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The asialoglycoprotein receptor (ASGPR) is a "THGAINAC-probe bl PR -0,
promising therapeutic target for drug delivery systems in -§ Normal el &
hepatocellular carcinoma (HCC), exhibiting high affinity for CTITE
specific carbohydrate residues and overexpression on malignant s P
hepatic cells. However, their functional mechanisms remain poorly

resolved at the single molecule level, hindering the rational

Cancer cell

Compared labeling of different probes (o ASGPR

optimization of ASGPR-targeted drug delivery systems. Here, we ‘“:,‘I. y YU‘Y
developed a trivalent N-acetylgalactosamine (TriGalNAc)-func- ﬂ.” *fﬂ& !‘}Jw-ﬁ’”‘

tionalized ligand probe leveraging high affinity to enable the .. ()= 1|
nanoscale visualization of ASGPR organization and trafficking via o
super-resolution imaging. Fixed cell imaging revealed pronounced
clustering patterns of the ASGPR on HCC membranes. In live cell
experiments, we observed the distribution changes of residual
ASGPR and returned ASGPR on the membrane during endocytosis, identifying protein clusters as key functional platforms for
mediated ligand uptake. Additionally, comparisons with ligand probe binding under varying cell states confirmed that ASGPR
aggregation degree correlates with its ligand-binding capacity. Strikingly, disruption of membrane carbohydrate cross-linking
dispersed ASGPR clusters and attenuated ligand binding. These findings resolve the nanoscale assembly of ASGPR in HCC and
unveil clustering-dependent ligand-binding regulation, advancing a fundamental understanding of ASGPR biology while providing
new insights to refine receptor-targeted therapeutics.

asialoglycoprotein receptor assembly, ligand-probe labeling, super-resolution microscopy, ASGPR-mediated endocytosis

The asialoglycoprotein receptor (ASGPR), a hepatic lectin nation of spatial distribution and assembly, offering new
receptor, has gained signiﬁcant attention as a promising target perspectives for a comprehensive understanding of their
for the development of novel drug delivery systems to enhance functions.'” Revealing the fine changes in molecular spatial

therapeutic efficacy and minimize side effects due to its specific
binding to carbohydrate residues such as galactose (Gal) and
N-acetylgalactosamine (N-GalNAc).'™ Furthermore, aberrant
ASGPR expression is associated with various hepatic diseases,
including hepatitis and hepatocellular carcinoma, underscoring

information aids in elucidating alterations in their biological
functions.'"”'* Direct observation of the binding interactions
between ASGPR and the ligand will offer valuable insights into
their binding characteristics. Moreover, precise localization of

its clinical significance for early diagnosis and therapeutic ASGPR within live cells facilitates the understanding of its
development. For deep understanding of ASGPR in mediated intracellular transport processes. To achieve these objectives,
endocytosis, recent research has primarily focused on ASGPR’s high-resolution imaging techniques and accurate labeling

specificity and affinity for various carbohydrate ligands,”*
feluc.idating the pa.thwa?rs and mechanisms .of ligand interr;:ilé biological information on ASGPR.
ization and engineering novel nanodelivery systems.

However, there remains a lack of fine-scale observation of
ASGPR at the in situ single-molecule level as well as deeper
biological details in ASGPR-mediated ligand endocytosis.

The spatial localization and assembly of biomolecules,
particularly membrane molecules, are intrinsically linked to
their biological functions.” High-definition and accurate
observation of biomolecules allows for the in situ determi-

methods are essential for acquiring detailed single-molecule
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Figure 1. Synthesis and labeling properties of the TriGalNAc-probe. (A) Structural formula of TriGalNAc-Alexa647; (B) schematic diagram of
different labeling features of the TriGalNAc-probe and antibody-probe for ASGPR on the cell membrane; (C) reconstructed dSTORM images of
ASGPRs on the fixed Hep-G2 cell membranes by TriGalNAc-Alexa647 labeling (in Magenta) and antibody-Alexa$32 labeling (in Cyan), and the
distribution histogram of Vg in CBC analysis; (D) reconstructed dSTORM images of ASGPR on the fixed Hep-G2 cell membranes by
TriGalNAc-Alexa647 labeling (left) or antibody-Alexa647 labeling (right); (E—H) comparison histograms of the average molecule density on the
cell membrane (E), average cluster area (F), average point density in the cluster (G), and average molecule number in cluster (H) from TriGalNAc
probe labeling (in gray) and antibody-probe labeling (in black). All data are statistical results of more than ten cells from three independent
experiments. The significant difference analyses were performed by the unpaired two-tailed t-test, with “***” meaning P < 0.001 and “****”
meaning P < 0.0001. Scale bars are S ym in original images and are 500 nm in enlarged images.

Super-resolution fluorescence imaging techniques, partic- mediated endocytosis but also offer valuable implications for
ularly direct stochastic optical reconstruction microscopy the development of targeted drug delivery systems and cancer
(dSTORM), offer nanoscale resolution ideal for revealing therapeutics. The TriGalNAc-based probe and super-resolu-
biomolecular spatial information."””" In recent years, tion imaging approach established in this study present a
fluorescent labeling tools that surpass traditional antibody powerful tool for further investigations of receptor dynamics

16,17 and targeted therapy development.

probes have evolved to enhance the imaging resolution.
Small-molecule fluorescent probes, due to their size, specificity,
ease of synthesis, and stability, have emerged as efficient
labeling methods.'*"®

Here, based on the high affinity of ASGPR with trivalent N-
acetylgalactosamine (TriGalNAc),lg’zo we synthesized the For fixed cell imaging, cell-laden slides were fixed with 4% PFA for 20
TriGalNAc ligan d probe for ASGPR. After c onﬁrming its min at room temperature. After fixation, cells were washed with PBS,
binding specificity and labeling advantages in dSTORM blocked with 3% BSA for 20 min at room temperature, and then
. . T . o stained with a 0.3 gM TriGalNAc probe for 10 min at room
imaging, we observed district aggregation distribution of

) - temperature in the dark or stained with antibody probes for 30 min.
ASGPR on HCC membranes. Through live-cell labeling, we Wash 4 times with PBS. 50 uL of imaging buffer was dropped onto a

uncovered a dynamic cycle of ASGPR clustering: disassembly 24 mm X 50 mm large slide. The imaging buffer contains the
during endocytosis and subsequent reassembly for further following: Tris (S0 mM, pH 8.0), NaCl (10 mM), glucose (10% w/
ligand internalization, suggesting that the clustering assembly v), glucose oxidase (500 pg/mlL, sigma), catalase (40 pg/mL, sigma),
of ASGPR may serve as a critical functional platform for and f-mercaptoethanol (1% v/v, sigma). Then mount a small slide

mediated endocytosis. This clustering behavior was further with cells onto a larger slide and seal it with nail polish.

confirmed to be functionally essential by finding that

disruption of clathrin-mediated endocytosis or low-temper- Cells were washed with PBS and treated with Pitstop2 or PNGase F

ature treatment was revealed to attenuate ASGPR clustering or sialic acid for 20 min, then the samples were fixed and stained with

and weaken ligand binding. Finally, free sialic acid (Sia) TriGalNAc probes or antibody probes as described above, and the cell

treatment and glycosidase F (PNGase F) treatment impaired culture dish was placed directly at 4 °C during incubation at 4 °C,

ASGPR clustering and subsequent ligand internalization, followed by fixation and sample preparation.

indicating the cross-linking of membrane carbohydrates is

vital for the formation of ASGPR clusters and finally affects For dSTORM imaging, we used an inverted Nikon Ti-E microscope

ASGPR’s function in mediated endocytosis. These findings not with an oil-immersion objective (100X, 1.49 NA, Nikon, Japan). The

only provide new insights into the mechanism of ASGPR- sample was imaged under the total internal reflection fluorescence
2247 https://doi.org/10.1021/jacsau.5c00193
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Figure 2. Comparison of dSTORM imaging of ASGPRs on different cell membranes by TriGalNAc-probe labeling. (A—C) Reconstructed
dSTORM images of AS-GPRs on the fixed Hep-G2 basal membrane (A) and apical membrane (B) as well as on the basal membranes of Hep-G2
cell (C) and L-02 cell (D). (E—H) Corresponding compared histograms of the average molecule density on the membrane (E), average cluster
area (F), average molecule number in cluster (G), and coverage percentage of clusters on the cell membrane (H). All data are statistical results of
more than 10 cells from three independent experiments. The significant difference analyses were performed by the unpaired two-tailed t-test, with
“iH#%” meaning P < 0.0001. Scale bars are S ym in (A—D) and are S00 nm in enlarged images.

(TIRF) illuminating mode by adjusting the excitation inclination to
maximize the signal-to-noise ratio. For single-color dSTORM
imaging, a 532 nm laser was used for excitation. For dual-color
dSTORM imaging, the sample was first imaged by using 639 nm laser
illumination and then with 532 nm laser excitation. To prevent color
crosstalk, two bandpass emission filters (FF01-565/133-25, FF02-
675/67-25, Semrock) were added in addition to the conventional
excitation filter, dichroic mirror, and emission filter set. In addition,
the Nikon micro imaging device provides a complete focusing system
(PFS) for real-time correction of y-axis focus drift. Finally, using
Micro-Manager based on Image] (U.S. National Institutes of Health),
we acquired 8000 raw frames with an EMCCD camera (IXON-L-897
Andor) at an exposure time of 20 ms.

Additional experimental procedures and data processing methods
are detailed in the Supporting Information.

TriGalNAc is a saccharide molecule with three GalNAc
antennae and has been reported to serve as a specific ligand
that binds to ASGPR with high affinity.**' Thus, we designed
the small molecule fluorescent probe based on the TriGalNAc
as the effective recognized unit for ASGPR. We select dityl-
butyl (azanediylbis (propane-3,1-diyl)) dicarbamate as the
start material, react it with an L-lysine derivative, and perform
deprotection to give benzyl (S)-(6-amino-1-(bis(3-
aminopropyl)amino)-1-oxohexan-2-yl)carbamate, which con-
densates with 5-(((2R,3R,4R,5R,6R)-3-acetamido-4,5-diace-
toxy-6-(acetoxymethyl)tetrahydro-2H-pyran-2-yl)oxy)-
pentanoic acid to give the Tri-GalNAc precursor 4. After
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deprotection and reaction with long chain acid to afford a
reactive amino group, the dye molecule can be used to
construct the TriGalNAc-probe. The chemical structural
formula of TirGalNAc-Alexa647 is shown in Figure 1A, and
the detailed synthetic route (Figure S1) and the corresponding
"H NMR spectra of related compounds and LCMS (Figures S2
and S3) are shown in the Supporting Information. As shown in
the schematic diagram (Figure 1B), when labeling ASGPRs on
a cellular membrane, in comparison to antibody-probe
labeling, the small volume of ligand-probe, one-to-one dye
binding ratio, and no cross-linking effect can effectively reduce
steric hindrance and linkage error. This allows for more
accurate and high-density labeling of densely distributed
ASGPR.

To examine the labeling specificity of this synthetic probe,
we performed dual-color dSTORM imaging using TriGalNAc-
Alexa647 probes (in Magenta) and antibody-Alexa$32 probes
(in Cyan). The imaging revealed nearly identical assembly
patterns of ASGPR between the two labeling approaches
(Figure 1C-upper). Quantitative assessment using coordinate-
based colocalization (CBC) analysis, a standard method in
super-resolution imaging,””*® demonstrated strong spatial
correlation between the two probe types. The normalized
CBC values (V¢gc), ranging from —1 (anticorrelation) to +1
(complete correlation), showed that 75% of the data points fell
within the positive correlation range (0—1) (Figure 1C-
below), indicating comparable specificity between the
synthetic and antibody probes. Additionally, control experi-
ments using ASGPR-negative cells (human red blood cells and
human breast cancer cells MCF7 cells) showed minimal

https://doi.org/10.1021/jacsau.5c00193
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Figure 3. dSTORM imaging of remaining ASGPRs (i) and returned ASGPRs (ii) on the cell membrane and intracellular ASGPRs on the clearest
focal plane of the nucleus (iii) under incubation with TriGalNAc-Alexa647 for 10 min (A), 30 min (B), 60 min (C), 90 min (D), and 120 min (E).
(F—J) Compared histograms of the average molecule density on membrane (F), average cluster area (G), average molecule number in cluster (H),
and average cluster density on the cell membrane (I) and the average point density inside the cells (J) from different incubation experiments. All
data are statistical results of more than ten cells from three independent experiments. Scale bars are S ym in (A—E) and are S00 nm in enlarged

images.

background fluorescence (Figure S4), confirming the probe’s
negligible nonspecific binding capacity.

To optimize the imaging conditions, we compared the
imaging results at various labeling concentrations and
ultimately established 0.3 yM as the optimal probe labeling
concentration for Hep-G2 (Figure SS). Comparative

2249

dSTORM imaging from the TriGalNAc-probe (Figure 1D-
left) and antibody-probe labeling (Figure 1D-right) displayed
similar fluorescence intensity distributions and protein
clustering patterns, but quantitative analysis of the average
molecule density on the cell membrane demonstrated superior
labeling density with the ligand probe, showing ~27.47

https://doi.org/10.1021/jacsau.5c00193
JACS Au 2025, 5, 2246—2256
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molecules per ym” for the ligand probe vs ~16.57 molecules
per um? for the antibody-probe (Figure 1E), revealing that our
ligand probe outperformed conventional antibody-probes in
labeling density. To further characterize the differences in
protein assembly, we applied SR-Tesseler analysis, a common
cluster analysis method for single molecule localization data,”*
to accurately and automatically extract the qualified clusters
based on the local density of points (Figure S6). As observed
from the results of TriGalNAc-probe labeling vs antibody-
probe labeling, the average area of clusters was ~0.051 ym” vs
~0.064 pum’ (Figure 1F) and the average point density in
clusters was ~0.92 points per 100 nm” vs ~0.68 points per 100
nm® (Figure 1G). To further compare protein density and
spatial organization within the cluster, semiquantitative data on
protein number in cluster were normalized by fluorescence
point counts against the average blinking frequency of
individual probes, showing that the average number of
molecules in the cluster was ~10.03 vs ~6.50 (Figure 1H).
These data indicate that as a small molecule probe with a
smaller linkage error and reduced steric hindrance, the
TriGalNAc-probe enables more accurately present ASGPR
distribution on cell membranes with a higher labeling density.
Therefore, application of the TriGaINAc-probe can facilitate a
high-quality spatial distribution morphology of ASGPR on the
fixed cells.

We further observed a striking polarity in the spatial
organization of ASGPR across cell membranes by employing
dSTORM imaging of fixed Hep-G2 cells labeled with
TriGalNAc-Alexa647. A substantial amount of ASGPRs was
found on the basal membrane, with high-intensity fluorescent
points aggregating into large clusters (Figure 2A). In contrast,
only a limited number of ASGPRs are located on the apical
membrane, assembling sparsely into small protein domains
(Figure 2B). The data of average molecule density on the
membrane also demonstrated a pronounced basal membrane
preference, with ~27.47 molecules per yum® on the apical
membrane and ~11.52 molecules per pm” on the basal
membrane (Figure 2E). With SR-Tesseler analysis (Figure S7),
this polarized distribution was further characterized by distinct
clustering patterns: basal membrane clusters exhibited larger
average areas (~0.050 um® vs ~0.032 um?) (Figure 2F),
higher intracluster point densities (~0.92 points per 100 nm*
vs ~0.67 points per 100 nm?) (Figure S8), and greater
molecular aggregation (~10.03 vs ~5.36 molecules per cluster)
(Figure 2G). Average coverage percentage of clusters on the
cell membrane also showed that most ASGPRs assembled into
large clusters to form more significant coverage of cluster
(~7.5%) on the basal membrane than that (~2.7%) on the
apical membrane (Figure 2H). These findings suggest that
ASGPR preferentially organizes into functional domains on the
basal membrane, where enhanced clustering may facilitate
more efficient ligand interactions through an increased local
receptor density. This spatial organization likely represents an
evolutionary adaptation to optimize ASGPR-mediated pro-
cesses with basal membrane clusters serving as primary sites for
ligand binding and signal transduction. The observed
clustering patterns provide new insights into the assembly
function relationship of ASGPR and its role in cellular
signaling pathways.

2250

Considering that ASGPR has been reported to be involved
in the growth and invasion of hepatocellular carcinoma (HCC)
cells,”"** we further revealed the specific assembly morphology
of ASGPR associated with its dysfunction on HCC cells by
comparing dSTORM imaging of normal liver cells (L-02 cells)
and HCC cells (Hep-G2 cells). Most ASGPRs were observed
to aggregate into markedly clustering distribution (Figure 2C)
on the basal membrane of Hep-G2 cells, whereas ones on the
L-02 cells mostly sparsely assembled into small domains
(Figure 2D). Quantitative analysis demonstrated a striking
increase in ASGPR expression on Hep-G2 cells (~27.47
molecules per ym?) compared to L-02 fundamental differences
in spatial organization (Figure 2E); Hep-G2 cells exhibited
larger cluster (~0.050 yum? vs ~0.022 um?) (Figure 2F), higher
intracluster point density (~0.92 per 100 nm?* vs ~0.63 points
per 100 nm*) (Figure S8), greater molecular aggregation
(~10.03 vs ~3.35 molecules/cluster) (Figure 2G), and
increased cluster coverage (~7.50% vs ~1.50%) (Figure 2H)
compared to normal cells.

These results demonstrate that Hep-G2 cells show enhanced
ASGPR expression not only by upregulating the total
expression but also by reorganizing into more extensive,
densely packed clusters. This transformation likely facilitates
more efficient substrate clearance, potentially contributing to
the tumor’s ability to manipulate its microenvironment. The
observed assembly changes in the ASGPR distribution may
represent a critical adaptation in cancer progression, offering
new insights into the relationship between receptor organ-
ization and cellular transformation in HCC. These assembly
alterations could serve as potential biomarkers for cancer
detection and therapeutic targeting.

To further confirm that the clustering assembly of ASGPR
serves as the primary functional domain for efficient ligand
binding and endocytosis, we directly observed the live cells
following incubation with ligand probes at 37 °C at different
times. We observed a time-dependent reduction in the number
of membrane-associated ASGPR clusters (Figure 3A—E(i)),
with residual proteins primarily existing as monomers or small
oligomers. Quantitative analysis revealed that compared with
normal Hep-G2 cells, incubation with ligand-probes caused a
significant decrease in membrane ASGPR density (from
~2747 to ~3.09 (10 min), ~3.11 (30 min), ~3.07 (60
min), ~3.02 (90 min), and ~2.79 (120 min) molecules per
um?) (Figure 3F), in cluster area (from ~0.050 ym? to ~0.026
pum? (10 min), ~0.025 um? (30 min), ~0.025 ym?* (60 min),
~0.024 pum* (90 min), and ~0.023 um” (120 min)) (Figure
3G), and in intracluster molecule number (from ~10.03 to
~3.15 (10 min), ~3.06 (30 min), ~3.04 (60 min), ~2.93 (90
min), and ~2.90 (120 min)) (Figure 3H). We also noted that
after endocytosis occurred, the distribution of residual ASGPR
on the cell membrane was almost unchanged as prolonged
incubation time, which was again reflected in the data of
average cluster density on cell membrane (~0.18 N per ym”
(10 min), ~0.19 N per ym* (30 min), ~0.17 N per um? (60
min), ~0.17 N per um? (90 min), and ~0.17 N per um? (120
min)) (Figure 3I). Additionally, we increased the incubated
concentration of ligand probes and found similar imaging
results, which eliminates the possibility that the relatively
constant distribution of remaining ASGPRs over time was due
to a lack of binding ligands in the extracellular environment
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Figure 4. Corresponding distribution changes of ASGPRs on cells whose different endocytic activities were inhibited. (A—C) Reconstructed
dSTORM images of ASGPRs on normal fixed cells (A), on cells treated by Pitstop2 (B), and on cells incubated at 4 °C for 20 min (C) from
TriGalNAc-probe labeling (upper) and antibody-probe labeling (below). (D—G) Compared histograms of the average molecule density on the cell
membrane (D), average cluster area (E), average molecule number in cluster (F), and percent-age of cluster area on the cell membrane (G) from
different imaging conditions. All data are statistical results of more than 10 cells from three independent experiments. The significant difference
analyses were performed by the unpaired two-tailed t-test, with “ns” meaning no significant difference, “****” meaning P < 0.0001. Scale bars are 5
um in (A—C) and are 500 nm in enlarged images.

(Figure S9). These changes indicate that incubating live cells We also conducted intracellular imaging of fluorescent
with ligand probes at 37 °C causes lots of ASGPR to probes (Figure 3A(iii)—E(iii)) and observed a dynamic change
participate in mediating the ligand’s endocytosis, especially in average point density inside cells, which increased from 45

those in large and compact assembly patterns. Notably, the to 258, peaked at 506, then decreased to 399, and finally
persistent presence of monomeric/oligomeric ASGPRs (2—4 dropped to 60 N per um® (Figure 3]). This temporal

proteins) suggests these forms are less active in endocytosis. progression revealed intracellular distribution changes of
We also observed the distribution of ASGPRs returning to ligand-probes from peripheral to perinuclear localization,
the cell membrane by using TriGalNAc-Alexa$32 labeling after consistent with endocytic transport and subsequent degrada-
incubation. The dynamic redistribution of returned ASGPR tion.
followed a distinct pattern: initial sparse distribution gradually These findings demonstrate that ASGPR-mediated endocy-
transitioned to pronounced clustering, peaking at 60 min tosis is tightly regulated through cluster formation and
before diminishing (Figure 3A—E(ii)). The statistical data disassembly. The large, dense clusters appear to function as
showed that the average molecule densities on the membrane high-efficiency endocytic platforms, while monomeric/oligo-
were ~6.11 (10 min), ~14.00 (30 min), ~28.00 (60 min), meric forms may represent an inactive reserve pool. This
~14.00 (90 min), and ~4.50 (120 min) molecules per pm? dynamic clustering behavior provides a mechanistic framework
(Figure 3F); the average cluster areas were ~0.024 ym? (10 for understanding ASGPR’s role in ligand internalization and
min), ~0.037 ym® (30 min), ~0.060 ym® (60 min), ~0.038 suggests potential strategies for modulating its activity in
um* (90 min), and ~0.025 um?® (120 min) (Figure 3G). therapeutic contexts.

Average molecule numbers in the cluster were ~5.26 (10 min),
~7.44 (30 min), ~12.59 (60 min), ~6.75 (90 min), and ~4.57
(120 min) (Figure 3H); average cluster densities on the cell To elucidate the relationship among ASGPR clustering, ligand
membrane were ~0.19 per um* (10 min), ~0.67 per um” (30 binding, and endocytosis efficiency, we systematically
min), ~1.00 per gm* (60 min), ~0.69 per um* (90 min), and perturbed the endocytic pathway and quantified the changes
~0.20 per pm* (120 min) (Figure 3I). This cyclical behavior, in ASGPR organization and function. Compared with normal

characterized by cluster reassembly and subsequent disassem- fixed cells (Figure 4A-upper), inhibition of clathrin-mediated
bly during endocytosis, strongly supports the functional endocytosis using Pitstop”®*” resulted in dramatic reorganiza-
importance of ASGPR clustering. tion of ASGPR (Figure 4B-upper), with molecule density on
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treated membranes decreasing by 68.80% (Figure 4D), cluster
size reducing by 58.00% (Figure 4E), intracluster molecule
number diminishing by 61.52% (Figure 4F), and cluster
coverage declining by 68% (Figure 4G). The corresponding
intracellular imaging revealed nearly no fluorescent point
inside the cells (Figure S10), confirming that clathrin-mediated
endocytosis is indeed the principal pathway for ligand
internalization via ASGPR. These findings suggest that clathrin
not only facilitates endocytosis but also promotes the
formation of functional ASGPR clusters, creating a positive
feedback loop that enhances ligand binding and internalization.

Furthermore, the corresponding imaging from antibody-
probe labeling also displayed a large reduction in both the
distribution amount and clustering morphology of ASGPRs on
the treated membranes (Figure 4B-below) compared to
imaging on normal fixed cells (Figure 4A-below). Molecule
density on treated membrane reduced by 55.16% (Figure 4D);
cluster area decreased by 66.67% (Figure 4E); protein number
per cluster declined by 24.77% (Figure 4F); and cluster
coverage percentage diminished by 76.36% (Figure 4G). These
similar imaging results from two types of probe labeling
suggest that clathrin is involved in the ASGPR-mediated
endocytosis by facilitating remarkable aggregation of ASGPR
into clusters, thereby enhancing its ability to bind with ligands.

We further investigated the binding changes of ASGPRs to
ligands in cells subjected at 4 °C, which was reported to restrict
cellular endocytosis by energy limitation.”**” There was nearly
no fluorescent spot distributed inside the cells incubated with
ligand probes at 4 °C (Figure S11), indicating that cells at 4 °C
did not undergo ASGPR-mediated ligand endocytosis. The
clustering distribution of fluorescent points on the membrane
was significantly reduced, leaving only small domains or
individual points (Figure 4C-upper). Molecule density on
treated membrane reduced by 64.58% (Figure 4D), cluster
area decreased by 54.00% (Figure 4E), protein number in the
cluster declined by 60.52% (Figure 4F), and coverage
percentage of clusters shrunk by 72.00% (Figure 4G). These
results indicate that when cellular endocytosis is inhibited at 4
°C, the binding amount of ASGPR to ligand probes become
significantly weaker. Moreover, similar imaging results of fixed
cells labeled with ligand-probes at various temperatures (4 °C,
room temperature of ~25 and 37 °C) confirmed that these
changes resulted from inhibited endocytosis rather than direct
temperature effects on ligand binding (Figure S12).

Furthermore, the corresponding antibody-probe labeling
provided complementary insights. Compared to normal cells,
the intensity of fluorescent dots on the cell surface remained
relatively unchanged (Figure 4C-below), as observed from the
average molecule density on the membrane (~16.35 vs ~16.57
molecules per ym®) (Figure 4D) and the average cluster
coverage (~10.80% vs ~11.00%) (Figure 4G). However,
detailed assembly patterns were markedly altered, as shown by
the average cluster area decreasing by ~25.40% (Figure 4E)
and the average molecule number in the cluster declining by
~36.15% (Figure 4F). This dissociation between total protein
density and cluster organization suggests that energy restriction
primarily affects ASGPR’s ability to form functional clusters
rather than its membrane association.

These findings establish a clear mechanistic link between the
ASGPR clustering and its functional capacity. This integrated
view of ASGPR organization and function provides new
insights into the regulation of receptor-mediated endocytosis
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and suggests potential strategies for modulating this process in
therapeutic contexts.

Additionally, these results also demonstrate that TriGalNAc-
probes can be used to visually assess ligand binding to ASGPR
by examining the distribution of fluorescent points, in addition
to as a specific fluorescent probe to display the real ASGPR
distribution under normal labeling conditions. To exclude that
the sparse distribution of ASGPRs on L-02 cells may be caused
by weak binding between ligand probes with ASGPRs, we
compared the imaging of fixed L-02 cells labeled with
antibody-probes and ligand probes. Similar imaging results
showed that the two labeling applications of ligand probes
were not conflicting (Figure S13).

About the assembly mechanism of ASGPR, we hypothesize
that, as a membrane lectin receptor, the clustering distribution
of ASGPRs may result from its cross-linking with membrane
carbohydrate molecules. Intact Sia residues on the receptor
were revealed as a requirement for the initial binding.”’ Here,
we examined whether Sia residues were involved in the
formation of ASGPR clusters and whether assembly changes of
ASGPRs alter the binding with ligands and subsequent
endocytic activity. Treatment of live cells with free Sia resulted
in a dramatic reorganization of ASGPR (Figure SA) compared
with that on normal cells (Figure SB), reducing the molecule
density on the membrane by 83.33% (Figure SI), cluster area
by 52.00% (Figure SJ), intracluster molecule number by
63.01% (Figure SK), and cluster coverage by 92.00% (Figure
SL). These changes indicate that Sia treatment significantly
weakens the binding of ASGPR to ligands, leaving the
distribution of ASGPRs capable of binding with ligands in
small domains or as scattered proteins.

The effects of Sia treatment were confirmed through
complementary antibody labeling on treated cells (Figure
SC) and normal cells (Figure SD), which showed similar
reductions in total membrane-associated ASGPR (56.67%)
(Figure SI), cluster organization (55.56% decrease in cluster
size) (Figure SJ), intracluster molecule number (64.92%)
(Figure SK), and cluster coverage (68.18%) (Figure SL). This
consistency across labeling methods demonstrates that Sia
disruption affects both ASGPR’s membrane association and its
organizational state, ultimately weakening the binding ability of
ASGPR to ligands.

To further elucidate the impact of Sia on the binding of
ASGPR to ligands, we directly observed the binding between
ASGPR and ligand probes on the cell membrane in the
presence of Sia at 37 °C (Figure SE) as well as the distribution
of internalized ligand probes within the cell (Figure S14). We
found that compared to normal incubation with ligand probes
(Figure SF), the presence of Sia resulted in a weaker
distribution of fluorescent points on the cell membrane, with
a decrease of 53.67% in the average molecule density on the
membrane (Figure SI), a reduction of 19.05% in the cluster
size (Figure SJ), a diminution of 48.98% decrease in the
average molecule number per cluster (Figure SK), and a
decrement of 70.59% in the cluster coverage (Figure SL).
Additionally, the intercellular imaging of endocytic ligand-
probes also showed a reduced distribution of ligand-probes
inside cell. These results once again confirmed that free Sia
treatment could attenuate the binding of ASGPR to ligand and
ultimately reduced the amount of endocytic ligands. We
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propose that free Sia may function as a competitive
carbohydrate, inhibiting the cross-linking of membrane
glyconjugates to form large clusters of ASGPRs, which results
in the formation of dispersed small domains or individual
proteins, and finally reduces the binding capacity of ASGPR to
ligand probes.

Further mechanistic insights came from PNGase F treat-
ment, which cleaves N-glycans from the glycoproteins. After
treating Hep-G2 cells with PNGase F, we respectively
employed ligand-probe labeling (Figure SG) and antibody-
probe labeling (Figure SH) for dSSTORM imaging to observe
ASGPR distribution changes. We found that both imaging
results displayed significant decreases in the distribution
amount and aggregated assembly state. The comparative
statistical results from ligand-probe labeling or antibody-probe
labeling show that PNGase F treatment yielded 80.45% or
67.11% reduction in molecule density on the treated
membrane (Figure SI), 48.00% or 56.67% decrease in the
cluster area (Figure SJ), 69.49% or 47.23% reduction in the
molecule number per cluster (Figure SK), and 78.67% or
82.73% decrease in the cluster coverage (Figure SL). These
results suggest that as a membrane glycoprotein, ASGPR
assembly is indeed influenced by the cross-linking effect of
membrane carbohydrate chains, which promotes the formation
of large protein clusters to maintain high binding capacity to
ligands.

These findings support a model in which ASGPR clustering
is maintained through a network of carbohydrate-mediated
interactions. The N-glycan scaffold, with its terminal Sia
residues, appears to serve as an organizational platform that
promotes the formation of functional ASGPR clusters. This
carbohydrate-dependent clustering mechanism provides a
potential regulatory point for modulating the ASGPR activity.

Our study provides comprehensive insights into the assembly
function relationship of ASGPR, revealing its organization
changes and functional regulation in receptor-mediated
endocytosis. Through synthesizing and validating the TriGal-
NAc ligand-based fluorescent probe, we demonstrated that
ASGPR formed functionally critical clusters on the HCC basal
membrane, with these high-density assemblies serving as
efficient platforms for ligand binding and internalization. Live-
cell labeling captured the cyclical nature of ASGPR-mediated
endocytosis: cluster disassembly during ligand internalization,
followed by receptor recycling and cluster reassembly for
subsequent rounds of endocytosis.

Functional perturbation experiments established a direct
correlation between ASGPR clustering and endocytic
efficiency. Inhibition of clathrin-mediated endocytosis or
energy restriction through low-temperature treatment dis-
rupted ASGPR clustering, reducing the ligand binding capacity
and endocytic activity. These findings highlight the inter-
dependence of ASGPR’s organizational state, ligand-binding
capability, and endocytic function.

Mechanistic studies revealed the critical role of membrane
carbohydrates in maintaining functional ASGPR clusters. Both
Sia competition and PNGase F mediated N-glycan cleavage
disrupted ASGPR clustering and membrane density, leading to
attenuated ligand binding. This carbohydrate-dependent
clustering mechanism provides a potential regulatory point
for modulating ASGPR activity with implications for
therapeutic targeting.
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In summary, these findings significantly advance our
understanding of ASGPR-mediated endocytosis, revealing a
dynamic cycle of cluster assembly and disassembly that
optimizes receptor function. The demonstrated relationship
between ASGPR organization and functional efficiency
provides a new framework for understanding membrane
receptor dynamics and offers critical insights into the
development of targeted drug delivery systems. Our ligand-
based probe, combined with super-resolution imaging,
establishes a powerful platform for further investigations of
receptor-mediated endocytosis and its therapeutic applications.

The data underlying this study are available in the published
article and its Supporting Information.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c00193.
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