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Lectins are sugar-binding proteins that play a pivotal role in 
many biological phenomena1,2. The interaction of carbo-
hydrates with lectins enables the recognition of pathogens, 

which is crucial for the immune system, in particular in the case 
of innate immunity3. Lectins in the immune system have evolved 
to bind to carbohydrate pathogen-associated molecular patterns 
on the surface of bacteria and viruses. Immune cells recognize the 
geometry, number and sugar type of the carbohydrate arrangements 
on the pathogen membrane4. While the binding affinity involved 
in a single lectin–carbohydrate interaction is weak, the presence 
of multiple copies of the same carbohydrate in close proximity 
increases the strength of the interaction via multivalent effects5,6. 
These multivalent effects are influenced by carbohydrate con-
figuration, glycan density and spatial arrangement, increasing the 
complexity involved in lectin-based carbohydrate recognition. The 
recognition of pathogens by lectins can induce different responses, 
such as pathogen uptake via endocytosis and immune cell activa-
tion, and hence the understanding of carbohydrate–lectin interac-
tions will help improve the design of novel therapies such as the  
targeting of vaccines.

The mannose receptor (MR, or CD206) is a crucial lectin involved 
in shaping the immune response against pathogens. It is a multido-
main endocytic receptor that is mainly present on the cell mem-
brane of macrophages and a subset of dendritic cells7. The MR has 
eight C-type lectin domains (CTLDs) able to bind mannosides in a 
calcium-dependent manner and one cysteine-rich domain (CRD) 
that can bind sulfated carbohydrates in a calcium-independent 
manner8,9. The eight CTLDs share little homology and have dif-
ferent affinities for mannosides, which lie in the high-nM to µM 
range10,11. The receptor is able to dimerize, and both the monomeric 
and dimeric forms are able to bind, carbohydrates12,13. The MR  
plays a role as a pathogen-recognizing receptor able to induce  

maturation of immune cells following stimulation with man-
nosides. Additionally, the binding of pathogens can induce 
receptor-mediated endocytosis and trafficking of pathogens 
towards early endosomes14,15. Therefore, the MR has been targeted 
to improve antigen (cross-)presentation.

Despite the role of the MR in these processes, details of car-
bohydrate–MR interactions in relation to its function are not yet 
resolved8,16, something that also holds for several other lectins17. The 
MR has multiple conformations, in which the domain orientation 
is severely altered13,18 and the receptor itself is glycosylated (which 
can result in the interaction of the MR with other lectins and in 
cis-competition7), complicating the study of sugar-receptor-binding. 
The study of carbohydrate–MR interactions has therefore focused on 
the in vitro quantification of binding of specific sugars, under either 
static or flow conditions, to determine binding preferences (for 
example, surface plasmon resonance (SPR)19, fluorescence-based 
assays19,20 and enzyme-linked immunosorbent assay21). On cells 
and in vivo, the focus has generally been on studying the effect of 
removal of the MR by knockout22–24 or blockage of its interaction 
with antibodies25,26. However, none of these approaches can reca-
pitulate the complexity and subtlety of the carbohydrate–lectin 
interaction. A technique that could provide kinetic information 
on the surface of live cells would therefore be of great value in elu-
cidating the precise role of carbohydrate–lectin binding in their  
biological functions.

Point accumulation in nanoscale topography is a fluorescent, 
single-molecule, super-resolution microscopy technique based 
on the exploitation of weak interactions27,28 (Fig. 1a). PAINT, like 
other single-molecule, super-resolution techniques, is based on the 
detection, localization and counting of individual molecules and it 
requires that only a sparse subset of the target molecules are emitting 
at any one time. PAINT achieves this by coupling the fluorescent  
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emitter to a freely diffusing probe in solution that is detected by 
the camera only when it interacts with the molecule of interest,  
since the fluorescence of single emitters is not blurred by  

diffusional motion and it appears as defined puncta. Therefore, it 
requires transient interactions in the millisecond–second range so 
that the labeled probe is bound for a sufficient length of time for 
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Fig. 1 | Scheme of the Glyco-PAINT procedure. a, A probe consisting of a fluorophore (depicted in red) linked to a glycan cluster (green) becomes visible 
when binding to the cell surface mannose receptor. b, Imaging the bound fluorescent ligand is used to determine the on-cell receptor density, tracking 
receptor movement, and quantify the binding kinetics of the glycans. c, The library of different mannose receptor ligands used, including ligands for the 
C-type lectin domains (dark green) and cysteine-rich domain (yellow) of the receptor.
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detection but detaches shortly after so that there is no spatial over-
lap with newly incoming probes. Given the dissociation constant, 
KD, of the specific interaction, the bound fraction of receptors can 
be tuned by changing the concentration of probes in solution so 
as not to saturate the image of fluorescent puncta. Accumulation 
of these binding events over time allows reconstruction of a com-
plete map of receptors on the cell surface. To date, these transient 
interactions are mostly achieved by DNA–DNA hybridization 
(DNA–PAINT), while the use of other molecular interactions has 
been explored29,30, for example, in universal PAINT31,32. We realized 
that weak native glycan–lectin interactions would be well suited for 
use in a PAINT-based approach to study the interaction of the MR 
with different multivalent carbohydrate ligands on the surface of  
living cells.

Here we report on a Glyco-PAINT-approach to the imaging and 
localization of ligands bound to MRs on the surface of live cells at 
nanometric spatial resolution. This approach allows study of the 
kinetic parameters of MR–glycan interactions and diffusion of the 
membrane-bound receptor. We synthesized a library of mannoside 
probes and studied the trends of kon and koff depending on man-
nose valency and structure. We hypostatize that rebinding has an 
important role in multivalent glycan interactions with the MR. By 
tracking diffusion of the receptor–glycan complex on the cell sur-
face, we found no effect of the different multivalent ligands on the 
oligomeric state of the receptor. Finally, we could correlate the rela-
tive binding affinity and binding strength to the rate of ligand inter-
nalization, an important parameter for applications such as antigen 
presentation. Our method allows the establishment of quantitative 
kinetic parameters of the weak carbohydrate–lectin interactions 
of complex carbohydrates in living cells and paves the way for the 
study of various lectin–carbohydrate interactions.

Results
Glyco-PAINT approach and glycan probes. Here we show how 
mannose–MR interactions can be successfully used to perform 
PAINT microscopy, as schematically represented in Fig. 1a. The 
labeled glycan probes in solution can bind to the MR on live cells 
and diffuse together with the receptor until unbinding. Due to weak 
glycan–lectin affinity, this interaction shows kinetics in the range 
where PAINT usually operates. Imaging of binding–unbinding 
events results in three quantitative readouts at the single-molecule 
level (Fig. 1b): (1) density and spatial distribution of binding events; 
(2) diffusion of the receptor–sugar complex; and (3) residence time 
of the carbohydrate on the MR. These can be used to establish the 
relative binding kinetics (kon and koff) and explore the effect of gly-
cans on receptor dynamics. To explore variations in ligand binding 
to the MR, we synthesized a library of fluorescently labeled carbo-
hydrate clusters while varying the number and nature of the car-
bohydrate (Fig. 1c)33. Ligands for both the CTLD (mono-, α1,2-di 
and α1,3-α1,6-trimannoside) and the CRD (sulfo-GalNAc) were 
introduced on a fluorescent peptide carrier scaffold in different 
stoichiometries (one, two or six glycans per peptide), or with dif-
ferent spacings (one or four amino acid spacers between the con-
structs modified with two glycans). A nonfluorescent variant of 
the CTLD-binding glycans was also synthesized to obtain a ’dark 
cluster' (23) (Supplementary Fig. 7). This library allows study of 
structure-activity relations in lectin binding, varying multivalency 
and geometry of presentation.

Live-cell sugar–lectin binding rate measurements. We studied 
MR–glycan interactions using a CHO-K1 cell line stably expressing 
the murine MR gene (Mrc1). This cell line expresses the unmodified 
version of the MR at a stable level across all cells, independent of its 
activation states (which can lead to variation in MR expression lev-
els in primary immune cells). Other lectins that can potentially bind 
fluorescent ligands, such as DC-SIGN and Langerin and which are 

present on immune cells, are absent on this cell line and therefore 
do not complicate the interpretation of binding events. Moreover 
this cell line offers an ideal negative control (nonexpressing cells), 
supporting the validation of the method.

As a first test of the approach, probe 4 was added to the cell 
medium (5 nM) and visualized in real time using a total internal 
reflection (TIRF) microscope. Binding of individual probes to 
the MR on the cell membrane was observed as bright fluorescent 
puncta (Fig. 2a), with each bright spot corresponding to a single 
binding event. Fitting of a Gaussian function to these bright spots 
allows determination of the position of the receptor at nanome-
teric precision34. We obtained an average localization precision of 
19 nm, in accordance with previous work on PAINT in live cells31,35. 
Acquisition of fluorescence over a 15-min period allowed suffi-
cient datapoint collection to determine the distribution of the MR 
on the membrane, as shown in Fig. 2b. Continuous diffusion of 
the MR through the cellular membrane in living cells means that 
the images obtained represent a density map of the distribution of 
receptors on the surface, rather than a static picture. In this setting, 
uniform distribution of the MR on the CHO-MR was observed, 
rather than the localized accumulation of lectins observed on  
dendritic cells36.

The reconstructed density maps also yielded information about 
binding kinetics. The second-order rate of the binding reaction (r) 
depends on the rate constant kon, the density of receptors on the cell 
[R] and the concentration of the probe [L] (equation (1)). By having 
a fixed probe concentration [L] and assuming equal receptor den-
sity [R] across experiments, the relative kon of the different ligands 
for the receptor was determined by measuring the density of bind-
ing events on the cell membrane. Figure 2c shows the reconstructed 
maps for all probes synthesized (brightfield images are shown in 
Supplementary Fig. 1), while in Fig. 2d the quantification of the 
density of binding events, a relative measure of kon, is presented.

r = kon ∗ [R] ∗ [L] (1)

The mannoside probe library allowed us to study the effect on 
kon of both mannoside configuration (mono-, di- or trimannoside 
or sulfo-GalNAc) and the number of carbohydrate copies per probe. 
We first compared constructs with the same type of mannose clus-
ter geometry but different number of copies (one, two or six). We 
observed that the number of copies has a strong effect on kon, because 
hexavalent probes (4, 7 and 11) clearly display relative kon rates five- 
to tenfold higher than monovalent analogs. This shows the ability 
of multivalent binding to increase lectin affinity over an order of 
magnitude. Similar trends were observed for KD values determined 
by SPR (Supplementary Fig. 2 and Supplementary Table 1).

Comparing compounds with the same valency but different 
mannose configurations (mono-, di- and tri-mannose), it appears 
that configuration plays a less important role in determining kon. For 
example, the three probes with six mannosides (4, 7 and 11) elicited 
no significant difference despite the different total number of man-
nose sugars (P > 0.05). This suggests that, with our design, we are 
approaching a maximum kon since mannose configuration actually 
plays a major role in bivalent probes (2, 6 and 9) with lower affinity. 
This is also supported by the fact that there is no significant differ-
ence within the bivalent trimannoside (9) probe and the remainder 
of the hexavalent probes (4, 7 and 11), meaning probe 9 has also 
reached this plateau and increasing the valency of this configuration 
does not increase affinity further (P > 0.05).

Sulfated sugars deserve a separate discussion. The binding 
on-rate of the bivalent sulfo-GalNAc probe (12) and the hexava-
lent sulfo-GalNAc probe (14) are similar and fivefold lower than 
CTLD-binding probes (2 and 4, respectively). This could be due to 
the single CRD per MR (compared to eight of the CTLDs) or an 
intrinsic lower affinity of this domain for its known ligands37.
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Overall, these measurements showed a clear structure-binding 
relationship of carbohydrates to the MR where the valency and 
domain type (CRD versus CTLD) dominate.

Multivalent mannoside probes do not promote MR cluster-
ing. During the above experiments, we observed movement of 
the fluorescent probe on the membrane. This is due to receptor 
two-dimensional diffusion during binding of the probe. In every 
frame, the position of the probe–receptor complex is localized with 
nanometric precision and, by linking these positions, it is possible to 
obtain their trajectory. We can calculate a variety of parameters such 
as velocity, type of diffusion and diffusion coefficient (in µm2 s–1) for 
each individual receptor and the average value over tens of thou-
sands of trajectories. Notably, to avoid crossing of the trajectories 
of two fluorescent molecules during image acquisition, we reduced 
probe concentration to 1 nM and imaged 20 cells chosen randomly 
across the whole sample to acquire >50,000 trajectories per probe.

A representative example of the observed trajectories of the MR 
binding to probe 4 is shown in Fig. 3a. The different trajectories 
allowed us to calculate a diffusion coefficient for the receptor fol-
lowing binding to different ligands (Fig. 3b). The normalized dis-
tribution of diffusion coefficients indicates that all distributions are 
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similar and average around 0.01 µm s–1. This is an important observa-
tion in analysis of the nature of sugar–lectin binding. The interaction 
of a multivalent sugar (one to six mannosides) with a multivalent 
receptor (eight CTLDs) could result in receptor clustering. However, 
the probes were probably too small to bridge multiple receptors dur-
ing the residence time. To determine whether such a bridging event 
could take place, we attempted cross-linking of the receptors with 
mannan. However, this did not lower lateral diffusion of the recep-
tor38–42, as happens with mild fixation that cross-links the MR to 
adjacent molecules (Supplementary Fig. 3). Single-particle tracking 
is also a powerful tool to elucidate interactions by making use of the 
multicolor ability of fluorescence microscopy. Labeling two receptors 
with two spectrally separated colors allows temporal visualization of 
the relative positions of the two biomolecules, and obtaining infor-
mation about their interactions (for example, codiffusion of a labeled 
complex) or partitioning in the membrane. To show the potential 
of Glyco-PAINT in performing multicolor single-particle tracking 
(SPT) we synthesized probes with a different dye and simultane-
ously tracked them. Figure 3c shows the trajectory of two different 
probes (5 in green and 14 in red), demonstrating the suitability of 
Glyco-PAINT in multicolor tracking. Notably, a larger number of 
green tracks were detected due to the larger kon of the green probe. No 
differences in diffusion coefficient or affinity were observed, suggest-
ing that binding to the two domains of the lectin was independent.

Effect of multivalency on binding time and koff. We next set out 
to establish the receptor dwell time (τ, the inverse of the kinetic 
dissociation rate constant koff), which is known to affect down-
stream biological processes such as signaling and/or internalization 
of the complex43. Notably, it has been particularly troublesome to 
determine this parameter for the MR to date, due to the weak and 
reversible nature of mannose–MR binding4,5,44. We determined τ for 
individual mannoside–MR complexes by quantifying the length of 
time the fluorescent probes remained associated with the receptor 
(using the same SPT data as for measuring the diffusion coefficient). 
Over 50,000 events were then used to obtain the mean value of τ by 
fitting an exponential decay. As shown in Fig. 4a, the decay is well 

fitted with a single exponential, indicating that a single population 
of residence times (that is, all receptor–sugar complexes) have the 
same behavior. Several structural considerations can be obtained 
from the comparison of different probes in Fig. 4b–e (koff values are 
shown in Supplementary Fig. 4).

First, average residence time varies among the different ligand 
configurations (Fig. 4b), with trimannosides (dark green) binding 
more strongly than di- and monomannosides (medium and light 
green, respectively). It is worth noting that the complexity of man-
nosides influences sugar dissociation (koff) but not association (kon; 
Fig. 2). This may be due to the higher tendency of rebinding of tri-
mannosides, as can be seen by the complex SPR response of triman-
nosides compared to monomannosides (Supplementary Fig. 2b). As 
expected, residence time varies with the global valency of the probe, 
as shown in Fig. 4c, and this happens in a nonlinear fashion with the 
n = 1 and n = 2 constructs being very similar (for both mono- and 
trimannosides), with n = 6 residing substantially longer. The non-
linearity of binding rates is a key feature of multivalency5,6. Another 
important parameter for multivalency is the spacing between indi-
vidual binders. To investigate this, we synthesized alternative biva-
lent probes equipped with a longer spacer between both mannosides 
using a triethylene glycol spacer matching the length of n = 6 probes. 
As a result, elongated probe 10, featuring two trimannosides, bound 
better than the original bivalent probe 9 (Fig. 4d) and was almost 
equal to the hexavalent trimannoside probe 11. The origin of this 
multivalent effect is probably rapid dissociation–rebinding, because 
the distance between two CTLDs on the same receptor is greater than 
that between carbohydrate moieties on a single cluster45. However, 
we did not observe the same behavior for monomannoside probes 
2 and 3, suggesting that the binding of mono- and trimannosides to 
the MR is qualitatively different. Lastly, Fig. 4e shows the residence 
times for different sulfated probes. Clearly residence time for all 
ligands is very similar, indicating that multivalent effects do not play 
an important role in this type of ligand. This is in agreement with the 
structural hypothesis that the CRD is monovalent.

Overall, these measurements show that koff is sensitive to small 
changes in the valency and geometry of presentation in contrast 
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to milder effects for kon and the diffusion coefficient. These results 
indicate that koff is the most suitable parameter for tuning the con-
trol of sugar–MR interactions.

Affinity-dependent cellular uptake. Because the MR cycles 
between the surface and an endolysosomal pool46–48, it has been 
used to target vaccines and drugs to these cellular compartments 
in antigen-presenting cells7,49. However, a correlation between spe-
cific ligand affinities and cellular uptake has never been quanti-
fied for the MR. We therefore attempted to establish whether any 
of the above-measured parameters correlated to internalization of 
MR-bound ligands. We tested the internalization of mannosides by 
incubating cells with different constructs at 20 nM concentration for 
2 h and detection of intracellular fluorescence by either microscopy 
or flow cytometry. Figure 5a shows the highly inclined illumination 
(HILO)50 images of all the synthesized probes. In this case, HILO 
illumination was used rather than the TIRF illumination previously 
used in the Glyco-PAINT images, as the former reaches further 
into the sample and allows imaging of the cytoplasm. We observed 
that fluorescence intensity was punctate, indicating endolysosomal 
uptake. We also observed a wide range in uptake magnitude of the 

different ligands (Fig. 5a). The hexavalent probes (4, 7, 11 and 14) 
were all taken up efficiently compared with the others. The uptake of 
these glycans was shown to be specifically driven by the MR because 
the CHO-K1 cells not expressing the receptor did not internalize 
the probes (see negative control on the bottom right in Fig. 5a),  
but appears independent of the lectin domain that is engaged 
because both CRD and CTLD ligands demonstrated uptake.

These qualitative trends in internalization levels were further 
quantified using flow cytometry (Fig. 5c). Again, the four hexavalent 
probes (4, 7, 11 and 14) displayed the highest internalization levels, 
more than one order of magnitude higher compared with the mono- 
and bivalent probes. This suggests that multivalency is an important 
parameter for uptake. However, the α1,3-α1,6-trimannoside config-
uration also seemed to perform better than the other two configura-
tions, similar to what we observed in binding parameters.

We also decided to study the interaction between the CTLD 
and CRD ligation, to determine whether prebinding of one domain 
would affect the affinity and behavior of the other. Cells were  
therefore incubated with ATTO565-labeled (green) hexavalent 
monomannoside (5) together with the ATTO655-labeled (red) 
hexavalent sulfo-GalNAc probe (14). Internalization of both 
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probes was imaged (Fig. 5b), revealing that both are internal-
ized with similar kinetics. Both probes were seen to accumulate 
in the same vesicle (yellow vesicles), as well as in distinct vesicles 
(Pearson coefficient = 0.73), suggesting no interplay between the 
domains in terms of uptake. This was further confirmed by a series 
of flow-cytometry-based blocking assays. Either the hexavalent 
monomannoside (5) or the hexavalent sulfo-GalNAc probe (14) 
was incubated in the presence or absence of 1 nM to 1 mM of either 
the CTLD ligand mannan (Fig. 5d), or the unlabeled variant of the 
hexavalent monomannoside 23 (Fig. 5e). Both reagents blocked the 
uptake of mannose-based clusters in a concentration-dependent 
manner but did not impinge on sulfo-GalNAc uptake. This suggests 
that binding to different domains is independent and nonexclusive 
(that is, the same receptor can interact simultaneously with either 
domain). If ligation of a carbohydrate to one of the domains was the 
specific trigger for internalization, alteration in internalization of 
the other ligand should have been observed; this was not observed, 
supporting the hypothesis that internalization is not triggered by 
binding but is rather the result of receptor recycling.

Structure–binding–activity relations. Glyco-PAINT revealed 
several characteristic binding parameters of mannosides at the 
single-molecule level. Combining these data with the functional 
internalization assay presented in the previous paragraph offers the 
opportunity to draw a quantitative picture of the structure–activ-
ity relations of individual mannosides. Figure 6 correlates, in a 
three-dimensional graph, where the two key parameters—relative 
kon (shown as density) and koff (shown as dwell time)—are related to 
functionality (cell uptake). It is apparent that there is a sharp transi-
tion between probes showing low functionality (bottom left, low kon 
and high koff) and those with strong internalization (top right, high 
kon and low koff). Moreover, it is clear that both high kon and high 
residence are needed to trigger internalization. These measure-
ments show the ability of Glyco-PAINT to reveal key properties in 
the exploration of sugar–lectin structure–activity relations.

Discussion
The intrinsically weak carbohydrate–lectin interactions render them 
perfectly suited for direct probing by a PAINT approach, as intro-
duced here. The Glyco-PAINT methodology described was used to 

investigate the effect of glycan valency and geometry on binding 
and trafficking of the MR in living cells. The technique was used to 
determine kinetic binding parameters and the diffusion coefficient 
on cell membranes of multiple ligand configurations. This method 
allows quantitative determination of absolute koff of the interactions 
while only relative kon can be measured. The combination with other 
methods capable of accurate measurement of receptor density will 
allow the calculation of absolute kon and a more complete picture of 
interaction kinetics.

It was revealed that the binding constant kon reached a maximum 
value with the largest constructs tested, containing six mannosides 
in the clusters. The residence time on the receptor on the other hand 
increased linearly with the number of mannosides without reach-
ing a plateau in the range studied. We also observed that binding 
of mannose clusters to the CTLDs of the MR proved to be notably 
stronger than that of sulfo-GalNAc to the cysteine-rich domain.

Mannose-binding lectins have found widespread application 
in targeted intracellular delivery of cargo, to enhance the uptake 
of therapeutic proteins and vaccines. Unlike the common in vitro 
methodologies used for the screening of ligands, Glyco-PAINT 
allowed us to directly correlate cell uptake of clusters to the different 
binding parameters in living cells. The results suggest that sufficient 
binding and residence time of the multivalent clusters on the recep-
tor are required for effective uptake. Not only could this approach 
assist in the design and validation of new therapeutic targets for the 
MR, it could also be extended in the study of other relevant lec-
tin–carbohydrate interactions on live cells such as DC-SIGN and 
Siglecs. Glyco-PAINT could help in elucidating the precise role of 
lectin–carbohydrate interactions in their biological functions, and 
in paving the way for the use of glycan clusters in a well-informed 
manner for their utilization in intracellular targeting of therapeutics 
and vaccines.
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methods
Materials. DMEM/F12 medium (HEPES, no phenol red), fetal bovine serum 
(FBS) and penicillin/streptomycin were purchased from Thermo Fisher Scientific. 
Geneticin sulfate was purchased from Capricorn Scientific. Culture plates  
(µ-Slide 8-well glass-bottom) were purchased from Ibidi. SPR sensor chips  
(no. NiHC1000M) were purchased from XanTec Bioanalytics. The recombinant 
mouse MR with a C-terminal His-tag for SPR measurements was purchased from 
Bio-Techne. The NTA regeneration kit was purchased from Cytiva.

Mannoside probe synthesis. The design and synthesis of the probes are discussed 
in Supplementary information51–53.

Optical setup. Glyco-PAINT images were obtained using an Oxford Nanoimager 
microscope (ONI) prewarmed to 37 °C. The sample was illuminated using a TIRF 
alignment system and fluorescence was recorded using a ×100/1.4-numerical 
aperture oil immersion objective, passed through a beam splitter. Images were 
acquired on a 427 × 520-pixel region (pixel size, 0.117 μm) of a sCMOS camera at 
50 ms integration time. ATTO655-labeled probes were imaged with a 640-nm laser 
(40 mW) and ATTO565-labeled probes with a 532-nm laser (40 mW). Thermal 
drift of the system was determined by tracking 80-nm gold nanoparticles under the 
same conditions as the actual measurements.

Cell culture. CHO-K1 (ATCC CCL-61) and CHO-MR cells were cultured 
in a µ-Slide 8-well glass-bottom plate with 400 μl of DMEM/F-12 medium 
supplemented with 10% FBS, 100 U ml–1 penicillin and 100 μg ml–1 streptomycin. 
CHO-MR cells were supplemented with 600 μg ml–1 geneticin sulfate. Cells were 
grown in a standard CO2 incubator to a confluence of 70–90%.

Super-resolution imaging of the MR with Glyco-PAINT. In preparation for 
imaging, cells grown on Ibidi 8-well slides were first washed with prewarmed 
medium. Then, an imaging solution consisting of prewarmed DMEM/F-12 
(supplemented with FBS and antibiotics) and labeled mannoside probes was added 
to the cells. Probe concentration was 5 nM and 20,000 frames were acquired  
(Fig. 3), while for Figs. 4 and 5 the concentration was adjusted to 1 nM and 10,000 
frames were obtained. Negative controls were performed with probe 4 on a MR 
nonexpressing CHO cell line under the same experimental conditions.

Image and data analysis. Super-resolution images were reconstructed using 
Oxford Nanoimager software Nimos 1.16. Briefly, a two-dimensional Gaussian 
was fitted to individual fluorescence spots with at least 300 photons per frame to 
identify single molecules. Single-particle tracking to obtain MR trajectories was 
performed with the same software and the following parameters: maximum frame 
gap, 3; maximum distance between frames, 0.6 μm; exclusion radius, 1.2 μm; and a 
minimum of two steps per trajectory.

The density of binding events was assessed by counting the number of 
trajectories within regions of interest formed by following the contour of cells in 
brightfield images. Then, density was displayed in a color-coded bivariate histogram 
plot. Data from ten cells randomly selected were collected for quantitative analysis. 
Statistical significance was assessed by a one-way analysis of variance test.

Residence time was calculated by the duration of each trajectory. Data from 
20 cells randomly selected across the sample were combined for each probe to 
obtain at least 50,000 trajectories, plotted in a histogram and fitted with a single 
exponential decay function (equation (2)) in OriginLab 2020. From the fitted  
curve the mean residence time (τ) was obtained. Finally, koff was defined as the 
inverse of τ (equation (3)):

y = y0 + A1 e−x/τ (2)

koff =
1
τ

(3)

The diffusion coefficient of receptors was calculated from the trajectories 
obtained. To obtain the diffusion coefficient (D), the mean square displacement 
(MSD) of each trajectory was calculated as in equation (4). Then, equation (5) 
describes the relation between the diffusion coefficient and MSD, with n the 
number of dimensions of the data (2) and t the exposure time of the measurement 
(5 × 10–2 s). As a negative control we used localization precision as x,y displacement 
to calculate the slowest diffusion that we could calculate with our system:

MSD =

1
N

N∑

i=1
(xit − xi0)

2
+ (yit − yi0)

2 (4)

MSD = 2nDt (5)

Internalization of probes by imaging. Internalization was measured by imaging 
cells with an Oxford Nanoimager microscope (ONI) incorporating a HILO50 
illumination arrangement. Cells were grown on an Ibidi 8-well slide and incubated 

with 20 nM of the probes in growth medium for 2 h at 37 °C. These were then 
washed with fresh medium and imaged live. Cells were illuminated with a 640-nm 
laser (16 mW) and a 532-nm laser (10 mW). The brightness and contrast of the 
resulting TIFF images were adjusted in Fiji software.

Internalization of probes by flow cytometry. Internalization was assessed by 
flow cytometry in a BD fluorescent activated cell sorter (FACS) Canto II Cell 
Analyzer. Cells were grown in a 12-well plate to 70–90% confluency and incubated 
with 1 µM of labeled probes in growth medium for 2 h at 37 °C. Next, they were 
washed with PBS and trypsinized for 10 min to detach them from the surface. 
Cells were then centrifuged and resuspended in PBS/bovine serum albumin (1%) 
to a concentration of 150,000 ml–1. Samples were loaded into the FACS and up to 
10,000 cells were analyzed per condition.

Kinetic characterization by SPR. The SPR measurements were performed at 25 °C 
using a Biacore X100 with a NiHC1000M sensor chip. The NTA regeneration kit 
consists of 0.5 mM NiCl2 and 350 mM EDTA. SPR running buffers were prepared 
freshly in ultrapure water and filtered through a 0.2-µm filter.

The recombinant murine MR protein with a C-terminal His-tag was captured 
on flow cell 2 of a NiHC1000M sensor chip using a running buffer of 25 mM 
Tris-HCl pH 7.4, 150 mM NaCl and 0.005% P20 surfactant at a flow rate of 
10 µl min–1. The chip surface was first conditioned for 1 min with an injection of 
0.35 M EDTA before the immobilization procedure. After a 2-min injection of 
0.5 mM NiCl2 on flow cell 2, mismatch repair protein (25 µg ml–1) was injected for 
2 min to a capture level of around 4,000 RU. Flow cell 1 was left blank as a reference 
surface. After immobilization, the Biacore X100 was primed with a running buffer 
of 25 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM CaCl2 and 0.005% P20 surfactant. 
Multicycle kinetics measurements were then conducted at a flow rate of 30 µl min–1 
for determination of dissociation constants. Two- or fourfold serial dilutions of 
analyte in the running buffer were injected over the sensor chip for 3 min, followed 
by dissociation for 5–10 min. Between cycles of single multicycle measurement, 
no regeneration step was performed due to rapid dissociation of the analyte. After 
a whole multicycle measurement, the immobilized MR protein was removed with 
a 2-min injection of 350 mM ETDA and a 2-min injection of 100 mM NaOH, 
then recaptured on the chip surface for the next measurement of another analyte. 
Data were corrected by double subtraction to the reference surface (flow cell 1) 
and buffer injection, and analyzed using a 1:1 interaction fitting model with BIA 
evaluation software (2020).

Statistics and reproducibility. All experiments shown in Figs. 2–5 and 
Supplementary Figs 1–5 were repeated three times, with similar results. The 
experiments shown in Supplementary Fig. 2 were performed once only.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The datasets generated and/or analyzed during the current study are available from 
the corresponding author on reasonable request.
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