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Clathrin-mediated endocytosis is essential for the removal of transmembrane proteins
from the plasma membrane in all eukaryotic cells. Many transmembrane proteins are
glycosylated. These proteins collectively comprise the glycocalyx, a sugar-rich layer at
the cell surface, which is responsible for intercellular adhesion and recognition. Previous
work has suggested that glycosylation of transmembrane proteins reduces their removal
from the plasma membrane by endocytosis. However, the mechanism responsible for
this effect remains unknown. To study the impact of glycosylation on endocytosis,
we replaced the ectodomain of the transferrin receptor, a well-studied transmembrane
protein that undergoes clathrin-mediated endocytosis, with the ectodomain of MUCI1,
which is highly glycosylated. When we expressed this transmembrane fusion protein
in mammalian epithelial cells, we found that its recruitment to endocytic structures
was substantially reduced in comparison to a version of the protein that lacked the
MUCI ectodomain. This reduction could not be explained by a loss of mobility on
the cell surface or changes in endocytic dynamics. Instead, we found that the bulky
MUCI ectodomain presented a steric barrier to endocytosis. Specifically, the peptide
backbone of the ectodomain and its glycosylation each made steric contributions, which
drove comparable reductions in endocytosis. These results suggest that glycosylation
constitutes a biophysical signal for retention of transmembrane proteins at the plasma
membrane. This mechanism could be modulated in multiple disease states that exploit
the glycocalyx, from cancer to atherosclerosis.

endocytosis | glycosylation | glycocalyx

Internalization of membrane proteins by clathrin-mediated endocytosis (CME) is essential
for diverse cellular functions including the modulation of receptor signaling pathways
and recycling of transmembrane proteins (1-3). During the initiation of an endocytic
structure, transmembrane proteins, which are the “cargo” of endocytic vesicles, are
recruited when they bind to adaptor proteins such as AP2, which in turn recruit the
clathrin coat (4-6). The resulting clathrin-coated structure grows and matures as more
transmembrane proteins and adaptor proteins are recruited. Once the vesicle is fully
formed, scission proteins such as dynamin cleave the neck of the clathrin-coated structure,
allowing a clathrin-coated vesicle to bud into the cytoplasm (7).

Previous work has identified the biochemical determinants of membrane protein inter-
nalization by CME. These include specific amino acid motifs found within the cytoplasmic
portions of transmembrane proteins, such as the YXX® and dileucine motifs, which are
recognized the adaptor protein, AP2 (8-10). In addition to these biochemical factors, it
is increasingly clear that the biophysical characteristics of transmembrane proteins also
play important roles in modulating the extent of their internalization by CME. Specifically,
a transmembrane protein’s steric bulk (11), multimerization state (12, 13), and the extent
to which it competes with other transmembrane proteins having similar biochemical
internalization motifs (14, 15), can each have a substantial impact on its endocytosis. In
particular, increasing the steric bulk of a transmembrane protein has been shown to pro-
portionally reduce its recruitment into endocytic structures, owing to the limited capacity
of these structures to accommodate transmembrane proteins (11).

One of the main factors that determines the steric bulk of a transmembrane protein is
the degree to which it is glycosylated. There are two major types of glycosylation, N-linked
and O-linked. In N-linked glycosylation, glycans are attached to asparagine residues
(16-19), whereas in O-linked glycosylation, they are attached to serine and threonine
residues (20-23). A negatively charged sialic acid glycan often terminates both N- and
O-glycan structures (24). As one example of highly glycosylated cargo proteins, mucins,
major constituents of the glycocalyx, are heavily O-glycosylated (25). Dysregulation of
mucins is associated with multiple pathologies. For example, overexpression of mucins
has been associated with lung diseases such as asthma, chronic obstructive pulmonary
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disease (COPD), cystic fibrosis, and some cancers (9, 26-29). In
particular, lower levels and aberrant forms of mucin glycosylation
are common features of tumor cells. Toward a better understand-
ing of the role of endocytosis in such processes (1-3), here we
probe the impact of glycosylation on the internalization of trans-
membrane proteins by CME.

To study the effect of glycosylation on the endocytosis of trans-
membrane proteins, we studied variants of mucin 1 (MUCI), a
heavily glycosylated transmembrane mucin that is known to be
taken up by CME (30-32). In particular, MUCL is a single-pass
type I transmembrane protein. It has a transmembrane domain that
tethers it to the plasma membrane, a 72-amino acid cytoplasmic
tail, and a heavily O-glycosylated ectodomain. The ectodomain
contains a variable number of 20-amino acid TRs (33). These TRs
are rich in threonine and serine residues, which are O-glycosylated
(21). In vivo, MUCI has many isoforms, each containing a different
number of TRs. A MUCI membrane protein with a greater number
of TRs has more potential sites for glycosylation. Importantly, gly-
cosylation contributes significantly to the molecular weight of
MUCI. Specifically, each MUCI tandem repeat has a molecular
weight of about 2 kDa and has 5 serine and threonine residues
available for glycosylation. The glycans attached to each site are
typically 6 to 7 monosaccharides in length and have a molecular
weight ranging from 500 to 1,300 Da. Therefore, if every site on
the tandem repeat were glycosylated, its molecular weight would
increase by twofold to fivefold (34-37).

Glycosylation of MUCI influences the hydrodynamic radius
of its tandem repeat domain (38). In the absence of glycosylation,
the persistence length of a peptide chain, which is the approximate
distance over which it can curve, is less than a nanometer (39). In
contrast, the persistence length of the glycosylated MUCI1 tandem
repeat domain has been estimated at 7 to 8 nm (38), presumably
owing to steric clashes among the O-glycans and electrostatic
repulsion among sialic acid residues at their termini. Because
hydrodynamic radius increases with increasing persistence length,
glycosylation is expected to substantially increase the hydrody-
namic radius of MUCT1’s tandem repeat domain.

Early work using bulk assays showed that endocytosis of MUCI
was significantly higher in glycosylation-deficient CHO cells in
comparison to wild-type CHO cells (31). More recently, it has been
reported that overexpression of MUCI is capable of crowding the
surface of the plasma membrane of mammalian cells, producing
steric pressure that induced spontaneous assembly of finger-like
membrane protrusions (38). Further, the incidence of these protru-
sions was found to increase with increasing MUCI expression level,
consistent with a density-based steric effect. Similarly, another recent
paper showed that glycosylated MUCI proteins were enriched in
regions of high outward membrane curvature, where their steric
bulk may be more easily accommodated, avoiding areas of inward
membrane curvature, such as endocytic structures (40). These find-
ings collectively suggest that the steric bulk associated with glyco-
sylation enables transmembrane proteins to escape endocytosis.
However, the mechanisms responsible for this phenomenon remain
unknown, largely because the effect of glycosylation on the dynam-
ics and content of endocytic structures has never been examined.
Here, we use live-cell imaging to study a large ensemble of individual
clathrin-mediated endocytic events with the goal of understanding
the impact of glycosylation on endocytosis.

Results

Glycosylated Transmembrane Fusion Proteins Partition Weakly
into Clathrin-Coated Structures. To evaluate the effect of glycosyl-
ation on the endocytosis of transmembrane proteins, we designed
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chimeric membrane proteins consisting of the N-terminal ectodo-
main of MUCT fused to green fluorescent protein (GFP), fused
to the transmembrane and intracellular domains of the transfer-
rin receptor (TfR), (Fig. 1 A-D). We chose the intracellular and
transmembrane domains of TR because TfR’s internalization by
CME is strong and well characterized (8, 41-43). Notably, the
native intracellular domain of MUCI contains a YXX® motif
that mediates internalization by the clathrin pathway (30, 31).
Owing to diffraction-limited blurring, the extent of colocalization
between native MUCI and endocytic structures was barely above
the noise level in our images (S Appendix, Fig. S1). Therefore, to
promote strong recruitment of proteins into endocytic structures
that we could more easily study and modulate, we created chimeric
“transmembrane fusion proteins” consisting of the tandem repeat
ectodomain of MUCI and the intracellular and transmembrane
domains of TfR.

Using this approach, we generated transmembrane fusion pro-
teins with ectodomains that contained different numbers of tan-
dem repeats (TRs) in the ectodomain as follows: zero (0TR), two
(2TR), five (5TR), or 10 TRs (10TR) (Fig. 1 A-D). The illustra-
tions of the transmembrane fusion proteins in Fig. 1 A-D are
drawn to scale based on previously determined estimates of the
radius of gyration of MUCI tandem repeat domains (44).
Notably, the transmembrane fusion proteins only include the
intracellular and transmembrane domains of the TfR, such that
any glycosylation normally associated with the extracellular
domain of the TfR is not present in these chimeras. Each of the
transmembrane fusion proteins was separately expressed in retinal
pigmented epithelial cells (RPE). The cells also stably expressed
clathrin light chain tagged with mCherry, for the visualization of
clathrin-mediated endocytic structures (45). RPE cells are com-
monly used in studies of endocytosis due to their large and well-
spread lamellipodia, which enable visualization of the plasma
membrane (46). The plasma membranes of these cells, proximal
to the coverslip surfaces on which they were cultured, were
imaged using spinning disk confocal microscopy. First, we exam-
ined the plasma membrane of live RPE cells expressing the zero
tandem repeat protein (0TR). Fig. 1E shows that the plasma
membrane has a punctate appearance in the transmembrane pro-
tein channel. In particular, the images showed strong colocaliza-
tion of the transmembrane fusion protein (GFP) with clathrin
(mCherry), suggesting that the 0TR protein was incorporated
into clathrin-coated structures.

Similarly, we examined confocal images of cells expressing the
2TR, 5TR, and 10TR fusion proteins (Fig. 1 F~H). Interestingly,
as the number of TRs increased, the intensity of the fusion pro-
teins (GFP) within puncta that colocalized with clathrin (mCherry)
appeared to decrease relative to the surrounding plasma membrane
intensity in the fusion protein channel (Fig. 1 #~H). This obser-
vation suggests that the presence of an ectodomain of increasing
molecular weight may have opposed endocytosis of the transmem-
brane fusion proteins.

Why might glycosylation oppose endocytosis of transmembrane
proteins? We considered two distinct hypotheses. First, we con-
sidered whether reduced endocytosis of glycosylated membrane
proteins could be due to slower recruitment of the proteins into
endocytic structures within the brief 20 to 120-s lifetime of each
endocytic event. Second, we investigated the impact of steric inter-
actions between transmembrane proteins on endocytosis.
Specifically, we asked whether the increased steric bulk of trans-
membrane proteins with larger numbers of TRs could result in
reduced endocytosis owing to limited space available within endo-
cytic structures. We present our findings with respect to each of
these hypotheses in the following sections.
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Glycosylated transmembrane fusion proteins partition weakly into clathrin-coated structures. (A-D) A schematic of transmembrane fusion proteins with

an incremental increase in the number of MUC1 tandem repeats from (A) zero tandem repeats, (B) two tandem repeats, (C) five tandem repeats, (D) ten tandem
repeats. (E-H) Spinning disk confocal images of the plasma membrane of RPE cells transiently expressing the transmembrane fusion proteins with (E) zero tandem
repeats, (F) two tandem repeats, (G) five tandem repeats, (H) 10 tandem repeats. The white box in the top image indicates the location of the smaller Insets.

The Timescale of Protein Loading into Clathrin-Coated Structures
Is Unaffected by MUC1’s Ectodomain. To evaluate the impact of
MUCT’s ectodomain on the dynamics of transmembrane fusion
protein recruitment into endocytic structures, we imaged the
recruitment of fusion proteins into growing endocytic structures
in real time using TIRF (total internal reflection fluorescence)
microscopy. TIRF microscopy is a preferred technique for tracking
the dynamics of endocytic structures because the evanescent field
of the internally reflected beam has a shallow penetration depth
(-100 nm) that illuminates the plasma membrane, while largely
excluding fluorescence intensity originating from the cellular
cytoplasm and organelles (46, 47). Using this approach, we collected
images every two seconds for a total of 10 min. These image series
were collected in the same two fluorescent channels used in Fig. 1:
i) clathrin light chain (mCherry) and ii) transmembrane fusion
protein (GFP). The time series was analyzed to identify and track
individual endocytic events, from initiation to departure (Fig. 2
B and D). Specifically, we used a publicly available algorithm,
CMEAnalysis (46) to detect and track the fluorescent intensities of
hundreds of endocytic structures per cell, where the clathrin light
chain signal was the “master channel” used to identify endocytic
structures, and the transmembrane fusion protein channel was the
“subordinate channel”, from which the intensity of each structure,
relative to the local background signal, was estimated (46). To
quantify transmembrane fusion protein partitioning within the
images, we used CMEAnalysis. Furthermore, this software detects
clathrin-coated structures by fitting a 2D Gaussian function
to the fluorescent puncta in the clathrin-light chain channel
(mCherry). Once these puncta were detected in the mCherry
channel, a 2D Gaussian function was fit to the corresponding
fluorescent puncta in the transmembrane fusion protein channel
(GFP). The amplitudes from these fits were used to estimate the
relative concentration of clathrin-light chain and transmembrane
fusion proteins within each clathrin-coated structure. Next, the
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fluorescence intensity surrounding the detected structure was
averaged to estimate the relative concentration of the proteins
at the plasma membrane. Notably, S7 Appendix, Fig. S2 shows
the fraction of detected endocytic structures with transmembrane
fusion protein fluorescence below the detection threshold increases
as the number of TRs on the protein ectodomain increases. Finally,
each detected clathrin-coated structure was tracked over its lifetime
on the plasma membrane by linking the corresponding locations
of each detection between consecutive frames.

Clathrin-mediated endocytic events have a broad range of life-
times at the plasma membrane, from tens of seconds to minutes,
with most structures lasting less than 120 s (12, 46). Therefore,
we grouped endocytic events into cohorts based on their lifetimes
at the plasma membrane, the time from appearance to disappear-
ance. The cohorts included 10 to 19 s, 20 to 39 s, 40 to 59 s, 60
t079s, 80 to 99 s, and 100 to 120 s. The distribution of clathrin-
coated structures across these cohorts was not substantially differ-
ent between cells expressing either the 0TR or the 10TR fusion
proteins, suggesting that the presence of MUC1’s ectodomain did
not shift the underlying dynamics of CME (Fig. 2E).

To evaluate the dynamics of transmembrane fusion protein entry
into endocytic structures, we plotted the intensity of endocytic
structures over time, for both clathrin light chain (mCherry) and
the fusion protein (GFP), during individual endocytic events. For
ease of comparison of dynamics across conditions, we averaged the
intensity profiles of all clathrin-coated structures with lifetimes
ranging 10 to 120 s. In Fig. 2 Fand G, these intensity profiles were
plotted over a percentage of the clathrin-coated structure’s lifetime.
In these plots, we observed that the intensity of the clathrin signal
increased during the first 30% of the average structure’s lifetime,
remained relatively constant for the next 40% of its lifetime, and
then decreased during the final 30% of its lifetime. A similar pat-
tern was observed for the intensity of the transmembrane fusion
protein at endocytic structures. Specifically, for endocytic structures
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Fig. 2. The dynamics of protein loading into clathrin-coated structures are unaffected by MUC1's ectodomain. (A and C) TIRF microscopy images of the plasma
membrane of RPE cells transiently expressing either (A) TfR-GFP-OTR or (C) TfR-GFP-10TR. (B and D) A sequence of images showing the maturation of one CCP
tracked through its lifetime on the plasma membrane in cells expressing either (B) TfR-GFP-0TR or (D) TfR-GFP-10TR. (E) The lifetime distribution of clathrin-coated
structures for cells expressing either TfR-GFP-OTR or TfR-GFP-10TR. The data points represent individual cells. The average lifetime of all CLC-mCherry positive
tracks was 37.0 s for cells expressing TfR-GFP-OTR and 39.7 s for TfR-GFP-10TR. A two-tailed t test confirmed that the difference is statistically not significant
(P > 0.05) between these data. (F and G) Fluorescence intensity of clathrin-coated structures tracked over their lifetime on the plasma membrane in RPE cells
expressing either (F) TfR-GFP-0TR or (G) TfR-GFP-10TR. The red curves track the fluorescence signal of mCherry-tagged clathrin light chain and the green curves
track the GFP-tagged transmembrane fusion proteins. Seventeen cells were analyzed resulting in 8143 CCSs tracked in (F), and 16 cells were analyzed resulting
in 6,698 CCS tracked in (G). The shaded areas represent the mean + SE for the intensity profiles of CLC-mCherry and transmembrane fusion protein. (H) FRAP
recovery curves for multiple cells were averaged for both the conditions, TfR-GFP-OTR and TfR-GFP-10TR. Data from 12 cells were averaged for TfR-GFP-0TR,
and data from 13 cells were averaged for TfR-GFP-10TR. A two-tailed t test was conducted for the best-fit values of the mobile fraction and half-time of recovery.
P-value >0.05 for half-time of recovery (P-value = 0.95) and mobile fraction (P-value = 0.43) suggesting that difference between the datasets is statistically not
significant. (/) Image series of fluorescence recovery at the plasma membrane of cells expressing TfR-GFP-0TR (Top) or TfR-GFP-10TR (Bottom). A square region of
5.3 pm on each side was bleached, and fluorescence recovery was tracked over 5 min. (/) Bar plots of the averaged mobile fraction and (K) half-time of recovery
for TfR-GFP-OTR and TfR-GFP-10TR.

taken from cells expressing either the 0TR or 10TR fusion proteins,
the intensity in the fusion protein channel also reached its steady-
state value within the first 30% of its lifetime, similar to the rise in
intensity in the clathrin channel. For both fusion proteins, it is
clear that the steady-state intensity in the fusion protein channel
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was reached well before the clathrin signal began to decrease. These
results suggest that entry of transmembrane fusion proteins into
growing endocytic structures is a rapid process with a timescale
substantially less than the time required for growth and maturation
of endocytic structures. Thus, a dynamic equilibrium likely exists
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between the population of transmembrane fusion proteins within
clathrin-coated structures and the population on the surrounding
plasma membrane, consistent with our previous work (11). This
dynamic equilibrium appears to be established within the early
stages of initiation of clathrin-coated structures, suggesting that
these structures are filled to their equilibrium capacity with trans-
membrane proteins well before they are ready to depart from the
plasma membrane surface.

To examine mobility of the transmembrane fusion proteins on
the plasma membrane, fluorescence recovery after photobleaching
(FRAP) measurements were made. The plasma membrane of RPE
cells expressing either the 0TR or 10TR fusion proteins was pho-
tobleached, and fluorescence recovery was tracked (Fig. 2 Hand /).
The FRAP measurements showed that the recovery fraction, or
mobile fraction, and the recovery time were very similar (Fig. 2 J
and K) for both fusion proteins. This result suggests that the mobil-
ity of the transmembrane fusion proteins on the plasma membrane
was not substantially impacted by the presence of the MUCT ecto-
domain. Notably, these results are in line with the Saffman—
Delbriick model, which predicts that the diffusion constant of a
transmembrane protein should scale with the size of the transmem-
brane domain rather than that of the ectodomain (48).

Taken together, these data suggest that the reduced recruit-
ment of the 10TR fusion protein into endocytic structures, rel-
ative to 0TR, cannot be explained by any of the following factors
related to cellular dynamics: i) reduced mobility of 10TR on the
membrane surface, ii) slower diffusion of 10TR into endocytic
structures, or iii) altered dynamics of endocytosis in cells express-
ing 10TR.

Recruitment of Transmembrane Fusion Proteins into Clathrin-
Coated Structures Decreases as the Molecular Weight of the
Glycosylated Ectodomain Increases. If the reduced recruitment
of the 10TR fusion protein relative to 0TR cannot be explained by
slower dynamics on the plasma membrane surface, then perhaps
the greater steric bulk of 10TR could be responsible for the
reduction. To investigate this hypothesis, we measured the steady-
state partitioning of each of the transmembrane fusion proteins
(0TR, 3TR, 5TR, and 10TR) between endocytic structures and
the surrounding plasma membrane. To make this measurement,
we expressed each of the fusion proteins in RPE cells and acquired
images of the plasma membrane at a single time point (Fig. 1 £-H).
To quantify transmembrane fusion protein partitioning within
the images, we used CMEAnalysis (46). As previously described,
this software fits a 2D Gaussian to puncta in the clathrin-light
chain channel. Next, it fits a 2D Gaussian in the corresponding
location in the transmembrane fusion protein channel. It also
produces statistics such as the amplitude of the gaussian fit. These
amplitudes represent raw, nonnormalized values and can therefore
be quantitatively compared between transmembrane fusion pro-
teins in the same plot. The amplitude of the fit is interpreted to
be roughly proportional to the number of fusion proteins per
endocytic structure. Using these data, we plotted the relative num-
ber of fusion proteins per endocytic structure as a function of the
relative concentration of the fusion protein on the surrounding
plasma membrane. In the resulting plots, the relative number of
fusion proteins within each clathrin-coated structure initially
increased with an increase in the relative concentration of fusion
proteins on the surrounding plasma membrane (Fig. 34).
Eventually the relative number of transmembrane fusion proteins
within clathrin-coated structures began to plateau toward a max-
imum value. This maximum value represents the relative number
of transmembrane fusion proteins that are required to saturate a
clathrin-coated structure, as described previously (11).

PNAS 2023 Vol.120 No.15 2215815120

From these data, it is clear that the saturated capacity of
clathrin-coated structures for transmembrane fusion proteins
declined considerably as the number of TRs increased from 0 to
10. To estimate the saturated capacity, we applied a simple physical
model, which we reported previously (11), Eq. 1. This model
describes the loading of transmembrane proteins into endocytic
structures as a simple, multivalent binding problem, where the
average number of fusion proteins per structure, <n>, depends on
the saturated capacity per endocytic structure (N, ,.), the relative
concentration of fusion proteins on the surrounding plasma mem-

brane (C,,,), and the dissociation constant of binding between
the fusion protein and the endocytic structure (K g).

<n> = NmaxCmem 1

Kdeff + Cmem’ [

In line with our findings in Fig. 2, this model assumes that the
number of fusion proteins per endocytic structure is determined
by a dynamic equilibrium between the population of fusion pro-
teins inside and outside the structure. We applied equation Eq. 1
to the data in Fig. 34 for the 0TR fusion protein, leaving both
N,,.. and K ¢ as free parameters. We assume that K 4should have
the same value for each of the four fusion proteins (10TR, 5TR,
2TR, and 0TR), because they each display the same binding
domain for the endocytic machinery. In contrast, we expected
N,,.. to decrease as the number of TRs increased, owing to the
increased bulk of the transmembrane fusion protein. Therefore,
we held the value of K4, determined from fitting the 0TR data,
constant, and fit the data for the remaining transmembrane fusion
proteins (2TR, 5TR, and 10TR), with N, as the only free
parameter (Fig. 34). Notably, the horizontal axis in Fig. 34 rep-
resents the local, background-subtracted fluorescence intensity at
the membrane surface immediately surrounding each punctum.
We interpret this intensity as being roughly proportional to the
local expression level of transmembrane fusion proteins. Data for
each fusion protein are plotted over the same range, ensuring that
the range of expression levels in all experiments is the same. Fig. 38
shows the resulting values of N, which declined approximately
fivefold as the number of TRs increased from 0 to 10, with more
modest reductions for 2TR and 5TR, relative to 0TR. Notably,
the fluorescence intensity of TfR-GFP-10TR within endocytic
structures was just above the threshold for reliable detection by
CMEAnalysis. Therefore, we did not attempt to quantity the
recruitment of transmembrane fusion proteins containing more
than 10 TRs. In vivo, MUCI can have as many as 42 TRs. Based
on our results, we would expect these larger ectodomains to further
restrict the uptake of MUCI by endocytosis. Furthermore, we
cannot rule out the possibility of coupling between N, . and K ¢
perhaps through electrostatic effects, yet our data are reasonably
well fit by assuming them to be independent. These results demon-
strate that increasing the number of TRs in the ectodomain of the
transmembrane fusion protein results in a reduced ability of endo-
cytic structures to accommodate the proteins, likely owing to a
corresponding increase in the steric bulk, as depicted in Fig. 3C.

Notably, owing to the moderate expression levels of the trans-
membrane fusion proteins used in these experiments, we do not
expect the chain to substantially straighten due to steric pressure.
Therefore, we have not accounted for crowding induced changes
to N, ... However, we cannot rule out that steric pressure may
influence the true capacity of endocytic structures for transmem-
brane proteins.

Furthermore, we made a similar observation for the native
MUCI transmembrane protein, where a decrease of approximately
twofold in the uptake of MUCI-GFP-10TR was measured
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CCSs as the number of MUC1 tandem repeats increases.

compared to MUC1-GFP-0TR (SI Appendix, Fig. S3). These results
confirm that glycosylated TRs on the MUCI ectodomain impact
its recruitment into endocytic structures. Notably, in line with these
results, the apparent lower affinity of native MUC1 for endocytic
structures in comparison to our transmembrane fusion proteins
does not imply that native MUCI proteins are free from the influ-
ence of steric pressure, which is present throughout the plasma
membrane surface. Instead, we interpret the low copy number of
native MUCI proteins at endocytic structures to indicate that native
MUCI is largely outcompeted, through a combination of steric
and biochemical contributions, by the myriad of other transmem-
brane proteins present at these sites (11). Specifically, the low affinity
of native MUCI for endocytic sites makes its internalization more
vulnerable to steric exclusion as the size of its tandem repeat domain
increases. Nonetheless, as noted above, the signal to background
ratio in experiments with native MUCI1 was barely above the thresh-
old for detection, SI Appendix, Fig. S3. Therefore, we chose to use
the TfR fusion proteins introduced above to study the mechanism
by which the tandem repeat domain inhibits localization of trans-
membrane proteins to endocytic structures.

Taking together the results from Fig. 3, both the increasing
length of the tandem repeat protein backbone and its increasing
potential for glycosylation could contribute to the steric bulk of
the transmembrane fusion proteins. We next sought to determine
the extent to which each of these factors inhibit recruitment of
fusion proteins into endocytic structures.

A Model Receptor/Ligand System Can Be Used to Compare
Tandem Repeat Domains Derived from Bacteria and Mammalian
Cells. To distinguish the relative impacts on endocytosis of i) the
peptide backbone of the tandem repeat domain, and ii) the
glycosylation of the tandem repeat domain, we devised a strategy to

https://doi.org/10.1073/pnas.2215815120

generate tandem repeat domains with and without glycosylation.
In particular, because bacteria lack O-glycosylation machinery
(49-52), tandem repeat domains produced in Escherichia Coli.
should have little or no glycosylation in comparison to tandem
repeat domains expressed in mammalian cells. To compare
domains produced in bacterial vs. mammalian hosts, we expressed
the tandem repeat domains as soluble “ligands”, which bound to
amodel “receptor” expressed on the plasma membrane surfaces of
RPE cells. Similar to the 0TR fusion protein described above, the
model receptor consisted of the intracellular and transmembrane
domains of the TfR, followed by a blue fluorescent protein (BFP)
domain. Additionally, the C terminus of the model receptor was
fused to a single-domain antibody against GFP (53), such that
the receptor was capable of recruiting GFP-tagged “ligands” to
the plasma membrane surface. As a control for the absence of
the tandem repeat domain, GFP alone was used as the ligand
(Fig. 4A4). This control ligand was produced in bacteria as described
in the methods section. To test the impact of the tandem repeat
domain, a model ligand consisting of an N-terminal GFP domain
fused to the 10 tandem repeat domain of MUCI was used. When
produced in bacteria, to avoid glycosylation, we refer to this ligand
as bact-GFP-10TR (Fig. 4B). Here, the absence of significant
glycosylation was confirmed by mass spectrometry (SI Appendix,
Fig. S5). When glycosylation was desired, we produced the ligand
by coexpressing it in RPE cells alongside the model receptor. The
resulting ligand, mam-GFP-10TR, was secreted by RPE cells into
the extracellular solution, where it was free to bind to the model
receptor on the outer cell surface (Fig. 4C).

Fig. 4 D-F shows fluorescent images of the model ligands, GFP,
bact-GFP-10TR, and mam-GFP-10TR, recruited to the surfaces
of RPE cells by the model receptor. For each ligand, clear colocal-
ization with the model receptor (BFP) was observed, suggesting
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Fig. 4. A model receptor/ligand system can be used to compare tandem repeat domains derived from bacteria and mammalian cells. (A-C) A Schematic of
the model receptor bound to the ligands: (A) GFP, (B) bact-GFP-10TR, or (C) mam-GFP-10TR. (D-F) Fluorescent images of the plasma membrane of RPE cells
expressing the model receptor, TfR-BFP-GFPnb (the Top), and the ligands: (D) GFP, (E) bact-GFP-10TR, and (F) mam-GFP-10TR (Bottom). The images show strong
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represent mean + SE.

that the ligands were recruited to the cell surface by the GFP—
nanobody interaction, as expected. To further confirm recruitment
of the ligands to the model receptor, Fig. 4G plots the intensity
at endocytic structures (mCherry-positive puncta) in the ligand
channel, relative to the intensity of the same puncta in the model
receptor channel. Each of these trends displays a clear positive
slope, indicating that endocytic structures with a greater number
of model receptors recruited a greater number of ligands, as
expected. Notably, the slope is somewhat higher for the GFP
ligand, compared to the bact-GFP-10TR, which has a greater
slope in comparison to the mam-GFP-10TR ligand. This finding
suggests that the presence of the tandem repeat domain, and its
glycosylation, may lower the receptor-ligand affinity, likely owing
to steric inhibition. Nonetheless, all three ligands were strongly
recruited to endocytic structures on the cell surface by the model
receptor. To prevent the apparent differences in the binding affin-
ity of the ligands and the effective concentrations of the ligand
binding the membrane from impacting our conclusions, the anal-
ysis in the following sections (Figs. 5 and 6) compares groups of
cells and endocytic structures with equivalent ligand binding,
rather than equivalent expression of the model receptor.

PNAS 2023 Vol.120 No.15 2215815120

Tandem Repeat Domains Purified from Bacterial Cells Have
Little or No Glycosylation in Comparison to Those Excreted by
Mammalian Cells. Having confirmed recruitment of the ligands
to endocytic structures containing the model receptor, we further
confirmed the in-situ glycosylation of the recruited ligands by
staining the cell surface with peanut agglutinin (PNA). PNA binds
specifically to galactose residues, which are abundant in O-linked
glycans, such as those on the MUCI TRs (54, 55). Specifically,
RPE cells expressing the model receptor were first exposed to one
of three ligands, either by addition to the culture (GFP, bact-GFP-
10TR) or by coexpression with the model receptor (mam-GFP-
10TR). Then PNA-Alexa 647 was added to the culture, where it
stained the surfaces of the cell. Fig. 5 A-D shows images of the
plasma membrane surface in the ligand (GFP), and PNA (Alexa
647) channels. As a positive control, cells expressing the 10TR
fusion protein (GFP) are also included (Fig. 5D). Because 10TR
is expressed entirely within the mammalian RPE cells, we expect
it to be O-glycosylated. To compare PNA recruitment among
these conditions, cells with similar levels of GFP fluorescence at
the plasma membrane were imaged and compared. The images
indicate that cells expressing 10TR (positive control) recruited

https://doi.org/10.1073/pnas.2215815120 7 of 11
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a substantially greater amount of PNA in comparison to cells
recruiting the GFP ligand (negative control), compare Fig. 5 A
and D. This result suggests that overexpression of the 10TR fusion
protein substantially increased the incidence of O-glycosylation at
the plasma membrane surface, in agreement with previous studies
in which the MUCI tandem repeat domain was overexpressed
(38). In comparison, cells that recruited the bact-GFP-10TR
ligand bound low levels of PNA (Fig. 5B), similar to the negative
control, while cells that recruited mam-GFP-10TR bound
substantially higher levels of PNA (Fig. 5C), approaching that of
the positive control.

To quantify the extent of PNA recruitment by the ligands and
the 10TR fusion protein, we analyzed our images and plotted
the concentration of PNA (Alexa647) versus the concentration
of the ligand or 10TR fusion protein (GFP) on the plasma mem-
brane surrounding endocytic structures (Fig. 5E). Here, the

https://doi.org/10.1073/pnas.2215815120

positive control (10TR) had a substantially higher slope relative
to the negative control (GFP ligand), demonstrating that, for a
given concentration at the cell surface, 10TR recruited substan-
tially more PNA in comparison to the GFP ligand. The slope of
the corresponding curve for cells displaying the bact-GFP-10TR
ligand is similar to that of the negative control, while cells dis-
playing the mam-GFP-10TR ligand produced a curve with a
substantially higher slope, similar to that of the positive control.
Taken together, these results suggest that the GFP-10TR ligand
bares a substantial degree of O-glycosylation when produced in
mammalian cells (mam-GFP-10TR) and little or no glycosyla-
tion when produced in bacteria (bact-GFP-10TR). Similarly, we
confirmed the glycosylation of the transmembrane fusion pro-
teins used in the assays in Figs. 1-3. Specifically, we found a
linear increase in PNA staining with an increasing number of
TRs in the transmembrane fusion proteins (87 Appendix, Fig. S4
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E and F). Furthermore, we performed a western blot to evaluate
the extent of glycosylation that occurred on mam-GFP-10TR
and found an increase in its effective molecular weight of about
70 kDa (S Appendix, Fig. S6). We next evaluated the relative
ability of clathrin-mediated endocytic structures to recruit model
receptors bound to the two ligands.

Glycosylation Contributes Significantly to the Reduced
Endocytosis of Ligands That Contain the MUC1 Tandem Repeat
Domain. To evaluate endocytosis of the ligand-bound model
receptors, we imaged cells recruiting each ligand: GFD bact-
GFP-10TR, and mam-GFP-10TR. Here, again we used cells
expressing the 10TR fusion protein as a positive control. In each
case, we compared cells with a similar overall intensity of GFP
at the plasma membrane, and observed the partitioning of the
GFP signal between endocytic structures and the surrounding
plasma membrane (Fig. 6 A-D). As seen from comparing Fig. 6
A and D, partitioning of the GFP signal to endocytic structures
was substantially weaker for cells that expressed the 10TR
fusion protein compared to cells that recruited the GFP ligand.
Meanwhile, cells that recruited the mam-GFP-10TR ligand had
relatively low contrast, similar to 10TR, while cells that recruited
the bact-GFP-10TR ligand appeared to have intermediate contrast.

To quantify these observations, we constructed recruitment
curves similar to Fig. 34, above. Specifically, we quantified the

PNAS 2023 Vol.120 No.15 2215815120

intensity of each ligand within clathrin-coated structures, as well
as the intensity of the ligand on the surrounding plasma mem-
brane. Fig. 6E shows the results of this analysis. As described
above, the relative number of ligands per endocytic structure
initially increased linearly with increasing relative ligand concen-
tration on the surrounding plasma membrane before plateauing
toward the saturated capacity of endocytic structures for the
ligand-bound receptor. From these data, it is evident that the
saturated capacity is highest for the GFP-bound receptor and
lowest for the 10TR fusion protein. When the receptor bound
to the mam-GFP-10TR ligand, the relative number of ligand-
bound receptors was approximately the same as for 10TR. In
contrast, for receptors bound to the bact-GFP-10TR ligand, the
relative number of ligand-bound receptors was significantly
greater, falling midway between the data for the GFP (negative
control) and mam-GFP-10TR ligands (Fig. 6E). These results
suggest that the ability of the tandem repeat domain to inhibit
endocytosis of transmembrane proteins is derived in part from
the steric bulk of the tandem repeat domain itself, and in part
from the glycosylation of this domain, which would be expected
to significantly increase its steric bulk and net charge (38).
Notably, intracellular signal from the ligands, which usually
appears as puncta within the endosomes, did not colocalize with
clathrin-coated structures, and were therefore excluded from the
analysis in Fig. 6 £ and F.
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Conclusion

Here, we have used live-cell imaging of large ensembles of indi-
vidual endocytic events to study the impact of MUCI’s tandem
repeat domain on endocytosis. Surprisingly, we find that expres-
sion of MUCI1 TRs at the plasma membrane has little, if any
impact on endocytic dynamics or the timescale over which trans-
membrane proteins enter endocytic structures. In contrast, our
results reveal that the steric bulk of the MUCI ectodomain limits
the number of transmembrane fusion proteins that can be accom-
modated within each clathrin-coated structure. Specifically, we
demonstrate that increasing the length and glycosylation state of
the MUCI tandem repeat domain collectively decreases the capac-
ity of endocytic structures for the transmembrane fusion proteins
by more than fivefold.

Our results are in close agreement with a recent report, which
suggests that the MUCI ectodomain chain length influences gly-
cocalyx properties. Notably, Park etal., 2022 found that the
MUCI tandem repeat length, in addition to other factors, impacts
the crowding and extension of the ectodomain, ultimately altering
the glycocalyx thickness (44). Further, we found that nearly half
of the decrease in recruitment associated with MUC1’s ectodo-
main was due to the molecular weight of the tandem repeat
domain itself, in the absence of glycosylation, while the remaining
portion arose directly from glycosylation. Although Shurer et al.,
2019 reported a relatively small impact of the glycosylation state
of MUCI on the formation of membrane tubules, they observed
adecrease in its membrane density (38). Nonetheless, their results
are largely in agreement with our findings.

MUCI, a clinical biomarker for cancer, experiences differential
glycosylation in tumor cells. Some tumor cells exhibit increased
expression of glycosylated MUCI and other mucins, which leads
to a dense glycocalyx that is thought to promote metastasis by
inhibiting integrin-mediated adhesion of cells to the extracellular
matrix (56). Our results help to explain the connection between
increased glycosylation and accumulation of glycosylated proteins
at the plasma membrane. Specifically, we have shown that as gly-
cosylation increases, glycocalyx proteins, such as MUCI, become
more difficult to remove from the plasma membrane by endocy-
tosis, setting up a positive feedback loop that would be expected
to increase glycocalyx density.

In other contexts, tumor cells express MUCI with truncated
O-glycans (31, 57), which correlates with accumulation of MUC1
intracellularly, rather than at the plasma membrane (31). This
accumulation is thought to promote multiple types of oncogenic
signaling (58). Our results help to explain the connection between
truncated glycans and intracellular accumulation of MUCI. In
particular, we have shown that as glycosylation decreases, glycoc-
alyx proteins, such as MUCI, can be more easily removed from
the plasma membrane by endocytosis, setting up a negative feed-
back loop that would be expected to deplete the glycocalyx.
Through similar mechanisms, loss of cell surface glycans owing to
endocytosis could play a role in diseases such as COPD and ath-
erosclerosis, where the integrity of the glycocalyx is progressively
compromised (59, 60). Owing to the critical role of both glyco-
sylation and endocytosis in many cellular processes, our findings
could have broad implications for normal and aberrant cellular

physiology.
Materials and Methods

Cell Culture and Transfection. Human RPE (ARPE-19) cells expressing
mCherry-tagged clathrin light chain (RPE-CLC-mCherry) were received as a gift
from Allen Liu (University of Michigan) and Sandra Schmid (University of Texas

https://doi.org/10.1073/pnas.2215815120

Southwestern). Cells were cultured in 50% Dulbecco's modified eagle medium,
50% of F12 nutrient mixture, supplemented with 10% fetal bovine serum, 20 mM
HEPES, 1% Pen/Strep/L-glutamine. Cells were grown at 37 °C with 5% CO,. For flu-
orescence microscopy assays, RPE-CLC-mCherry cells were seeded on acid-washed
coverslips at a density of 50,000 cells per coverslip. Cells were transfected 24 h
after seeding on coverslips; 3 pL Fugene HD (Promega, Madison, W) transfection
reagent was used to transfect 1 pg of each plasmid. Protein expression of the
MUCT ectodomain variants (TfR-GFP-10TR, TfR-GFP-5TR, TfR-GFP-1TR, TfR-GFP-0TR)
was induced with 0.05 pg/mL Doxycycline Hyclate (Santa Cruz Biotechnology).
Doxycycline Hyclate was added to cell culture media in the wells containing the
seeded coverslips 16 to 18 h after transfection.

Fluorescence Microscopy. Cells were imaged 36 to 40 h after transfection using
confocal microscopy or TIRF microscopy. Transfection media used for imaging
lacked pH indicator (phenol red) and was supplemented with 1 plL OxyFluor
(Oxyrase, Mansfield, OH) per 33 plL media to decrease photobleaching during
live-cell fluorescence imaging. To prevent disulfide bond formation among the
proteins, 1 mM TCEP was added to media for conditions including his-GFP and
his-GFP10TR. The protein ligands were added at 500 nM to the cells, 10 min
before imaging.

A spinning disk confocal microscope with a Yokogawa CSU-W1 SoRa confo-
cal scanner unit, Olympus IX83 microscope body and an Olympus 100 plan-
apochromat 1.5 NA oil-immersion objective was used to image the plasma
membrane of live cells. The microscope was equipped with a Hamamatsu ORCA
€13440-20CU CMOS camera for measuring fluorescence emission. Lasers with
excitation wavelengths of 405 nm for BFP, 488 nm for GFP, 561 nm for mCherry,
and 640 nm for Alexa647 were used.

Movies of live cells were collected on a TIRF microscope. The plasma mem-
brane was imaged for 10 min at 2-s intervals. A Zeiss plan-apochromat 100 x, 1.46
NA oil immersion TIRF objective and Photometrics Evolve delta EMCCD camera
were fitted onto an Olympus IX73 microscope body. An excitation laser of wave-
length 473 nm was used to excite GFP, while a 532-nm laser was used to excite
mCherry.A635-nm laser was used for autofocus correction. The cell samples were
maintained at 37 °C throughout the imaging experiments.

The clathrin-coated structures, visible as fluorescent puncta in the confocal
and TIRF images, were detected using CMEAnalysis (Danuser lab) (46). 2D
Gaussian functions were fit to local intensity maxima in the CLC-mCherry chan-
nel (master channel), which marks the clathrin-coated structures. The SD of
the Gaussian was calculated from the physical parameters of the microscope
to approximate the point spread function. Additionally, the Anderson-darling
test was performed on the residuals of the fit to validate the goodness of the
fit. The Gaussian amplitude, representative of the fluorescence intensity of
the detected punctum, and the location of the puncta were recorded. For
a punctum to be considered a valid clathrin-coated structure, it had to be
diffraction limited and significantly brighter than the local membrane sur-
rounding the puncta, as described previously (46). For valid puncta in the
master channel, a 2D Gaussian was then fit to the corresponding puncta
in the transmembrane fusion protein, receptor, and/or ligand channels. A
gaussian curve was fit in the subordinate channels within a 3o pixel radius of
the corresponding location in the master channel. Notably, the CLC-mCherry
fluorescence within an endocytic structure above the background fluorescence
must have a value greater than the square root of the camera noise to be
measurable. In our system, CLC-mCherry fluorescence signal of approximately
10 a.u. can be differentiated above the noise, which is approximately 100
a.u. Additionally, all detections with mCherry-tagged clathrin were included
in our analyses and plots.

Online Materials and Methods. S/ Appendix, Materials and Methods includes
details about plasmid constructs, gene fragments, protein purification, thermo-
dynamic model fitting, FRAP assays, PNA staining of live cell for fluorescence
microscopy, mass spectroscopy and western blot analysis.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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