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Phospholipase A>-based
probes to study vesicle trafficking
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Vesicle exo- and endocytosis mediate important biological functions, including synaptic transmission. In this
issue of Cell Reports Methods, Seong J. An et al. found that the fluorescently tagged C2 domain of phospho-
lipase A, binds to membrane phosphatidylcholine and thus labels vesicle membrane, allowing for super-res-
olution and electron microscopic visualization of vesicle trafficking.

Vesicle exocytosis releases vesicular
contents, including neurotransmitters
and hormones, to mediate many impor-
tant functions, such as synaptic transmis-
sion, immune responses, and “fight or
flight” responses (Sharma and Lindau,
2018; Wu et al., 2014). After exocytosis,
vesicle endocytosis recycles vesicles
and thus maintains a pool of vesicles to
sustain exocytosis, including synaptic
transmission in neurons (Chanaday
et al., 2019; Wu et al., 2014). Vesicle
exocytosis must involve vesicle move-
ment toward the plasma membrane
fusion site, docking and priming at the
fusion site, and fusion that opens a fusion
pore to release vesicular contents,
whereas vesicle recycling involves vesicle
reformation from the plasma membrane
and vesicle movement toward the release
site. To understand vesicle exocytosis
and endocytosis, various techniques
have been developed to label vesicles,
which have significantly improved our un-
derstanding of vesicle trafficking (Kavalali
and Jorgensen, 2014).

These techniques can be roughly
divided into three categories. First, styryl
dyes, such as FM dyes, are used to label
cell plasma membrane, which are taken
up during endocytosis to label recycled
vesicles (Betz and Bewick, 1992; Cochilla
etal., 1999). Second, genetically encoded
synaptic vesicle proteins are tagged with
fluorescent proteins, particularly pH-sen-
sitive pHluorin, which can indicate exo-
and endocytosis because their fluores-
cence intensity changes due to vesicular
lumen pH changes during exo- and endo-
cytosis (Kavalali and Jorgensen, 2014;
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Sankaranarayanan and Ryan, 2000).
Third, antibodies or nanobodies targeting
synaptic vesicle proteins may also be
used to label vesicles (Hua et al., 2011).
Although extremely powerful, each of
these techniques has its drawbacks. For
example, FM dye labeling may show
some background fluorescence after la-
beling and have low brightness and pho-
tostability that limit their use for super-res-
olution imaging (Betz and Bewick, 1992;
Revelo et al., 2014). pH-sensitive pHIuorin
may reveal its location only after vesicle
fusion and before vesicle reacidification
(Kavalali and Jorgensen, 2014; Sankara-
narayanan and Ryan, 2000); its perfor-
mance on super-resolution imaging is
not ideal. The antibody or nanobody la-
beling approach may have a higher back-
ground fluorescence because the irre-
versible binding to target molecules
makes the surface-bound ones difficult
to be washed out (Kavalali and Jorgen-
sen, 2014).

An et al. (2022) has developed a new
probe that may complement these exist-
ing methods and overcome some of these
drawbacks. The probe is based on the
binding between C2 domain of phospho-
lipase A, (PLA>-C2) in the extracellular
space and the extracellular-facing phos-
phatidylcholine (PC) at the plasma mem-
brane (Figure 1A). In PC12 cells, the bind-
ing is triggered by a low concentration of
Ca?* (with an EC50 value of 1 uM) and
can be washed out to below 5% by
removing Ca®*, suggesting that the bind-
ing is reversible. To label synaptic vesi-
cles, Texas red-conjugated PLA,-C2
(C2-TR) (Figure 1B) was extracellularly

applied to cultured hippocampal neurons
expressing pHluorin attached to vesicu-
lar glutamate transporter 1 (VGlut1-
pHluorin). Neurons were then subjected
to 90 s high K* (40 mM) stimulation to
induce vesicle exocytosis and subse-
quent vesicle endocytosis that takes up
C2-TR and thus labels the endocytosed
vesicles (Figure 1C). Confocal micro-
scopy showed that C2-TR localized with
VGlut1-pHluorin fluorescent puncta that
indicate clusters of synaptic vesicles. Re-
application of high K* solution induced
exocytosis of C2-TR-containing vesicles,
resulting in reduction of C2-TR fluores-
cence. In addition to using high potassium
solution to stimulate and load C2-TR, hy-
pertonic sucrose solution could also be
used to load vesicles with C2-TR and to
estimate the size of the recycling vesicle
pool and the readily releasable pool of
vesicles. In addition to confocal micro-
scopy, An et al. (2022) showed that total
internal reflection fluorescence micro-
scopy (TIRFM) can be used to observe
vesicles.

Knowing that C2-TR can label endocy-
tosed vesicles for confocal microscopy,
the authors used the same principle to la-
bel vesicles, but changed the conjugated
Texas red to a different fluorescent probe
suitable for a specific microscopic
method. The fluorescent probes being
conjugated included (1) horseradish
peroxidase suitable for electron micro-
scopy of ultrastructure of the labeled ves-
icles; (2) ATTO647N, a highly photostable
dye suitable for super-resolution stimu-
lated emission depletion (STED) micro-
scopy for visualizing synaptic vesicles in
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A PLA>-C2-tag binding with PC
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Figure 1. A phospholipase A,-based probe for labeling synaptic vesicles
(A) The C2 domain of phospholipase A, (PLA,-C2) in extracellular solution binds with phosphatidylcholine (PC) in the outer leaflet of plasma membrane in the

presence of Ca*.

(B) Different conjugated C2 probes adapted for confocal and super-resolution microscopies.
(C) The strategy of PLA,-C2 probe labeling a synaptic vesicle. PLA,-C2 probes bind to plasma membrane depending on Ca?* and are taken up into a recycling
vesicle upon stimulation-induced endocytosis. The uninternalized probes could be washed out by Ca?* chelator buffer.

living neurons; and (3) monomeric Eos2, a
green-to-red photoconvertible fluores-
cent protein suitable for localization-
based super-resolution techniques, such
as stochastic optical reconstruction mi-
croscopy (STORM) or photoactivated
localization microscopy (PALM) (McKin-
ney et al.,, 2009) (Figure 1B). An et al.
(2022) demonstrated the observation of
vesicles loaded with these different
probes with electron microscopy, STED
microscopy, and STROM/PALM micro-
scopy, respectively.

Compared to styryl FM dyes, PLA,-C2-
conjugated probes can be brighter with
lower toxicity. Due to its specific binding
with phospholipid molecules in cell mem-
brane and the relatively clean washout,
PLA,-C2-conjugated probes may have
less background signals originated from
non-specific bindings. Compared to
pHluorin, PLA,-C2-conjugated probes
are more suitable for super-resolution
microscopy and electron microscopy.
Compared to antibody or nanobody stain-
ing of vesicles, PLA,-C2-conjugated
probes offer more clean backgrounds
and likely much brighter due to abundant
PC molecules taken up by the endo-
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cytosed vesicles. PLA,-C2-conjugated
probes offer a single type of probe that
could be adapted to multiple imaging sys-
tems, including confocal microscopy,
TIRFM, STED microscopy, STORM/
PALM, and electron microscopy.
Recently, expression of phospholipase
C delta PH domain attached with mNeon-
Green (PH-mNeonGreen), which binds to
PtdIns(4,5)P, and thus labels the plasma
membrane cytosol-facing leaflet, has
been used to label the plasma membrane,
vesicles fused at the plasma membrane,
and vesicles endocytosed from the
plasma membrane in endocrine chro-
maffin cells (Shin et al., 2018, 2021;
Zhao et al., 2016). This method has de-
tected hemi-fusion; hemi-fission; fusion
pore opening, expansion, and constric-
tion; sequential compound fusion; and
dynamic flat-to-round vesicle formation
in live cells with confocal and super-reso-
lution STED microscopy (Ge et al., 2021;
Shin et al.,, 2018, 2021; Zhao et al.,
2016). Simultaneous labeling of the
plasma membrane and vesicle membrane
with PH-mNeonGreen and PLA,-C2-con-
jugated probes, respectively, may offer
super-resolution imaging between vesicle

membrane and the plasma membrane,
which may give further insights into the
membrane dynamics of fusion and endo-
cytosis in the future.

While PLA,-C2-conjugated probes
offer study of vesicle trafficking with
multiple imaging systems, the vesicle
loading of the probes is based on a
calcium-dependent binding between the
extracellularly applied probe and the
extracellular-facing PC at the plasma
membrane, endocytic uptake of the bind-
ing complex, and wash out of the non-en-
docytosed probes in a solution without
calcium (Figure 1). Such a loading pro-
cedure is not as convenient as other
probes that do not involve a calcium-
dependent loading and washout and can
be a concern when removing extracellular
calcium that is not allowed in some
experimental conditions, such as cal-
cium-triggered endocytosis.

PLA,-C2-conjugated probes resemble
membrane-binding fluorophore-cysteine-
lysine-palmitoyl group (mMCLING), a probe
reported to label synaptic vesicles
several years ago (Revelo et al.,, 2014).
mCLING is an octapeptide that consists
of one cysteine and seven lysines, with



Cell Reports Methods

palmitoylation in one of the lysines to in-
crease its stability of binding with mem-
brane. Like PLA,-C2-conjugated probes,
mCLING is also suitable for super-resolu-
tion imaging (Revelo et al., 2014). It would
be of interest to compare these mCLING
with PLA,-C2-conjugated probes to deter-
mine which probe is more suitable for su-
per-resolution microscopy.

In summary, the probe developed here
may enrich the tools for the study of syn-
aptic transmission as well as the pro-
cesses of endocytosis and exocytosis in
many other secretory cells. We look for-
ward to seeing its application that may
provide further insights into vesicle traf-
ficking and vesicular membrane dy-
namics in the future.
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