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ABSTRACT: A functional dual-color indicator is designed for in situ
visualization of intracellular glycosylation. Using O-GlcNAcylation as
model, the indicator is constructed on a poly-GlcNAc-coated gold
nanoparticle (AuNP) by assembling dye labeled lectin (FSWGA) and
then another dye-labeled GlcNAc (FGIcNAc) through the two
opposite subunits of FSWGA. These dyes possess negligible
overlapping emission and can be quenched by AuNP. In the presence
of intracellular dissociated GIcNAc residue and O-GlcNAcylated
proteins, the assembled FGIcNAc and the conjugate of FSWGA with
FGIcNAc are released from AuNP through the dynamic competitive
conjugation, which lights up the fluorescence of two dyes,
respectively, and provides a simple technique for simultaneously
monitoring the level of O-GlcNAcylated proteins and the total
amount of GIcNAc groups in living cells. The practicality of the
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protocol for visually monitoring the biological pathway between intracellular O-GlcNAcylation and cell surface differentiation-
related proteins demonstrates a convenient and powerful tool for research of glycosylation equilibrium and related biological

processes.

lycosylation is one of the most important post-transla-

tional modification of proteins.' Many nuclear and
cytoplasmic proteins are borne monosaccharide O-linked N-
acetylglucosamine (O-GlcNAc) through serine or threonine,
which is called as O-GlcNAcylation.” O-GlcNAcylation is
essential for cell survival and plays important roles in many
biological processes, such as transcription, translation, and cell
division.” Abnormal O-GlcNAcylation of cellular proteins
occurs in many kinds of cancers, indicating its association
with malignancy.” Generally, the O-GlcNAcylation is dynam-
ically regulated by two key enzymes: O-GlcNAc transferase
(OGT)® and O-GlcNAcase (OGA),’ which lead to the addition
and removal of GlcNAc residue to/from proteins, respectively.
The O-GlcNAcylated protein and dissociated GlcNAc residue
take the main component of intracellular O-GlcNAcylation
process, while other GIcNAc-related components, such as
GIcNAc phosphates are very limited.” Thus, simultaneous
monitoring of the levels of O-GlcNAcylated protein and
dissociated GIcNAc residue within living cells is of great
importance in revealing O-GlcNAcylation related biological
processes and potential tumor progression.

The monitoring of O-GlcNAcylation level of specific protein
in living cells has been achieved with in situ Forster resonance
energy transfer (FRET) imag.;ing8 by labeling the GIcNAc with
metabolic engineering fluorophore and the target protein with
green fluorescent protein to give the FRET signal of target-
related O-GlcNAcylation. However, this method cannot give
the level of dissociated GIcNAc residue, and it is difficult to
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monitor the levels of all more than 1000 identified O-
GlcNAcylated proteins.” Thus, the in situ visual protocol with
an insight into intracellular OGT/OGA mediated O-
GlcNAcylation is still an urgent demand.

To achieve a comprehensive survey of OGT/OGA mediated
intracellular O-GIcNAcylation, this work designs a functional
dual-color indicator for in situ simultaneous visual analysis of
O-GlcNAcylated proteins and GIcNAc residue within living
cells (Figure 1). This indicator is constructed on a poly-GlcNAc
(PGIcNAc) coated gold nanoparticle (AuNP) (PGAu) by
assembling fluorescent dye labeled succinylated wheat germ
agglutinin (FSWGA) and then another fluorescent dye labeled
GlcNAc (FGIeNAc) (Figure 1A). These fluorescent dyes
possess negligible overlapping emission and are quenched by
the AuNP. Polyethylene glycol terminated with sulfhydryl and
folic acid (HS-PEG-FA) is also doped on its surface to improve
its stability and endocytosis efficiency. FSWGA possesses a
dimeric-subunit structure to respectively connect PGIcNAc and
FGIcNAc.'””" Different from the native wheat germ
agglutinin,"* FSWGA contains partially obstructed binding
sites on each subunit by succinylation to keep its specificity to
GIcNAc."® The competitive binding of free GIcNAc residue to
the outside subunit leads to the release of FGIcNAc and thus
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Figure 1. Schematic illustration of (A) preparation of functional dual-
color indicator and (B) in situ visualization of intracellular O-
GlcNAcylation.

lights up the red fluorescence of Alexa Fluor 647 on FGIcNAc.
Meanwhile, O-GlcNAcylated proteins can competitively bind
the inside subunit of FSWGA, which releases the conjugate of
FSWGA with FGIcNAc to light up both the green fluorescence
of fluorescein isothiocyanate (FITC) on FSWGA and red
fluorescence of FGIcNAc (Figure 1B). As a proof of concept,
breast cancer MCE-7 cell was used as a cell model, in which the
O-GlcNAcylated 0Proteins have been considered as potential
tumor markers,”'® to achieve the in situ simultaneous detection
of intracellular O-GlcNAcylated proteins and total GlcNAc
groups.

B EXPERIMENTAL SECTION

Materials and Reagents. FITC-labeled succinylated wheat
germ agglutinin (FSWGA) was purchased from Vector
Laboratories (USA). Alloxan, sodium butyrate (NaBu), O-(2-
acetamido-2-deoxy-D-glucopyranosylidenamino) N-phenylcar-
bamate (PUGNAc), cysteine, glucose, N-acetylglucosamine
(GleNAc), and poly-N-acetylglucosamine (PGIcNAc) were
purchased from Sigma-Aldrich Inc. (USA). Tetraacetylated N-
azidoacetylglucosamine (TAcGIcNAz), Alexa Fluor 647 DIBO
alkyne, Cell Light Lysosomes-RFP, BacMam 2.0, Opti-MEM
reduced serum medium, lipofectamine RNAIMAX (Lipo), P-
phycoerythrin (PE) conjugated E-cadherin antibody, and PE
conjugated epithelial cell adhesion molecule (EpCAM) anti-
body were obtained from Life Technologies (USA). Recombi-
nant human pS3 protein was purchased from ABCAM (UK).
Chloroauric acid (HAuCl,-4H,0) was obtained from Shanghai
Chemical Reagent Company (Shanghai, China). Trisodium
citrate was obtained from Sinopharm Chemical Reagent Co.,
Ltd. (China). Thiol polyethylene glycol 5000 folic acid (HS-
PEG-FA) was obtained from Ponsure Biotechnology Ltd.
(Shanghai, China). Sodium methoxide and 4',6-diamidino-2-
phenylindole (DAPI) were obtained from Titan Technology
Co., Ltd. (Shanghai, China). MCF-7 and HaCaT cells were
from KeyGen Biotech. Co. Ltd. (Nanjing, China). Phosphate
buffer saline (PBS, pH 7.4) contained 136.7 mM NaCl, 2.7 mM
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KCl, 8.72 mM Na,HPO,, and 1.41 mM KH,PO,. For lectin-
carbohydrate interaction, 0.1 mM CaCl, and 0.1 mM MnCl,
were added in PBS. Cell lysis buffer contained 10 mM Tris-HCI
(pH 7.4), 1 mM MgCl,, 1 mM EDTA, 0.1 mM PMSF, 0.5%
CHAPS and 10% Glycerol. All other reagents were of analytical
grade. All aqueous solutions were prepared using ultrapure
water (>18 MQ, Milli-Q, Millipore).

OGT shRNA 1, §5'-GCCCTAAGTTTGAGTCCAAAT-
CTCGAGATTTGGACTCAAACTTAGGGC-3’, OGT
shRNA 2, 5'-GCTGAGCAGTATTCCGAGA-
AACTCGAGTTTCTCGGAATACTGCTCAGC-3’, and
scrambled shRNA, 5'-CCTAAGGTTAAGTCGCCCTCGC-
TCTAGCGAGGGCGACTTAACCTT-3" were synthesized
by Shanghai GenePharma Co. Ltd. (Shanghai, China) and all
carried by plasmid vector pGPUS6.

Apparatus. The UV absorption spectra were recorded on
an UV-3600 UV—vis—NIR spectrophotometer (Shimadzu
Company, Japan). The fluorescence spectra were recorded on
an F-7000 fluorescence spectrophotometer (Hitachi, Japan).
Transmission electron microscopic (TEM) imaging was
performed on a JEM-2800 high throughput electron micro-
scope (JEOL, Japan). Dynamic light scattering (DLS) and Zeta
potential measurements were performed on a NanoZS90Plus
particle/protein size and Zeta potential analyzer (Brookhaven,
USA). Flow cytometric analysis was performed on a Coulter
FC-500 flow cytometer (Beck-man Coulter, USA). The
fluorescence cell imaging was performed on a TCS SPS laser
scanning confocal microscope (Leica, Germany). The cell
numbers were determined using a Countess II FL Automated
Cell Counter (Life Technologies, USA). The absorbance in
MTT assay was recorded on a Varioskan Flash multimode
reader (ThermoFisher Scientific, USA).

Cell Culture. MCF-7 and HaCaT cells were cultured at 37
°C in RPMI 1640 medium (GIBCO) and DMEM medium
(GIBCO) supplemented with 10% fetal calf serum (FCS,
Sigma), penicillin (100 pg/mL) and streptomycin (100 ug/
mL) in a humidified atmosphere containing 5% CO,,
respectively.

Preparation of Functional Dual-Color Indicator. PGAu
were synthesized by quickly adding 1.25 mL trisodium citrate
(1%) to SO mL boiling HAuCl, solution (0.01%) containin
100 uL PGIcNAc (10 mg/mL) under continuous stirring.l
The reaction mixture was stirred at 100 °C for 15 min until the
color turned red or purple. The mixture was cooled down to
room temperature and then stored at 4 °C. Prior to use, PGAu
were washed by centrifugation at 12000 rpm and resuspended
in PBS. The concentration of PGAu was determined from the
UV—vis absorption spectrum.18

TAcGIcNAz was dissolved in methanol containing a catalytic
amount of sodium methoxide for deacetylation. The reaction
was closely followed by TLC and could be completed after 1 h
at room temperature. The reaction mixture was subsequently
neutralized by dropwise adding a dilute methanol solution of
acetic acid (pH 4.0) until pH 7.0. The obtained N-
azidoacetylglucosamine (GIcNAz) was then diluted in PBS
and mixed with Alexa Fluor 647 DIBO alkyne at 1:1 mol ratio.
After 15 min copper-free click reaction between azido and
DIBO at room temperature, the Alexa Fluo 647 labeled
GIcNAc (FGIcNAc) was obtained.

Ten microliters FSWGA (100 M), 10 uL HS-PEG-FA (100
uM), and 10 uL tween (1%) were added into 1 mL PGAu (10
nM). After shaking overnight on a vertical rotary mixing device,
the mixture was centrifuged at 12000 rpm for 5 min, and the
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nanoparticles were redispersed in 1 mL of PBS. Ten uL of
FGIcNAc (100 M) and 10 uL of tween (1%) were then added
into the resulting solution and subjected to shaking on a vertical
rotary mixing device for 4 h. The obtained functional dual-color
indicator probe was redispersed in 1 mL of PBS.

In Vitro Verification of the Competitive Release from
the Indicator. MCF-7 cells with a concentration of 7.5 X 10°
cells/mL were dispersed in cell lysis buffer. After vortexing on
ice for 2 h, the mixture was centrifuged at 12000 rpm for 15
min to obtain the supernatant as the cell lysis of MCF-7 cells.
The sample of O-GlcNAcylated protein could be obtained by
filtering the cell lysis with a 10 kd ultrafilter to remove the
intracellular small molecules such as GlcNAc. 50 yuL cysteine
(10 mg/mL), S0 uL glucose (10 mg/mL), SO uL GlcNAc (10
mg/mL), SO uL pS3 protein (100 pg/mL), SO L ultrafiltered
cell lysis (7.5 X 10° cells/mL) and 50 uL cell lysis (7.5 X 10°
cells/mL) were added into 100 uL of 10 nM probe,
respectively. After incubation at 37 °C for 4 h, the mixtures
were subject to fluorescent detection, respectively.

MTT Assay of Cell Viability. The viability of MCF-7 cells
during the probe treatment was tested by MTT assay. Briefly,
after MCF-7 cells (100 uL, 1.0 X 10° cells/mL) were seeded in
the wells of 96-well plate for 12 h, they were washed with PBS
twice and subjected to incubation with 10 nM probe for
different times. Meanwhile, the MCE-7 cells without treatment
were incubated in culture medium as control. After these cells
were incubated with MTT (50 L, 1 mg/mL) for 4 h at 37 °C,
100 uL of dimethyl sulfoxide was added to each well with
vibration for 15 min at room temperature to dissolve the
crystals formed by the cells. Finally, the absorbance of each well
was measured using a Varioskan Flash multimode reader. The
relative cell viability (%) was calculated by (Aeqt/Acontrol) X 100.

Colocalization Imaging. For nuclear colocalization
imaging, the confocal dishes seeded with MCE-7 cells were
first incubated with 200 yL of 8 nM probe in PBS at 37 °C.
After 4-h incubation, the cells were washed with PBS twice to
remove extra probe and then incubated with 200 uL DAPI (10
ug/mL) in PBS for 10 min. The cells were washed with PBS
twice to perform confocal fluorescence imaging. For lysosome
colocalization imaging, the confocal dishes seeded with MCE-7
cells were first incubated with 200 yL Cell Light Lysosomes-
RFP BacMam 2.0 (1 X 10° particles/mL) at 37 °C. After one-
night incubation, the cells were washed with PBS twice and
then incubated with 200 L of 8 nM probe in PBS at 37 °C for
4 h. The cells were washed with PBS twice to perform confocal
fluorescence imaging.

Regulation of Intracellular O-GIcNAcylation. The
confocal dishes seeded with MCF-7 cells were first incubated
with 10 mM alloxan, GIcNAc or PUGNAc in Opti-MEM
reduced serum medium in cell culture box. After 24-h
incubation, the cells were washed with Opti-MEM reduced
serum medium twice and incubated with 200 yL of 8 nM probe
in PBS at 37 °C for 4 h. The cells were washed with PBS twice
for confocal fluorescence imaging.

RNA Interference. The MCF-7 cells seeded in confocal
dishes were transfected with 50 ng/uL shRNA using Lipo in
Opti-MEM reduced serum medium for 24 h at 37 °C according
to the manufacturer’s protocol. After the cells were washed
twice with Opti-MEM reduced serum medium, they were
incubated with 200 uL of 8 nM probe in PBS at 37 °C for 4 h.
The cells were washed with PBS twice for confocal fluorescence
imaging.
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Flow Cytometric Analysis of Intracellular GIcNAc and
Cell Surface Proteins. After MCF-7 cells (1 x 10° cells/mL)
were incubated with different concentrations of probe or
different kinds of antibody in PBS at 37 °C for different times,
the cells were washed with PBS twice to perform flow
cytometric analysis. The MCF-7 cells treated with different
reagents were subjected to flow cytometric analysis with same
procedure.

B RESULTS AND DISCUSSION

Construction of Dual-Color Indicator. The assembly of
FSWGA on PGAu was first demonstrated with UV and
fluorescence spectra. After the PGAu was incubated with
FSWGA, the resulting PGAu-FSWGA showed an extra
characteristic peak of FSWGA protein at 280 nm (Figure
S1A), while both the supernatants in the absence or presence of
HS-PEG-FA showed similar decrease of FITC fluorescent
intensity around 516 nm compared with the initial FSWGA
solution due to specific sugar-lectin interaction between PGAu
and FSWGA (Figures S1B and S2A), indicating the similar
amount of FSWGA conjugated to PGAu. To verify the specific
interaction between FSWGA and PGAu, bare gold nano-
particles and polysialic acid coated gold nanoparticles (PSAu)
were incubated with ESWGA, which did not obviously decrease
the FITC fluorescent intensity of the supernatants due to the
lack of recognition specificity (Figure SIB). The shape
uniformity of the AuNPs, PGAu and PGAu-FSWGA was
confirmed by TEM images (Figure SIC—E). DLS analysis
indicated the increased hydrated-sizes of the nanoparticles
following the sequence: AuNPs < PGAu < PGAu-FSWGA
(Figure SIF—H), which further demonstrated the successful
assembly of FSWGA on PGAu, and good stability of PGAu-
FSWGA.

FGIcNAc was synthesized by copper-free click reaction
between Alexa Fluor 647 DIBO alkyne and GlcNAz,'”~*'
which was obtained by deacetylation of TAcGIcNAz.>* After
FGIcNAc was mixed with HS-PEG-FA and FSWGA conjugated
PGAu (PGAu-FA/FSWGA) to incubate for 4 h, obvious
fluorescent intensity decrease of Alexa Fluo 647 around 666 nm
could be observed from the supernatant due to the conjugation
of FGIcNAc to PGAu-FA/FSWGA (Figure S2B). From the
fluorescent intensities of the two supernatants and the standard
curves for FSWGA and FGIcNAc (Figure S3), the number of
FSWGA and FGIcNAc assembled on each indicator probe
could be calculated to be about 126 and 117 respectively. The
change of zeta potential during step-by-step assembly of the
probes further confirmed the successful conjugation (Figure
S4).

In Vitro Verification of Dynamic Competition. To
investigate the competitive release ability of the designed
indicator, it was incubated with GIcNAc, human pS3 protein (a
model O-GlcNAcylated protein)® and cell lysis in vitro,
respectively. The cell lysis contained both O-GlcNAcylated
proteins and the dissociated GIcNAc residue. After cell lysis was
ultrafiltered with a 10 kd ultrafilter to remove the intracellular
small molecules such as GIcNAc, the sample of O-
GlcNAcylated proteins could be obtained. The probe did not
exhibit any self-fluorescence due to the inherent quenching
effect of AuNPs (Figure S2). It kept nonfluorescent when
incubated with cysteine (the main biogenic thiol inside cell) or
glucose, indicating its stability to biogenic thiol and specificity
to GlcNAc (Figure 2A and 2B). But the mixture of the probe
with cell lysis showed obvious green and red fluorescence of
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Figure 2. (A, B) Fluorescence spectra of probe (control), and probes
treated with cysteine, glucose, GIcNAc, pS3 protein, ultrafiltered cell
lysis and cell lysis in the emission range of (A) FITC and (B) Alexa
Fluor 647 respectively. (C, D) Peak intensities at (C) 516 and (D) 666
nm from (A) and (B) respectively.

both FITC and Alexa Fluo 647 after incubation at 37 °C for 4
h, which indicated the release of FSWGA and FGIcNAc due to
the competitive conjugation of intracellular O-GlcNAcylated
proteins and dissociated GIcNAc residue to FSWGA in the
probe. Furthermore, the green fluorescence from the released
FSWGA was similar to that incubated with pS3 protein and
ultrafiltered cell lysis, and the latter two mixtures showed
weaker red fluorescence from released FGIcNAc (Figure 2C
and 2D). Interestingly, the incubation of the probe with
GIcNAc exhibited only the strong red fluorescence from the
released FGIcNAc, while the green fluorescence of FSWGA was
very weak. Thus, it was reasonable to conclude that the
competitive conjugation of O-GlcNAcylated proteins to
FSWGA resulted in the release of the conjugate of FSWGA
with FGIcNAc from the probe, and the competitive binding of
GIcNAc and dissociated GlcNAc residue to FSWGA released
only FGIcNAc.

The competitive binding resulted from the one or few
GlcNAc-binding sites on the dimeric-subunit structure of
FSWGA."” At a thermodynamic equilibrium state, the
dissociated GIcNAc residue bound only the outside subunit
of FSWGA, while O-GlcNAcylated proteins preferred to the
inside subunit of FSWGA due to the ligand confinement of the
subunits on PGAu surface” > and the different mobility of O-
GlcNAcylated proteins and dissociated GIcNAc residue. The
dissociated GIcNAc residue with high mobility had priority to
replace FGIcNAc at the lowly confined outside subunit, while
O-GlcNAcylated proteins with low mobility would replace
PGIcNACc at the highly confined inside subunit, which released
the conjugate of FSWGA with FGIcNAc. Thus, the green
fluorescence of FSWGA could be used to monitor the level of
O-GlIcNAcylated proteins, while the red fluorescence of
FGIcNAc was related to both the released FGIcNAc and the
released conjugate of FSWGA with FGIcNAg, and thus the sum
of dissociated GIcNAc residue and O-GlcNAcylated proteins.
This mean the dissociated GIcNAc residue could also been
monitored from the relative changes of fluorescence intensity of
both FITC and Alexa Fluor 647.

Intracellular Delivery of Indicator. To obtain high-
quality image for sensitive visual monitoring, the probe
concentration and incubation time were optimized to be 8
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nM (Figure S5) and 4 h (Figure S6) by confocal fluorescence
imaging and flow cytometric analysis. The probe incubation did
not influence cell viability (Figure S7). The feasibility of FA
receptor-mediated cell endocytosis of the probe’””” was
demonstrated by comparing confocal fluorescence images of
FA-acceptor abundant MCF-7 and FA-acceptor lacking HaCaT
cells after incubation with the probes in the presence and
absence of FA (Figure S8 and S9). TEM image of probe treated
MCE-7 cell further confirmed the successful delivery of probe
into cell (Figure S10).

The location of probe in cells was investigated by the
colocalization imaging of nuclear and lysosomes. The nuclear
and lysosomes in MCEF-7 cells were dyed with DAPI and
lysosomes-RFP, which were excited at 405 and 543 nm and did
not influence the excitation of FITC (488 nm) and Alexa Fluo
647 (633 nm), respectively (Figure S11). The dyed cells were
then incubated with 8 nM probe for 4 h and subjected to
confocal fluorescence imaging, respectively. The fluorescence
from the probe observed with G and R channels could overlap
in both colocalization images (Figure 3), however they did not
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Figure 3. (A) Confocal nuclear and (B) confocal lysosome
colocalization imaging. BF: Bright field. B: Bule channel of DAPL
M: Mauve channel of RFP. G: Green channel of FITC. R: Red channel
of Alexa Fluor 647. Scale bar: 20 um.

overlap with the fluorescence from DAPI dyed nuclear
observed with B channel (Figure 3A), indicating that no
probe entered into the nuclear. Meanwhile, a large area of G-
and R-channel fluorescence from the probe was beyond the
fluorescence area from lysosomes-RFP dyed lysosomes
observed with M channel, and only part overlapping was
observed (Figure 3B), which indicated that most probe were
dispersed in cytoplasm, and only a negligible amount of probe
was caged in the lysosome. The latter did not affect the
qualitative monitoring results. Thus, the designed functional
dual-color indicator located in cytoplasm and could be used to
in situ monitor the targets in cytoplasm.

Monitoring of Intracellular O-GlcNAcylation Regula-
tion. The level of O-GlcNAcylation in living cells can be
regulated with different OGT shRNAs,*® such as OGT shRNA
1 and OGT shRNA 2, and alloxan as OGT inhibitor,”® and
PUGNACc as OGA inhibitor,’*~** and exogenous GIcNAc. The
OGT shRNAs can lead to more than 50% knockdown of
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OGT.*® After MCF-7 cells were treated with OGT shRNA 1,
OGT shRNA 2, or alloxan and then incubated with 8 nM probe
for 4 h, obvious decrease of green fluorescence was observed in
the confocal fluorescence images, while the change of red
fluorescence was negligible compared with scrambled shRNA
treated and untreated cells (Figure 4), indicating that the total

A Untreliclted Scrambled OGT

cells shRNA shRNA 1 sh

0GR 2 Alloxan GlcNAc PUGNAc

o
: -
7

0-
Untreated Scrambled OGT OGT
<hRNA shRNA 1 shRNA 2 Alloxan GIcNAc PUGNAc

cells

Figure 4. (A) Confocal fluorescence images of untreated, scrambled
shRNA, OGT shRNA 1, OGT shRNA 2, alloxan, GlcNAc, and
PUGNAC treated MCF-7 cells after incubation with 8 nM probe for 4
h. Scale bar: 20 ym. (B) Mean intensity of green and red channel
obtained from (A).

amount of intracellular GIcNAc groups was stable, and the
equilibrium of OGT/OGA mediated O-GlcNAcylation tilted to
less O-GlcNAcylated proteins. Contrarily, the treatment of
PUGNAc led to increasing green fluorescence due to the
inhibited dissociation of O-GlcNAcylated proteins, which kept
higher level of O-GlcNAcylated proteins at the same total
amount of intracellular GIcNAc groups. However, the treat-
ment of exogenous GIcNAc increased both red and green
fluorescence due to the increasing amount of GIcNAc in
cytoplasm, which produced more O-GlcNAcylated proteins due
to the O-GlcNAcylation equilibrium. These results were
verified by flow cytometric analysis (Figure S12), which
indicated the feasibility of the indicator for simultaneous
monitoring of the level of O-GlcNAcylated proteins and total
amount of GIcNAc groups in cell.

Practicality of Dual-Color Imaging Strategy. Poor-
differentiated cells are more invasive than well-differentiated
cells,* thus the biological relativity investigation of differ-
entiation-related proteins on cancer cell surface with intra-
cellular O-GlcNAcylation is important for revealing glycosyla-
tion-related biological processes and potential tumor pro-
gression. Here, two typical cell epithelial proteins, E-cadherin
and EpCAM on MCE-7 cells, which can respectively suppress
invasion®* or enhance proliferation of cancer cells,”” were used
as the model of differentiation-related proteins. They could be
visually monitored with corresponding PE conjugated antibod-
ies by exciting the PE at 514 nm, which did not interfere with
the excitation of FITC (488 nm) and Alexa Fluo 647 (633 nm),
respectively (Figure S11). Thus, the biological relativity of
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intracellular O-GlcNAcylation with cell surface E-cadherin and
EpCAM could be investigated by the designed dual-color
imaging strategy and the PE fluorescence (Figure SA). After

E-cadherin
6h 18h

EpCAM
18 h

A

Control

Control 6 h

28 h

Green Overlay

Red

D0Bright field Cyan

10 20
Time /h

10 20 30 0 30
Time/h

0

Figure 5. (A) Confocal fluorescence images of MCF-7 cells treated
with § mM NaBu for 0, 6, 18, and 28 h after incubation with 8 nM
probe for 4 h and then 20% PE conjugated E-cadherin or EpCAM
antibody in PBS for 30 min. Scale bar: 40 ym. (B, C) Mean intensity
of green, red, and cyan channels obtained from panel A.

MCE-7 cells were subjected to 0, 6, 18 and 28-h treatment with
5 mM NaBu, an antitumor drug to induce better differentiation
of tumor cells,***” the treated cells were incubated with 8 nM
probe for 4 h and then 20% PE conjugated E-cadherin or
EpCAM antibody for 30 min. With the increasing treatment
time, the bright field images showed obviously better
differentiation of MCF-7 cells (Figure S13), both the green
FITC fluorescence positively related to intracellular O-
GlcNAcylated proteins and the PE fluorescence from the
labeled EpCAM (Figure SC) decreased, while the red Alex 647
fluorescence positively related to intracellular total GIcNAc and
the PE fluorescence from the labeled E-cadherin (Figure SB)
increased. These results were verified by flow cytometric
analysis (Figure S14), indicating that the level of O-
GlcNAcylated proteins decreased while the total GlcNAc
groups increased. This was consistent with the fact that better
differentiated cells have significantly lower OGT expression and
higher OGA expression.’ Besides, the increasing total GIcNAc
groups along with better differentiation of MCF-7 cells implied
the relativity of the intracellular GIcNAc synthesis with cell
surface E-cadherin and EpCAM expression.

Bl CONCLUSION

This work designs a functional dual-color indicator and
proposes a simple technique for simultaneously in situ
monitoring the level of intracellular O-GlcNAcylated proteins
and the total amount of GIcNAc groups in living cells through
one-step incubation. This indicator can be constructed by
simply assembling HS-PEG-FA and FSWGA and then
FGIcNAc on PGAu. This technique can be conveniently
performed by incubating the cells with the indicator and then
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observing the change of lighted-up fluorescence. Due to the
different ligand confinement of FSWGA subunits on the
indicator and different mobility of the targets, the competitive
binding of different targets with different subunits of FSWGA
releases different dye-labeled species and thus lights up the
fluorescence from FSWGA and/or FGIcNAc. This proposed
protocol has been successfully used for investigating the OGT/
OGA mediated O-GlcNAcylation equilibrium and the bio-
logical relativity between intracellular O-GlcNAcylation and cell
surface differentiation-related proteins during drug treatment. It
can be easily extended to other intracellular glycosylation cycles
by changing the labeled lectin and the corresponding
carbohydrate, demonstrating its practicality for research of
glycosylation equilibrium and related biological processes.
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