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Labeling and Tracking P2 Purinergic Receptors in Living
Cells Using ATP-Conjugated Quantum Dots

Shan Jiang, Aiping Liu, Hongwei Duan,* Jianchow Soo, and Peng Chen*

It has been increasingly recognized that adenosine-5’-triphosphate (ATP)
signaling through P2 purinergic receptors has a diverse influence on cell
functions and human health. In this contribution, a simple and non-invasive
method to specifically label P2 receptors using ATP-conjugated quantum dots
(QDs) is demonstrated. In addition, the endocytosis, vesicular trafficking,
and recycling of QD-labeled P2 receptors are studied under different physi-
ological conditions using confocal and total internal reflection fluorescence

microscopy.

1. Introduction

Adenosine-5"-triphosphate (ATP), famous as the universal fuel
inside cells, is also a critical signaling molecule mediating a
spectrum of cellular functions, such as neurotransmission,
hormone secretion, proliferation, differentiation, and apop-
tosis.ll. ATP signaling acts through two types of membrane-
bound purinergic receptors, P2X ionotropic receptors which
are ligand-gated ion channels and P2Y metabotropic receptors
which are G protein-coupled receptors.!?!

Despite their increasingly recognized importance in cell
biology and as drug targets (for cardiovascular diseases, pain,
inflammation, cystic fibrosis, etc.),l’ the physiology of ATP (P2
purinergic) receptors is far from been fully understood. Imaging
the distribution and the “life” of ATP receptors in live cells would
obviously be instrumental in elucidating their functions. In view
of this, overexpression of P2X receptors tagged with green fluo-
rescent protein (GFP) has been utilized to reveal the distribu-
tion, density, ligand-activated clustering, and internalization of
the receptor.! However, such a molecular biology approach is
non-trivial, involving plasmid construction and transfection. The
expression of such protein chimera is often of low efficiency. In
addition, GFP, just like other organic fluorophores, does not
allow long-term imaging due to photobleaching.

In contrast to the conventional fluorescent dyes and pro-
teins, quantum dots (QDs) exhibit superior optical properties
including high and uniform brilliance, broad absorption spectra,
narrow and size-tunable emission, and excellent photostability.
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They have been successfully utilized to
label various molecular targets in a number
of cell types, providing unique insights
into the distribution, transport, and func-
tions of these molecules.’] Herein, we
specifically and readily labeled ATP recep-
tors on live neuroendocrine PC12 cells
using ATP-conjugated quantum dots (QD-
ATP). Additionally, the endocytosis, vesic-
ular trafficking, and recycling of these
receptors was investigated using confocal
and total internal reflection fluorescence
microscopy (TIRFM). Furthermore, we
demonstrate that the vesicular trafficking and recycling of ATP
receptors were enhanced by nerve growth factor (NGF) and
starvation, implying the involvement of these receptors in the
neuronal differentiation and apoptosis.

2. Results and Discussion
2.1. Synthesis of QD-ATP

Figure 1 illustrates the scheme for functionalization of ATP
molecules onto QD. Core-shell QDs (CdSe/CdS/ZnS) were syn-
thesized and coated with the amphiphilic copolymer of maleic
anhydride and octadecene (PMO) as previously described, /!
resulting in highly stable QDs with carboxylic acid functionali-
ties. The coated QDs (QD-PMO) were further modified to link
phenylboronic acid (PBA) tags on their surfaces. Subsequently,
4-[(2-aminoethyl)carbamoyljphenylboronic acid (AECPBA),
which can stably bind with the 1,2 diols in the ATP structure,!
was conjugated with the carboxylic acid groups on QD-PMO
in the presence of EDAC in pH 7.4 borate buffer. The dia-
meter of the coated QDs is about 12-14 nm.l®l After removing
free QD-PMO and AECPBA by ultrafiltration, the resulting
QD-AECPBA complexes were allowed to react with ATP
(1 mg mL™) in a 0.2 M borate buffer solution (pH 7.4) for 4 h
at room temperature, followed by ultrafiltration (5000 rpm for
8 min) with DI water for 2 times to remove excess ATP
molecules. UV-vis, fluorescence spectroscopy, and gel electro-
phoresis of QD-PMO, QD-AECPBA, and QD-ATP are provided
in the Supporting Information, indicating the effects of each
functionalization step. The quantum yield of the QDs dropped
by 25%, probably due to the presence of the adenosine group
in ATP. QD-AECPBA showed slower gel mobility than that
of QD-PMO due to the reduced surface charge density after
replacing carboxylic acid groups (pKa~5-6) into PBA (pKa~7.8)
groups. Conjugation of ATP to QD-AECPBA increased the
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Figure 1. a) Schematic illustration of the synthesis of QD-ATP. b) Covalent reaction between AECPBA and ATP.

gel mobility, resulting from the increased surface charge den-
sity because of the three phosphate groups in ATP molecules.
Freshly prepared QD-ATP was used for all experiments to mini-
mize the hydrolysis or detaching of ATP molecules.

2.2. QD-ATP Can Trigger Ca?* Signaling

ATP is known to trigger rapid increase of intracellular Ca?" con-
centration ([Ca?"];) by inducing Ca?" influx through P2X chan-
nels and release of Ca?* from the endoplasmic reticulum.?
To test the functionality of QD-ATP, we applied it (140 nwm)
to PC12 cells which abundantly express P2 purinergic recep-
tors, while [Ca?"]; was continuously monitored by single-cell
photometry. As shown in Figure 2, QD-ATP triggered acute
increase of [Ca?*};. In contrast, the filtrate (5000 rpm for 8 min)
of the Ca®* evoking QD-ATP solution did not produce any Ca?*
signal, indicating that the observed Ca?* signal is indeed due
to the presence of QD-ATP instead of the free residual ATP
molecules resulted from incomplete filtration during syn-
thesis or detaching of ATP molecules from QDs. Furthermore,
QD-AECPBA (the immediate precursor of QD-ATP) did not
elicit significant signal. These observations suggest that ATP
preserves its functionality after conjugation and QD-ATP can
specifically bind and acutely activate P2 receptors.

2.3. Cellular Internalization of QD-ATP

Confocal fluorescence microscopy was then used to visu-
alize the labeling of P2 receptors with QD-ATP. After PC12
cells were exposed to QD-ATP (20 nwm) for 15 min followed by
washing, staining of QD-ATP on the cell surface was observed
(Figure 3a). The observed fluorescent puncta of QD-ATP on the
cell membrane suggests that P2 receptors aggregate in the hot
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spots (microdomains), agreeing with the previous reports.

The aggregation of P2 receptors may be partly due to oligomeri-
zation of the receptors.'” In the control experiments, when
overwhelming free ATP (3 mwm) was added together, QD-ATP
staining was completely eliminated (Figure S3). This again
unambiguously demonstrates the specific recognition between
QD-ATP and the P2 receptors. As shown in Figure 3a-d, QD-
ATPs remained mostly on the cell surface during the initial
20 min after pre-incubation, then, were mostly internalized
(endocytosed) within 1 h. The internalized QD-ATPs segregated
into vesicles instead of individually dispersing in the cytosol. It
has been reported that ATP activation triggers endocytosis of
P2 receptors within 30 s in ganglion neurons.**1l However,

— QD-ATP
------- QD-AECPBA
- - - Filtrate

F340/F380

0 50 100 150 200 250 300

Time (s)

Figure 2. Ratiometric fluorescence measurement of intracellular increase
of Ca?* concentration stimulated by locally delivered 140 nm QD-ATP con-
taining bath solution or its filtrate or 140 nm QD-AECPBA containing solu-
tion, using an application glass pipette positioned near the target cell.
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Figure 3. Staining and internalization of QD-ATP in PC12 cells. Superim-
position of the fluorescence image and bright-field image of PC12 cells
taken at a) 0 min, b) 20 min, c) 40 min, d) 60 min after the cells were
exposed to 20 nm QD-ATP for 15 min. Scale bar =10 um.

our experiments suggest that such triggered rapid internaliza-
tion is absent in PC12 cells, similar to the observations in
hippocampal neurons.*"!

2.4. Trafficking of QD-ATP Invesitaged by TIRFM

Furthermore, we investigated the vesicle trafficking and recy-
cling of P2 receptors using total internal reflection fluorescence
microscopy (TIRFM), which evanescently illuminates the thin
subplasmalemmal region (<200 nm thick) just above the inter-
face between the glass coverslip and the cell membrane. Since
the evanescence field decays exponentially with the distance
away from the interface, TIRFM is powerful in revealing the
molecular events (e.g., vesicle trafficking and fusion) occurring
at or immediately adjacent to the cell membrane with minimal
interference from the background and with a higher temporal
resolution than confocal microscopy.'?

After preincubating PC12 cells with 1 nm of QD-ATP for
1 h, time-lapse images were taken under TIRFM for 2 min
with a sampling frequency of 2 Hz. Individual QD-ATP vesicles
(vesicles endocytosed with QD-ATP/P2 receptor complex) in the
subplasmalemmal region can be clearly resolved (bright dots
highlighted by circles in Figure 4a; and illustration in Figure 4b
top). Similar to secretory vesicles in neurons and neuroendorince
cells, QD-ATP vesicles undertake constant lateral movement
(parallel to the cell membrane) and vertical movement (transi-
tion between the inner cytosol and the subplasmalemmal region
as shown by appearance, disappearance, or fluctuation in vesicle
fluorescence).'®l The trajectory of a vesicle’s lateral movement is
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Figure 4. a) Typical TIRFM image of a PC12 cell showing the QD-ATP
vesicles (indicated by circles) in the subplasmalemmal region and the cell
membrane patches with QD-ATP cluster (indicated by arrows). Scale bar=
5 um. b) Illustration of QD-ATP vesicle (top) and QD-ATP membrane
patches (bottom) and their typical trajectories of lateral movement. The
vertical and horizontal scale bars = 0.5 um. c,d) The statistics (12 cells)
of the diffusion constant and dwell time of QD-ATP vesicles (n = 959)
and QD-ATP membrane patches (n = 118). The error bars indicate the
standard errors. Student’s t-test: *#* p < 0.001 versus vesicle.

depicted in Figure 4b (top). The statistics of the lateral diffusion
constant and dwell time of QD-ATP vesicles in the subplasma-
lemmal region are given in Figure 4c—d. It is noted that the dif-
fusion of the QD-ATP vesicles is about ten times faster than the
hormone-containing large dense core secretory vesicles in PC12
cells,™ suggesting their distinct identities.

Different from the mobile intracellular vesicles, a few inactive
and relatively large QD-ATP clusters can be identified (indicated
by arrows in Figure 4a). They are especially bright and very stable
in fluorescence intensity, implying that they are close to the glass
coverslip and do not move in the vertical direction. They remain
on the cell membrane for a relatively long time or throughout the
entire imaging period (2 min) and drift laterally at a much slower
rate as compared to the QD-ATP vesicles (Figure 4c-d). For fur-
ther comparison, the mean square displacement (MSD) plots of
a representative QD-ATP vesicle and a membrane patch is pro-
vided in Figure S4. Therefore, we conclude that these are mem-
brane patches (microdomains) enriched with ATP receptors (as
illustrated in Figure 4b bottom), instead of intracellular vesicles.

It has been revealed by TIRFM studies that both the lateral
and vertical trafficking dynamics of secretory vesicles directly
and positively relate to the vesicle fusion competence and the
overall secretion kinetics.'2>15] Therefore, it is conceivable that
the trafficking of QD-ATP vesicles reflects the dynamic recy-
cling (thus functioning) of P2 receptors. We have also observed
disappearance of the stable membrane patches due to vesicular
endocytosis (Figure 5a) and appearance (or arrival) of new
stable membrane patches due to fusion of the QD-ATP vesi-
cles with the plasma membrane (exocytosis) (Figure 5b). These
events directly indicate the recycling dynamics of P2 receptors.
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Figure 5. a) An endocytostic event of membrane patch enriched with QD-ATP/P2 receptor complex. b) Exocytotic event of a vesicle previously endocy-
tosed with QD-ATP/P2 receptor complex. c) The total endocytosed and exocytosed (recycled) number of QD-ATP membrane patches. (d) The diffusion
constant of QD-ATP membrane patches. e) The visiting number of QD-ATP vesicles. f) The diffusion constant of QD-ATP vesicles. Scale bars in (a) and
(b) are 0.5 um. The statistics is obtained from 959 vesicles and 118 patches in 12 untreated control cells, 1331 vesicles and 119 patches in 11 NGF
treated cells, 1292 vesicles and 120 patches in 11 cells cultured in serum free medium. The error bars indicate the standard errors. Student’s t-test:

#ik p < 0.001, * p < 0.05 versus control. DC = diffusion constant.

It has been shown that P2 receptor retains its function within
the degradative environment of the lysosome by the virtue of
its N-linked glycans, and they recycle to the plasma membrane
in response to intense or continuous stimulation.’ Also seen
from Figure 5a and b, the size of the membrane patches (mem-
brane domains enriched with P2 receptors) is about 1 um, con-
sistent with the previously reported.*) These microdomains
mediate localized and synergistic reactions.

A QD can be functionalized with many ATP molecules. But
the observed aggregation of ATP receptors (Figure 3a and 4a)
is unlikely to be due to massive crosslinking induced by QD
binding with multiple P2 receptors, because: i) The size of our
QDs (12-14 nm) is similar to that of a single receptor molecule.
And the effective contact area between such a small sphere with
the flat cell membrane is even smaller; therefore, one QD may
only bind with a few receptors. ii) The membrane domains
(1 pm in size) lightened by the bound QDs could accommodate
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thousands of P2 receptors. iii) Our QDs do not crosslink with
each other because QD aggregates were not observed in the gel
electrophoresis experiments (Figure S2).

A number of studies have demonstrated that, through stimu-
lating the MAPK/ERK pathway, activation of P2 purinergic recep-
tors promotes survival and inhibits starvation-induced apoptosis,!'”!
and facilitates nerve growth factor (NGF)-induced neuronal dif-
ferentiation and neurite growth of PC12 cells.l'¥! Using TIRFM,
we examined the trafficking of QD-ATP vesicles and the recycling
of QD-ATP membrane patches in presence of NGF stimulation
(200 ng mL™! for 4 h) or when the cells were cultured without
serum for 6 h (starvation conditions that induce apoptosis). As
shown by Figure 5¢—d, under starvation, the total number of endo-
cytosis and exocytosis of the QD-ATP membrane patches (recycled
patches) and their lateral diffusion were significantly increased. In
addition, both lateral vesicle trafficking (as indicated by the lateral
diffusion constant) and vertical vesicle trafficking (as indicated by
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the number of arriving vesicles which is roughly balanced by the
number of retrieving vesicles) were enhanced by NGF and starva-
tion (Figure 5e—f). These observations corroborate the links of the
P2 receptor functions to the neuronal differentiation and apop-
tosis pathways. Confocal and TIRFM experiments were also con-
ducted on neuronal differentiated PC12 cells. It was found that
QD-ATP vesicles and membrane clusters were also active in the
grown neurites. In some cells, they were enriched in the growth
cone of the neurite, further implying the role of P2 receptors in
neurite outgrowth (Figure S5).

3. Conclusions

In summary, we have demonstrated a simple approach to specifi-
cally label P2 purinergic receptors and monitor their trafficking
and recycling using ATP-functionalized quantum dots. It is the
first time dynamic data on P2 receptor trafficking with sub-second
resolution has been provided, and related to neuronal differentia-
tion and apoptosis. This study demonstrates the potentials of QDs
in providing a novel tool to study the physiology of P2 receptors
which underlies various critical diseases and cell functions.

4. Experimental Section

Cell culture, Treatment, and Bath Solution: PC12 cells (American Type
Culture Collection) were cultured in Advanced RPMI medium 1640
(Gibco) supplemented with 5% (v/v) heat-inactivated horse serum
(Gibco), 10% heat-inactivated fetal bovine serum (Gibco), and 1%
penicillinstreptomycin (Gibco) at 37 °C in 5% CO,/air. In some TIRFM
experiments, cells were starved in serum-free Advanced RPMI medium for
6 h or incubated with NGF (200 ng ml™") for 4 h, followed by incubation
with QD-ATP (1 nwm) for 1 h prior to imaging. The bath solution used for
imaging contained (titrated to pH 7.2) NaCl (150 mwm), KCl (2.4 mw),
MgCl, (2 mwm), CaCl, (2 mwm), glucose (10 mm), and HEPES (10 mw).

Ca®" Imaging: PC12 cells were incubated with Fura2-AM (5 um, a
membrane permeable Ca?* sensitive dye) for 45 min in a serum-free
medium. Prior to recording in the bath solution, the cells were incubated
in the fresh medium for >30 min to allow removal of the acetoxymethyl
esters of Fura2-AM and consequently the retention of dye. PC12 cells
were then stimulated by QD-ATP or QD-AECPBA (140 nwm) while the
intracellular Ca?" was reported by the ratio of fluorescence emission (at
550 nm) subjecting to 340 and 380 nm excitation (F340/F380) using a
single-cell photometry system (TILL Photonics, GmbH).[5b]

Confocal Imaging: Cells were incubated with QD-ATP (20 nm) for
15 min and then washed with bath solution for three times. To investigate
time-dependent cellular uptake of QD-ATP, cells were imaged at
progressive time points of 0, 20, 40, and 60 min after the pre-incubation
of QD-ATP, using a confocal microscope (Zeiss LSM 510) with a 63x oil
objective and a 488 nm excitation laser.

TIRFM Imaging: TIRFM was carried out using a Zeiss Axiovert 200
inverted microscope system (Carl Zeiss, Germany) equipped with a 100x
oil-immersed objective (1.45 NA). QD was excited by a 458 nm laser, and
the emission was collected at 620 nm. Time-lapse images were taken
by an EMCCD camera with exposure time of 30 ms and 2-Hz sampling
frequency. The temperature of the imaging chamber was maintained
constantly at 37 °C throughout the experiment. Mean square displacement
(MSD) and diffusion constant are calculated as previously described.l

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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