showed an increase in fluorescence following photolysis-induced Ca?* release (Fig-
ure 1 (Ab), the same region highlighted with Figure 1 (Aa)). This was strong evidence of HPCA
insertions in intracellular membranes (IMs), most likely those of organelles, which are isolated
from HPCA-mBaoJin diffusion from the cytoplasm. For a more accurate visualisation of the
IMs, we introduced an intensity adjustment to the images before the photolysis-induced Ca?*
release. Subtraction of the averaged cytoplasmic intensity significantly increased the contrast of
the membrane-bound intracellular compartments that may be diffusionally isolated. The cyto-
plasmic intensity was estimated as the averaged signal intensity in the regions between the cell
border and the dim intracellular regions that were visually detected. On adjusted images, IMs
exhibit a complex structure with multiple isolated compartments, as shown in Figure 1 (B) (the
highlighted region is the same as Figure 1 (A)).

A differential imaging approach was used to quantify HPCA translocation dynamics in re-
sponse to photolysis-induced Ca?* release. This method enabled the detection of fluorescence
intensity changes over time, allowing for the identification of regions associated with HPCA
insertions. Fluorescence redistribution was determined by comparing pixel intensity changes
across sequential frames, with regions of increased fluorescence appearing in red and decreased
fluorescence in green in pseudo-colour images [14]. HPCA translocation regions were detected
on differential images that demonstrate massive areas across the PM (indicated with white
arrows in Figure 1(C)), and distinct punctate regions within the cytoplasm (highlighted in
Figure 1(C)). As expected, the intracellular translocation regions in the differential images
confidently overlap with previously detected intracellular compartments (Figure 1 (C), the high-
lighted region is the same as Figure 1 (A) and (B)). According to these observations, the sep-
arated regions of interest (ROIs) for PM and IMs translocation sites were used for further
analysis.

For all cells investigated (n = 12), in response to photolysis-induced Ca’* release relative
fluorescence changes (AF/Fp) in total translocation sites for red increased sites (red trace in
Figure 1 (D)) were accompanied by green decreased sites in the cytoplasm (green trace in Fig-
ure 1 (D)), and average fluorescence changes across the whole cell (white contour in Figure 1 (C)
and blue trace in Figure 1 (D)) were negligible, indicating that a total amount of HPCA-mBaoJin
was preserved.

Unfortunately, due to inherent differences in initial fluorescence intensities (Fj) between
translocation sites on PM and IMs, comparison of the relative fluoroscence intesity changes
(AF/Fy) was not applied. Instead, to compare translocation amplitudes between PM and IMs,
intensity changes were expressed as AF — Fy. This value expresses the difference between the
absolute intensity changes AF immediately after the photolysis-induced Ca?* release, indicated
by the dashed line in Figure 1 (D) (¢t = 10 s) and the average initial intensity F before the Ca®"
release (t = 0-8 s).

Regression analysis assessed the relationship between the maximal translocation of HPCA to
PM and IMs regions and showed a strong linear dependence (Figure 1 (E), R? = 0.945) and the
regression slope was not significantly different from 1 (one-sample t-test, p = 0.381), indicating
that HPCA translocation amplitudes were the same without preference for both region types.
Observed even distribution on the Bland—Altman plot (Figure 1 (F), 95% confidential interval
—42.8...54.3 a.u.) and mean differences between the maximum translocation amplitudes of
only 5.8 a.u. +24.8 also supported the reliability of our measurements.



Comparison of Hippocalcin Translocation and Minor Phospholipid Distribution 5

D F o0
0.15 - 3
s
> » 40
0.10 r\\\ U © °
o 0.05 < ~ 50 R
& — ol 3 e® Mean
o 0.00 , N
05 . ' °
' g
") . °
-0.10 s s 20
-0.15 o = _40___. ___________ Lower -
10 20 30 40 50 60 100 200 300 100 200 300
Time, s IMs AF - Fo (a.u.) Mean (IMs & PM), a.u.

Figure 1. HPCA translocation shows no regional preference in HEK 293 cells. (A) Fluorescence image
showing HPCA distribution before (Aa) and redistribution after photolysis-induced Ca* release (Ab).
(B) Subtraction of the averaged cytoplasmic intensity before photolysis-induced Ca®" release (C) Differ-
ential images showing HPCA translocations. The dashed line and arrows indicate the regions used for
analysis. (D) Intensity profiles from regions where HPCA decreased (green), increased (red), and across
the whole cell (blue). (E) Regression analysis of the relationship between the maximal translocation of
HPCA to PM and IMs regions. (F) Bland—-Altman analysis assessing the agreement between maximal
HPCA translocation to PM and IMs.

To characterise the distribution of PIPy between different membrane pools, a further set of
experiments was performed using the combination of the non-specific membrane tag EYFP-Mem
and the PIPs-specific tag PHD-ECFP. By studying the co-distribution of the tags, we were able
to directly observe the amount and distribution of PIPs in both PM and IMs sites.

EYFP-Mem was localised preferentially to the membranes (Figure 2 (A)), whereas a signif-
icant cytoplasmic fraction was observed for PHD-ECFP (Figure 2 (B)). The PH domain has
a significant affinity not only for PIPy, but even higher for inositol triphosphate (IP3) [23], and
a high cytoplasmic IP3 concentration may be an unexpected feature of HEK cells causing the
observed distribution of the tag.

Overlaying the EYFP-Mem and PHD-ECFP channels reveals numerous co-localisation sites
throughout the PM (arrows and dashed line in Figure 2 (C)) and in the cytoplasm (dashed line
in Figure 2 (C)), and these distinct PM and IMs regions were selected for further analysis. To
estimate the density of the PIP, distribution in the membranes, the dimensionsless pixel-wise
ratio between PHD-ECFP and EYFP-Mem fluorescence intensities (Icpp/Iyrp) was calculated.
Heterogeneity of PIPy density in PM regions is observed as substantial difference in Icpp/Iyrp
values, as shown in Figure 2 (D), in which arrows indicate multiple sites of higher PIPy concen-
tration. The pronounced asymmetry and multimodality of the Icpp/Iyrp distribution in PM
regions (orange in Figure 2 (E)) motivated us to perform a Gaussian mixture model analysis.
For the representative cell, four Gaussian components were detected according to the Bayesian
information criterion (BIC), as shown in Figure 2 (F), indicating a highly heterogeneous distri-
bution of PIPy across the PM. On the other hand, there are significantly higher median values
of Icpp/Iyrp in the IMs regions compared to PM ones (Figure 2 (G), KS statistic = 0.6410,
p < 0.001). Similar relationships were observed in all cells examined (see Table 1), without
a clear relationship between PIPy density in PM and IMs (n = 7, Figure 2 (H), R? = 0.832) and
the regression slope was significantly different from 1 (one-sample t-test, t = —3.842, p = 0.0121),
indicating unequal distribution of PIP5 between PM and IMs.
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Figure 2. PHD-ECFP as a marker for comparative analysis of PIP, distribution between PM and
IMs in HEK 293 cells. (A) Fluorescence image showing EYFP-Mem and (B) PHD-ECFP distribution.
(C) Overlay of EYFP-Mem and PHD-ECFP images. Co-localisation is indicated by the white dashed
line (cytoplasmic region) and white arrows (PM). (D) Pixel-wise ratio image showing the relative dis-
tribution of PHD-ECFP to EYFP-Mem fluorescence intensities. The black rectangle shows a zoomed-in
area where red regions (highlighted by arrows) indicate sites with a high PHD-ECFP/EYFP-Mem ratio.
(E) Probability density function (PDF) of the ratio of Icpp/Iyrp in regions of interest (ROIs) corre-
sponding to the PM (orange) and IMs (blue). (F) Gaussian mixture model (GMM) analysis of the ratio
between Icpp/Iyvrp in the PM, based on Bayesian information criterion (BIC) optimisation shown in the
insert. (G) Cumulative density function (CDF) of the ratio of Icrp/Iyrp in regions of interest (ROIs)
corresponding to the PM (orange) and IMs (blue). (H) Regression analysis of the median intensity ratios
(Icrp/Iyrp) comparing PM and IMs for all studied cells.
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PM IMs | KS statistic, p-value
0.6405 | 0.4327 0.4104, < 0.001
0.3846 | 0.2662 0.3248, < 0.001
0.4767 | 0.2463 0.5178, < 0.001
2.5323 | 1.3893 0.6410, < 0.001
1.5274 | 0.7354 0.7350, < 0.001
1.6120 | 1.4071 0.2411, < 0.001
0.9527 | 0.4926 0.6394, < 0.001

Table 1. Median Icpp/Iyvrp ratios and KS test results for all examined cells.

4 Conclusions

Our findings indicate that, despite the highly variable distribution of PIPs between IMs and
PM in different cells, with no consistent pattern, HPCA redistribution occurs without a clear
preference for either the plasma or intracellular membranes. While HPCA exhibits affinity
for PIPy [13], the observed redistribution pattern suggests that other factors may control its
translocation from the cytosol to the membranes.

The cell-to-cell variability in PIPs distribution between IMs and PM may reflect dynamic
changes in phospholipid biosynthesis and membrane composition during different stages of the
cell cycle [7]. In contrast, the consistency of HPCA translocation implies that its signalling is
likely regulated independently of these phospholipid dynamics.

Given the higher affinity of HPCA to Ca?t in comparison to many other NCS proteins [1], its
binding to PIP5 might represent a key element of downstream signalling. However, the localisa-
tion of PIP, should depend on the specific membrane composition, suggesting the involvement
of other regulatory components that may interact with both HPCA and PIPs.

Notably, PIPs can be hydrolysed by phospholipase C (PLC) into IP3 and DAG. This process,
like HPCA activation, is also calcium-dependent. Although both pathways are initiated by
the increase in [Ca?t];, they likely represent distinct pathways of Ca?T-mediated signalling.
Future studies examining how the spatial and temporal characteristics of Ca?T signals influence
HPCA redistribution may provide deeper insights into its functional role. It is also significant
to consider potential competition between Ca?t sensor proteins and the possible convergence of
their downstream targets.
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Awnoranis. Tonn kasnio (Ca?’) e KIIOYOBIMI BTOPHHHIMI MECEHIKEpaMy B HefpOHAX,
PEryJIioYn HU3KY BaxK/auBuX (i3iomoriaaux mporecis. Binku pognHn HEipOHATIBHUX Kajlb-
uieBux cerncopie (NCS) Bigirpaoorh neHTpajsbHy poJib y Iiil peryJdiil, pearyodud Ha 3Mi-
HU KOHIIEHTPAIIil Ca’™t y IUTO30.11 Ta iHinilor4y Biamoigui curaanbhi kackagau. Oguum i3
rakux OLikis € rinokanbuun (HPCA), skuii 38’a3ye Ca’" i 31aTeH TPAHCIOKYBATUCH JI0
KJIITHHHUX MeMOpaH, Je B3aeMoIie 3 OiakaMmu-Mimensavu. [lomepemni in vitro mociimkenms
MTPOJIEMOHCTPYBAJIH, IO Isi TPAHCJIOKAIlid MOXKE BiIOyBaTHCh BHOIPKOBO 10 TIMSTHOK MEM-
6pann, 36aravennx docharuuiinosnroi-4,5-6idbocdarom (PIPy) [Biochem. J. 391 (2005),
231-238]. ¥V Hamomy AOC/IizKEeHH] MU IPOAHAJIIBYBAJIM OBEAIHKY (DIIyOPECIEHTHO Mi4eHoro
HPCA y knitunax HEK 293 nicsisi miBuikoro i piBHOMIpHOIO miJIBUINEHHS] BHY TPIITHBOKJTi-
tunnoi Koumentpamnii Ca’', imgykosaroro dporomizom. OKpeMo 6yI0 JOCTIIKEHO PO3MOILT
PIP; mixk mra3zmMarudHO0 MeMOPAHOIO Ta, BHYTPIMMHBOKIITHHHUME MEMOPAHAMY 33, [TOTIOMO-
roro migenoro PH-nomeny docdoninazu C, axwuit mae Bucoky adinuicts 10 PIP;. Ionpu
3HAYHY BapiabeTbHICTh, y cepemaboMy Oinbima Kimbkicth PIPs cmocrepiramach Ha BHyTpi-
maix Membpanax. Bogrnoaac HPCA He siemMoHCTPYBaB mepeBaru JI0 KOIHOTO 3 MeMOpaHHUX
KOMITAPTMEHTIB, IO CBiTYUTH PO y9IaCThb JOJATKOBUX, Hapasi HeinernTudikoBanux hakTopin
y #oro B3aeMo/Iil 3 MeMOpaHaMu.

Kaowo6i caosa: TimokanbInH; HeipOHAIbHI Kasbiiesi cencopu, PIPy, minopi dhocdoatimign.
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