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Youn et al. develop a super-resolution
imaging technique that can be used for
| imaging live cells. They apply this
technique to observe nanometric spatial
distribution and diffusion of neuronal
receptors in live neurons under
physiological conditions.
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Highlights
e A super-resolution imaging technique that can be used for
live cells

e Multiple binding motifs (MBMs) in the docker increase speed
and stability

e MBMs enable DNA-PAINT imaging in live cultured neurons

e Our results reveal distribution and diffusion of AMPA
receptors in live neurons
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MOTIVATION Single-molecule localization microscopy can provide nanoscale resolution of molecular
structure of biological samples, yet the application of the technique in live samples is limited. Here, we
developed a live-cell DNA-PAINT technique to image and quantify neuronal receptor molecules in live hip-
pocampal neurons.

SUMMARY

DNA-point accumulation for imaging at nanoscale topography (DNA-PAINT) can image fixed biological spec-
imens with nanometer resolution and absolute stoichiometry. In living systems, however, the usage of DNA-
PAINT has been limited due to high salt concentration in the buffer required for specific binding of the imager
tothe docker attached to the target. Here, we used multiple binding motifs of the docker, from 2 to 16, to accel-
erate the binding speed of the imager under physiological buffer conditions without compromising spatial res-
olution and maintaining the basal level homeostasis during the measurement. We imaged endogenous
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) in cultured neurons—critical pro-
teins involved in nerve communication—by DNA-PAINT in 3-dimensions using a monovalent single-chain var-
iable fragment (scFv) to the GluA1 subunit of AMPAR. We found a heterogeneous distribution of synaptic
AMPARs: =60% are immobile, primarily in nanodomains, defined as AMPARs that are within 0.3 um of the
Homer1 protein in the postsynaptic density; the other ~40% of AMPARs have restricted mobility and trajectory.

INTRODUCTION

Single-molecule localization microscopy (SMLM) can visualize
nanometric structure and dynamics of biological specimen
beyond the diffraction limit of light (~250 nm) by localizing
the position of individual single molecules.’ Point accumula-
tion for imaging at nanoscale topography (PAINT) is a particular
SMLM which generally relies on the transient hybridization of
an external fluorescent imager probe with a docker probe
that is bound to the protein or object of interest. The (single-
molecule) image can then be localized to within a few nanome-
ters when bound and therefore stationary. Repeated hybridiza-
tions allow the entire image to be acquired. Most commonly,
the donor and imaging probes are made of short single-
stranded DNA (ssDNA) that hybridize transiently—hence the
name DNA-PAINT (Figure 1A). In PAINT, the fluorophore itself

is made to not blink, and hence imaging does not depend on
the photophysics of the dye but rather on the donor and
acceptor hybridization rate.® Hence, DNA-PAINT does not
rely on chemical reductants (e.g., MEA or BME) or high-power
lasers (~kW/cm?), a common requirement in (d)STORM imag-
ing.” Also, imager molecules can be replaced from the pool
of imagers diffusing in the buffer solution, and therefore the
measurement can be sustained over long period of time under
oxygenated condition without suffering from photobleaching.®
Using DNA-PAINT, one can quantify the number of molecules
by looking at the blinking frequency of the event in a region
of interest, even if individual molecules are located closer
than the nanometric spatial resolution of the DNA-PAINT im-
age.” Quantitative PAINT (gPAINT) is then able to count the ab-
solute number of molecules by comparing the frequency rate
found with that of a single-molecule frequency.
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Figure 1. How live-cell DNA-PAINT works

# binding motifs

{A) Schematic showing the idea of live-cell DNA-PAINT by using MBMs in docking strand DNA. Multiple binding motifs on a single docker strand increase the

binding rate (k.. of the imager and stabilize the binding.

(B) On and off rate ofimager (R1_8nt, 0.64 nM) to the dockers with 2 (2xR1), 5 (5xR1), and 16 (16xR1) binding motifs in physiological buffer ASCF at room temperature
(solid lines, n = 15,183, 1,240, and 2,459 immobilized dockers for 2xR1, 5xR, and 16xR1, respectively) and those of R1_9nt to the dockers at 37°C (dotted lines,
n = 1,259, 598, and 516 immobilized dockers for 2xR1, 5xR1, and 16xR1, respectively). Emor bars represent SEM. Some emor bars are smaller than the symbols.

(C) FWHM of single-molecule localization of a surface-immobilized docker molecules over 2,000 s. Inset: representative reconstructed image of single-molecule
localizations of one surface immobilized docker. n = 5,856, 5,557, and 1,418 immobilized dockers for 2xR1, 5xR1, and 16xR1, respectively. Scale bar: 100 nm.

Error bars represent SEM. Some error bars are smaller than the symbols.
See also Videos 51 and S2.

Despite the advantages described above, DNA-PAINT in live
cells has been limited to non-physiological conditions.'®'" The
major drawback of DNA-PAINT is its slow image acquisition
rate, which is dependent on the binding rate of imager and docker
(kon) @and the concentration of the imager. To achieve high k,,, the
addition of a high concentration of salt (e.g. PBS supplemented
with 500 mM NaCl or Tris buffer supplemented with 25-75 mM
MgCl,) is required to overcome electrical repulsion between the
negatively charged imager and docker DNA.*'“ This can lead to
deviations from the physiology status, especially for cells that
are sensitive to ionic environments, such as neurons. An exception
is universal PAINT (uPAINT), which can be done in physiological
conditions. uPAINT uses direct binding of fluorescently labeled
probe molecules (e.g., immunoglobulin G [IlgG], nancbodies) spe-
cific to the molecules of interest. However, this varation on the
technique is limited by the slow association rate of the probe mol-
ecules (e.g., 10°-10*M~'s~" of IgG) and photobleaching of bound
probe due to non-exchangeable (~pemanent) binding.*

Recent advances in the DNA-PAINT technique have improved
Kon of the imager-docker strands. Strauss et al. reported that mul-
tiple binding motifs (MBMs) on the docker linearly increased the
speed of DNA-PAINT imaging.' It has also been shown that
MBMs on DNA origami improve the specificity of binding and
reduce photoinduceddamage in DNA origamisamples, '® showing
the potential of DNA-PAINT for live-cell imaging conditions.®

a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid re-
ceptor (AMPAR,) is an important neurotransmitter receptor mole-
cule in synaptic plasticity of excitatory synapses of neurons. The
efforts to understand the precise location, spatial organization,
and diffusion of the receptor have shown heterogeneous distri-
bution of AMPARs not only in spatial localization with respect
to the synapse but also in the diffusion of the receptor on
the membrane surface.’”'® Although previous studies have
visualized the spatial distribution and the diffusion of single
AMPARs, there have been concerns regarding the artifacts

2 Cell Reports Methods 3, 100408, February 27, 2023

that could be caused by the procedures involved in imaging
techniques, such as overexpression®® of proteins to fuse photo-
activatable fluorescence proteins for photoactivation localiza-
tion microscopy (PALM) imaging, or cross-linking caused by la-
beling molecules with multivalent tagging molecules (e.g., 1gG,
streptavidin).”"** Therefore, it is important to develop imaging
methods that can acquire the spatial organization and can track
the movement of AMPARs without causing issues.

Here, we performed live-cell DNA-PAINT imaging of glutama-
tergic AMPARs on the plasma membrane of live hippocampal
neurons under physiological conditions, namely artificial cerebro-
spinal fluid (ACSF). We measured the binding kinetics of imager
to the dockers and have shown that the MBM accelerates the
binding rate of the imager to the docker lineardy proportional to
the number of binding motifs, up to 16 in the overdapping scheme.
In addition, the probes consisted of a single-chain variable frag-
ment (scFv) and an MBM docker; importantly, the scFv is a mono-
valent recombinant small antibody (27 kDa) specific to GluA1, a
subunit of AMPARs.>® Hence, cross-linking, which is potentially
a problem with (divalent) antibodies, is avoided. We observed
mobile and immobile fraction of AMPARs in synaptic and extra-
synaptic regions (less than 2 pm from postsynaptic density
[PSD]) of hippocampal neurons. Also, using the quantitative nature
of the DNA binding rate,” we estimated the relative quantity of
AMPARs as a function of their spatial distribution and diffusion.
Itis also possible to use DNA-PAINT over a range of temperatures
by varying the length of the imager DNA and hence its unbind-
ing rate.

RESULTS

MBM improves binding rate and stability of docker-
imager in physiological buffer

First, we measured the binding kinetics of docker-imager hybrid-
ization in ACSF, a live-cell buffer (see STAR Methods for
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chemical composition). Previous studies reported that the bind-
ing rate of short DNA oligos is dependent on the salt concentra-
tion of the buffer solution.'” As shown in Figure 1A (also see
Videos S1 and 52), the MBM on the docking strand increases
the binding rate (k,,) so that DNA-PAINT can be performed on
a living cell. In the case of the neuron, we used an 8-nt imager,
which is long enough when binding the MBM (5xR1 and
16xR1) to track the receptor under physiological conditions
(the 2xR1 off rate is ~2x faster than that of 5xR1 and 16xR1;
therefore, the trajectory length will be shorter). To show this,
we imaged transient binding of an 8-nt imager to a surface-im-
mobilized docker in vitro. This measured the hybridization ki-
netics of the MBM docker and imager in ACSF. Figure 1B shows
kon ofimager R1 increases linearly from 6-47 x 10°M~'s~" from
2-16 binding motifs on the docking strand (2xR1-16xR1). This
proves that MBM effectively increases the rate of imager-docker
binding at physiological salt concentrations. As the concentra-
tion of NaCl in ACSF is about 4x lower than that in the usual
buffer used in DNA-PAINT (called Buffer C®), the on rate of the
imager in ACSF is 3% lower than that in buffer C. However, this
rate is still =20x faster than traditional DNA-PAINT.® We also
found that the increased number of binding motifs stabilizes
the binding of the imager (k. in Figure 1B). As previously
observed, ' this indicates a potential stabilization of DNA hybrid-
ization due to adjacent binding motifs that apparently tends to in-
crease the effective concentration of docking sites. As a result of
the stabilization, the binding of the 8-nt imager to the 16x docker
has ~2 s long duration compared with ~0.9 s for the 2x docker.
2 sis long enough to visualize trajectories of molecules (see later
sections). We also used 9-nt imager lengths (Figure 1B, dotted
lines; Table S2), which are necessary for 37°C.

A potential concern due to the elongated length of docker is
whether the extra length of the docking strand lowers the resolu-
tion of the reconstructed image due to its fluctuations or devia-
tion of the binding sites from its origin. To address this issue,
we measured the full-width-half-maximum (FWHM) of the
DNA-PAINT image of the surface immobilized docking strand
(Figures 1C and S1). The FWHM (corrected for drift) includes
the potential effect of an elongated docking strand and thus rep-
resents the resolution of the image. We find that the FWHM
showed constant value within the range between 2 and 16 bind-
ing motifs, implying that the resolution is not compromised due
to the long docking strands (Figure 1C). Rather, we observed a
slight improvement in resolution with the longer docker, possibly
due to the more frequent binding of imager, which results in a
reduced SE of localization. Therefore, DNA-PAINT imaging
with MBM improves imaging speed without compromising
spatial resolution.

Imaging AMPARSs in live hippocampal neurons

We nextimaged endogenous AMPARs on the plasma membrane
surface of live hippocampal neurons. To label endogenous GluA1
containing AMPARs (GluA1-AMPARSs), we conjugated scFv and
the DNA docker (16xR1) using Sortase-mediated reaction and
copper-free click chemistry”**® (see STAR Methods). The
scFv, made specific to GluA1-AMPAR, was developed in the
literature,”® and this method provided a monovalent probe with
1-to-1 labeling stoichiometry, enabling us to label endogenous
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GluA1-AMPARSs. This circumvented overexpression and cross-
linking, two common problems in immunostaining and fluores-
cence imaging.”'*? Specificity of scFv-16xR1 conjugates was
confirmed by co-staining with antibody that stains GluA1 (Ab-
cam, cat #ab174785) and calculating Pearson’s correlation coef-
ficient between the antibody and scFv conjugates (Pearson’s
correlation coefficient [PCC] = 0.31 for entire image and 0.48
for spines only; see STAR Methods and Figure S2).>” GluA1-
AMPARs tagged by scFv-16xR1 were visualized by transient
binding of fluorescent imager (R1_8nt-LD655). Collection of
imager binding displays the image of surface GluA1-AMPARSs in
live hippocampal neurons (Figures 2A, 2B, and Video S3). For
3D localization, a cylindrical lens was used to generate astigma-
tism for axial localization (Figure 2B).?® The binding of the imager
is specific to the docker, as, on average, less than 1 binding was
observed in the same region of interest (ROI) per frame without a
docker strand (Figure S2D). The frequency of imager binding is
constant over the measurement time (200 s imaging; Figure S3A),
suggesting that DNA-PAINT is resistant to photobleaching, which
may resultin loss of information, and that the imaged cells remain
homeostatic in terms of the number of GluA1-AMPARSs on the
membrane surface under imaging condition. Also, the spatial
distribution and the diffusion of AMPARs remained constant
(Figures S3B-S3D and see later discussion). These results sug-
gest that we can image the receptors on the plasma membrane
of live neurons without adversely affecting them.

GluA1-AMPAR distribution is spatially heterogeneous
We measured the spatial distribution of GIuA1-AMPARs in
3-dimensions. As a reference point, we imaged Homer1, which
is a protein in the PSD at active excitatory synapses.”? Endoge-
nous Homer1 was labeled by expressing an intrabody specific
to Homer1*® fused to a photoactivatable fluorescent protein
(mGeos®"). Super-resolution can therefore be achieved by
taking a PALM? image of mGeos.'® We measured the distance
between GluA1-AMPARs and the clusters of the nearest Homer1
neighbor, showing the distribution of GluA1-AMPARs with
respect to the location of synapses (Figure 2C). In Figure 2C,
the cumulative distribution of GluA1-AMPARs shows that the
slope from the 0-0.3 pm region is ~4x steeper than in the
0.3-2 pm range. Hence, the density of GIuA1-AMPAR in this
region is higher than the later range. We defined this 0~0.3 pm
region as “synaptic” and the 0.3-2 pm region as “extra-
synaptic.” This heterogeneous distribution indicates that (1)
GluA1-AMPARSs are enriched in the area of the synaptic region
and (2) there are a number of extra-synaptic AMPARs as re-
ported previously. 8195233

Different diffusion behavior between GluA1-AMPARs in
synaptic and extra-synaptic regions

Then, we looked at how the diffusion of GluA1-AMPARs de-
pends on the location of the receptors—in the synaptic region
(0-0.3 pm from Homer1), where the density of GluA1-AMPAR
is ~4x higher, versus that of extra-synaptic region (0.3-2 pm
from Homer1). We calculated and plotted the diffusion coeffi-
cient versus the range of trajectories of single GluA1-AMPAR
molecules by obtaining the mean-squared displacement
(Figures 2D-2F; Table 1). We found that there are two distinct
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Figure 2. Live-cell 3D-DNA-PAINT image of endogenous GluA1-AMPAR in live hippocampal neurons

Images were taken with 1 nM R1_8nt-LDE55 imager.

{A) Reconstructed DNA-PAINT image of GluA1-AMPARSs (red hot) and Homer1 (green).

(B) Magnified view of highlighted spine of the neuron in the yellow square in the lateral (x-y, leff) and vertical projection (y-z, right).

(C) Cumulative frequency of the radial distribution of GluA1-AMPAR molecules with respect to nearest postsynaptic marker, Homer1.

(D) Example of mean-squared displacement (MSD) curve of GluA1-AMPARSs (n = 4,102 trajectories).

(E and F) Density scatterplot and histogram showing the diffusion coefficient and trajectory range of 3D trajectories of GluA1-AMPARSs in synaptic region (E) and
juxta-synaptic region (F). The percentage is estimated by using a Gaussian mixture model with 2 components. Red dots indicate the center of mobile population

{n =9 cells from 4 independent batches of cell cultures, 9,780 trajectories).
See also Video S3.

population of GluA1-AMPARs in both the synaptic and extra-
synaptic regions. By fitting the diffusion coefficient and the tra-
jectory range with two 2-dimensional Gaussian functions, we
distinguish them into two groups, a mobile and an immobile
group of receptors, for both the synaptic and extra-synaptic
populations. To define “mobile” and “immobile” groups, we
must first calculate the lowest diffusion coefficient and the short-
est trajectory range we could detect. The limits of detection
(LODs) are based on the localization accuracy —anything below
these values for a given diffusion constant or trajectory range will
be defined as immobile. The LOD was calculated based on the
dimension that has the poorest localization accuracy—in this
case, the axial dimension (~75 nm), which was ~3x poorer
than the lateral accuracy. The lowest detectable diffusion coeffi-
cient was 0.003 (=105 um?/s, and the shortest trajectory
range was 0.18 (=107275) um. Therefore, the Gaussian distribu-
tions whose mean values were below the values were defined as
immobile and above these values were defined as mobile (see

4 Cell Reports Methods 3, 100408, February 27, 2023

STAR Methods for details). Figure 2E shows the characteristics
of the diffusion of GIuA1-AMPARSs in the synaptic region and
Figure 2F in the extra-synaptic region (values can be found in
Table 1).

Given that we defined these two groups, we find that both mo-
bile and immobile receptors in the synaptic region diffuse more
slowly and over a shorter range than those of the extra-synaptic
receptors. We estimated the relative amount of each group,
based on the principle of gPAINT,® by looking at the detection
frequency. The result showed that there is a greater fraction of
immobile GluA1-AMPARs in the synaptic region (Figure 2E;
56.9%) than that in extra-synaptic region (Figure 2F; 36.7%).
Also, the diffusion of mobile receptors is ~2.5x slower in
the synaptic region than in the extra-synaptic region (average
Drmobile-syn = 0.006 (107>2") um®/s compared With Drmopiie-xtra =
0.015 (10~"#3) um?/s). This observation suggests that in synap-
ses, GluA1-AMPARs are largely immobile, and even for mobile
receptors, the diffusion is hindered. Previous studies have
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Table 1. Diffusion coefficient and trajectory range of GluA1-AMPARs

Mobile Immobile
Region Diff. coeff. (um?/s) Traj. range (um) Diff. coeff. (um?/s) Traj. range (um)
Synaptic 10-221 + 037 10052 + 0.06 10356 + 037 10112 +0.05
Juxta-synaptic 10-182 + 036 10038 + 0.06 10387 + 040 1009 = 0.06

Exponents are mean + SD.

shown that AMPARSs are immobilized in the “slots” inside of syn-
apses by the molecular interaction with scaffolding proteins
(e.g., PSD-95) and transmembrane AMPAR regulatory proteins
(e.g., stargazin), resulting in half of GluA2-AMPARs being immo-
bile in synapses as measured by uPAINT.""** (We found 57% of
GIuA1-AMPARs.) The crowded environment in PSD****° and the
recent finding of density-dependent multimerization of
AMPARs®" may explain our observation of restricted mobility
of diffusive GluA1-AMPARSs in the synaptic region.

GluA1-AMPARSs form synaptic nanodomains

Finally, we investigated subsynaptic localization and diffusion
of GluA1-AMPAREs. In the representative image of a spine (Fig-
ure 3A) with Homer1 (green) and GluA1-AMPARSs (red hot), the
distribution of GluA1-AMPAR is heterogeneous. In Figure 3A1,
three small domains (highlighted with dashed ellipses) are en-
riched in GluA1-AMPARs—these area are called synaptic
nanodomains.’” The trajectories of the GluA1-AMPARs located
in the nanodomains are greatly restricted: Figure 3A2 shows
trajectories of synaptic GluA1-AMPARSs, and Figure 3A3 high-
lights that subset of trajectories of GluA1-AMPARs that are
immobile, i.e., those that have D < 10725 um?/s. We found
that the immobile receptors are confined the synaptic
nanodomains =120% nm® (Figure 3D), consistent with a previ-
ous report.’” To see the distribution of the immobile receptors
with respect to the synapse, we plotted the diffusion constant
versus distance from Homer1 (Figure 3B). We found that the
nanodomains are greatly confined to the synaptic region, which
we defined as 0-0.3 pm from Homer1. Measuring the fraction
of GluA1-AMPARs in nanodomains as a function of distance
from the nearest Homer1, we found that ~60% of GIluA1-
AMPARs are in nanodomains in the synaptic region (Figure 3C).
The fraction in nanodomains rapidly decreases and goes down
to ~30% after 1 pm distance (in 3D) from the Homer1. The frac-
tion of GluA1-AMPARSs found in the extra-synaptic region could
be due to immobilization in endocytic zones existing in close
proximity of Homer1.*®

DISCUSSION

In summary, we developed live-cell super-resolution imaging
technique via DNA-PAINT: it shows the position, movement,
and quantity of surface receptors in live neurons. To our knowl-
edge, this is the first demonstration of DNA-PAINT imaging of
living cells under physiological condition. Overlapping MBMs im-
proves the speed of imaging without sacrificing resolution or
signal-to-background ratio. We were able to reconstruct the im-
age of AMPARSs in live neurons with ~30 nm lateral and ~75 nm
axial resolution (Figures S1E and S1F). Repetition of binding

sequence (e.g., ...TCCTCC ...; Table S1) provides additional
benefit for tuning the binding of imager-docker due to different
experimental conditions or requirements (e.g., temperature,
length of trajectory). We chose an 8-nt imager, which binds for
about 2 s, to image trajectories of GluA1-AMPARs at room tem-
perature with minimal photobleaching of the bound imager.
However, it is possible to choose a longer imager (simply by
adding one nucleotide) to observe as long trajectories as the
photostability of the dye allows or, alternatively, to perform the
experiment at 37°C, which is known to be more physiological.
We have shown that the binding and exchange of imagers can
be obtained at 37°C using a 9-ntimager (Figure 1B, dotted lines),
andimaging and tracking of GluA1-AMPARs at 37°C using a9-nt
imager was done (Figure S4).

By using monovalent small antibody scFv-docker conjugates,
we labeled and imaged endogenous GluA1-AMPARs without
overexpression and cross-linking of the molecules. We found
that GluA1-AMPARs are enriched near the synapse showing
higher distribution within 0.3 pm (in 3-dimensions) from Homer1,
a protein of the PSD. gPAINT also enabled accurate counting of
molecules. For the images acquired for live neurons, the coeffi-
cient of variation (Cy = o/p, SD/mean) of the number of detected
events is calculated to estimate the counting error of gPAINT
approach (Figure S3E). Consistent with a previous report,” the
coefficient of accuracy decreases as more frames are collected.
By fitting with equation (C, = A(1/[x + B]), where x is number of
frames and A and B are fitting constants) and extrapolating, we
found that the counting error of our images is ~1.7% with
2,000 frames of measurement. By tracking single receptors,
we found that half of GluA1-AMPARSs in synapse are immobile
under basal condition. This immobile fraction of GluA1-
AMPARs exists in synaptic nanodomains where the receptors
enrich and are potentially aligned to the presynaptic glutamate
release site as reported.’”* The observations are consistent
with previous reports, proving that AMPARSs form nanometric or-
ganization without causing overexpression or hindering molecu-
lar diffusion by cross-linking. The results show that endogenous
GluA1-containing receptors are also involved in the formation of
the nanodomains. These findings support that live-cell DNA-
PAINT is suitable technique for studying subdiffraction-limited
localization and diffusion of receptor molecules on the
membrane of live neurons with minimal perturbation.

Limitations of the study

At present, the technigue is currently limited to image target mol-
ecules on the membrane surface.'®'""® To extend the technique
to cytosolic targets, (1) methods for internalization of probes
must be developed, and (2) non-specific binding of the probe in-
side the cells, especially to the nucleus of the cell, needs to be
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Figure 3. Synaptic nanodomains of GluA1-AMPARSs

(A1-A3) (A1) Representative image of synaptic GluA1-AMPARSs (red hot) with respect to Homer1 (green). Nanodomains that correspond to the high-density region
of GluA1-AMPARSs are highlighted with dashed ellipses. (A2) Trajectories of GluA1-AMPARS in the image. (A3) The trajectories of GluA1-AMPARs with restricted
mobility (D < 1072 um?/s) were plotted. Trajectories are shown as solid lines with the color that indicates the diffusion coefficient of the trajectory according to the

color bar. Scale bar: 500 nm for (A1)-{A3).
(B) Density scatterplot showing diffusion coefficient of GluA1-AMPAR as a function of distance from nearest-neighbor Homer1 (NN-Homer1). Color bar rep-

resents the density of data points.
(C) Fraction of GluA1-AMPARSs in nanodomains is plotted as a function of distance from NN-Homer1. Emor bars represent SEM (n = 9 cells from 4 independent

batches of cell cultures).
(D) Size distribution of synaptic nanodomains.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse «GluA1 antibody Abcam ab174785; RRID: AB_2920893
Rhodamine (TRITC)-conjugated AffiniPure F(ab’): Jackson ImmunoResearch 115-006-062; RRID: AB_2338470

Fragment Goat Anti-Mouse 1gG (H + L)

Bacterial and virus strains

B21(DE3) NEB C2527H

Chemicals, peptides, and recombinant proteins

antiGluA1 scFv This paper, Yu et al.™ N/A

Experimental models: Cell lines

Primary rat hippocampal neuron culture Charles River CDoo1

Oligonuclectides

2xR1 IDT See Table S1

5xR1 IDT See Table S1

16xR1 IDT See Table S1

R1_8nt IDT See Table S1

R1_9nt IDT See Table S1

Software and algorithms

MATLAB scripts Lee et al.'® and this paper Mendeley Data: https://doi.org/10.17632/
6dj3yx6xwg.1

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Paul R.
Selvin (selvin@illinois.edu).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
o All original code and representative raw images are deposited on Mendeley Data and publicly available as of the date of pub-
lication. (Mendeley Data: https://doi.org/10.17632/6d]3yx6xwg.1).
@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Both male and female E19 rat embryo from CD 001 timed pregnant rat was used for primary hippocampal neuron culture. The pro-
cedures involving animal care, euthanasia and dissection are performed in accordance with the guidelines and regulations set forth
by the Institutional Animal Care and Use Committee at the University of lllinois at Urbana-Champaign.

METHOD DETAILS
Hippocampal neuron culture and transfection

Primary hippocampal neurons were prepared from E19 rat embryo according to UIUC guidelines. Timed-pregnant rats were eutha-
nized in CO2 gas chamber and decapitated to obtain embryos. The brains were removed from the pups and hippocampi were cut
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from the brains after removing meninges. Hippocampal tissues were incubated in 3 mg/mL protease at 37°C for 8 min, then disso-
ciated into single cells via trituration with polished Pasteur pipettes. The number of cells was counted by using hemacytometer and
2x10° cells were seeded on a PLL-coated 25 mm coverslip in plating media (MEM supplemented with 10% FBS, 0.45% (w/v)
D-glucose, 25 pM L-glutamine, 1 mM sodium pyruvate, and penicillin/streptomycin). In 4 h, after cells attached to the coverslips
surface, the culture media was exchanged into maintenance media (neurobasal supplemented with B27, 0.5 mM L-glutamate
and penicillin/streptomycin). The cells were keep cultured at 37°C with 5% CO.. On days in vitro (DIV) 12-13, 1 pg of each cDNA
was (co-)transfected using Lipofectamine 2000 according to manufacturer’s instruction. Prepared cells expressing the proteins
were imaged on DIV 15-17.

Mutagenesis, expression, and purification of anti-GluA1 scFv (LPETGG-6xHis)

The plasmid construct for anti-GluA1 scFv was kindly gifted by Eric Gouaux group. To minimize interference of docker binding to the
affinity of scFv, we placed the binding site at the C terminal of scFv where the affinity tag for purification is located. To add Sortase
recognition peptides (LPETGG) and to substitute Streptag to 6xHis tag, site-directed mutagenesis was performed using NEB Q5
Site-Directed Mutagenesis Kit. The plasmid construct was transformed into B21(DE3) competent cells and transformed cells
were cultured on antibiotic selective LB agarose plates at 37°C overnight. Next day, single colony was inoculated into 50 mL terrific
broth (TB) medium with the antibiotics and cultured overnight in a shaking incubator at 37°C. After the overnight culture, 20 mL of
culture was diluted into 1 L fresh TB medium and the culture was continued until absorbance at 600 nm (OD600) reaches to
1.5-1.8. Once OD600 reached to the point, 0.1 mM of IPTG was added to induce the expression of scFv and culture was continued
at room temperature for 22-24 h. After the culture, cells were collected by centrifuging at 6000g for 15 min, the pellet was resus-
pended in 10 mL lysis buffer (200 mM Tris, pH 8, 20% sucrose, 1 mM EDTA, 10 mM imidazole) and incubated on ice for 30 min.
Released scFv was collected by centrifuging the mixture at 20,000 g for 1 h and taking the supernatant. The supernatant was dialyzed
for 48 h at4°C with 3 times of buffer exchange with wash buffer (20 mM Tris Base, pH 7.6, 150 mM NaCl, 10 mM imidazole) to get rid of
sucrose. After dialysis, His-tagged scFv was purified using Ni-NTA affinity chromatography, eluted by elution buffer (20 mM Tris
Base, pH 7.6, 150 mM NaCl, 500 mM imidazole). The buffer was exchanged into storage buffer (20 mM HEPES pH 7.5, 150 mM
NaCl, 10 mM CaCl,, 10% glycerol) to remove imidazole and for further reaction using Amicon centrifugal filter (10k MWCQ). The
concentration of scFv was measured by absorbance at 280 nm (eecry = 51,130 M~ 'em™"). The protein was flash frozen with liquid
nitrogen and stored at —80°C until further usage.

Sortase A mediated conjugation and copper-free click chemistry of scFv-docker

To make the probe for DNA-PAINT imaging of GluA1-AMPARSs, we conjugated antiGluA1-scFv and docking DNA strand via Sortase
A-mediated reaction and copper-free click chemistry.**~° Briefly, 10-30 pM scFv with Sortase recognition peptide sequence was
mixed with 130 pM Sortase A (A59) and 10 mM DBCO-amine in Sortase reaction buffer (20 mM HEPES pH 7.5, 150 mM NaCl,
1-10 mM CaCl,) and incubated at room temperature for 2.5-16 h on a shaker. After the reaction, unlabeled scFv and Sortase
were removed by using Ni-NTA affinity chromatography. Free DBCO-amine was removed by using Amicon centrifugal filter (10k
MWCO). Final concentration of DBCO labeled scFv is measured by absorbance at 280 nm and 309 nm (ggcr, = 45,630 M~'ecm™,
epaco = 12,000 M 'em™, CFpaco, 280 nm = 1.07). After the first reaction, scFv-docker conjugates were made by copper-free click
chemistry. Azide modified docker DNA oligo was added to DBCO-scFv with 1.5-2 times excess molecular amount and incubated
at 4°C for 16-24 h. Then, free DNA oligos were removed by using Amicon centrifugal filter (30k MWCO). Final concentration of
scFv-docker was measured by absorbance at 260 nm and 280 nm.

Labeling DNA oligo with fluorophores

For making fluorophore labeled imager DNA oligo, amine-modified DNA oligonucleotides were labeled with fluorophores which have
NHS ester group. Briefly, amine-modified DNA oligo was mix with 20 times excess amount of NHS ester dye in tetraborate buffer (pH
8.5). After mixing, the mixture was incubated at 4°C overnight. After the reaction, fluorophore labeled DNA oligo was purified from
unreacted free fluorophore by ethanol precipitation and resuspended in molecular biology grad water. The concentration and degree
of labeling of DNA oligo were calculated by Beer-Lambert equation, with the absorbance at 260 nm and at the peak absorbance of the
fluorophore measured by Nanodrop spectrometer.

Microscope setup

Imaging experiments were performed using Nikon inverted microscope (Ti-Eclipse) system. Four laser lines (MLC 400B, Agilent
Technologies, equipped with 405, 488, 561, 640 nm) were combined through single mode optical fiber and focused on the back focal
plane of the objective lens (APO 100x, NA 1.49, Nikon) which was used for illumination and collection of photons. Samples
were loaded on xyz-translational stage (xy: motorized, z: piezo). Focus was maintained by Nikon perfect focus system (PFS). For
3D measurement a cylindrical lens (f.,; = 10 m) was put in the slide-in port between the objective lens and the tube lens to generate
astigmatism.*® Quad-band dichroic mirror (Chroma, ZT405-488-561-640RPC) was used for separating excitation and fluorescence
emission, band pass filters were used for each spectrum (447/60, 525/50, 600/50, and 680/40). A back illuminated EMCCD camera
(DU897, Andor Technology) was used for recording fluorescence signal. For drift correction, 760 nm LED was used for illuminating the
sample from the top and transmitted IR signal was collected by separate IR sensitive CMOS camera (DMK 23U274, The Imaging
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Source) after reflected by 750 nm long pass dichroic mirror placed above the quad-band dichroic mirror. For image acquisition and
device control Nikon NIS Element and IC capture were used.

Buffers
Following buffer solutions were used in this work.

- ACSF (HEPES buffered): 20 mM HEPES pH 7.4, 125 mM NaCl, 2.5 mM KCI, 2 mM CaCl, 1 mM MgCl,, 10 mM D-glucose
- ACSF+: ACSF +0.05% Tween 20

DNA-PAINT image acquisition

For in vitro DNA-PAINT imaging, microfluidic channel was used for sample preparation.® 5’ biotinylated docker was sparsely (50 p.m.
concentration) immobilized on the surface of PEGylated coverslip (1-5% biotin-PEG) via streptavidin-biotin reaction. After washing
free DNA strand in the solution streptavidin conjugated polystyrene beads (D = 1 um) was added and immobilized on the surface as
fiducial markers for stage drift correction. After immobilizing the beads, 0.64 nM of imager DNA was added into the channel and the
apertures were sealed by vacuum grease to prevent the evaporation of imaging buffer solution during the measurement.

For live cell imaging, surface GluA1-AMPARs were labeled by 100 nM of anti-GluA1 scFv with 2.5% casein for 5 min and the cell
was washed by ACSF solution 3 times. Imaging buffer solution with 1 nM imager DNA was added, and imaging was performed. For a
neuron, 20 s of PALM imaging of antiHomer1-mGeos was taken with 488 nm illumination and 405 nm photoactivation pulse every 20
frames. Then 200 s of DNA-PAINT imaging of GluA1-AMPARs were taken sequentially. Camera exposure time was 100 ms.

Prepared samples were imaged on Nikon inverted microscope with 10-20 W/cm? illumination of 640 nm laser to minimize photo-
induced damage of DNA probes and cells. Imaging experiments were performed at room temperature.

scFv specificity experiments

Live neurons were incubated in HBS buffer containing 5% casein, 50 nM mouse aGluA1 antibody (Abcam, Cat# ab174785), and
100 nM scFv-Alexa 647 or 100 nM scFv-16xR1 for 5 min. Cells were then washed with HBS before fixation with 4% PFA and 4%
sucrose (w/v) and washed again after fixation. They were then incubated overnight in 1000x diluted Rhodamine (TRITC)-conjugated
AffiniPure F(ab’)z Fragment Goat Anti-Mouse IgG (H + L) (Jackson ImmunoResearch, #115-006-062) overnight at 4°C. After washing,
cells labeled with scFv-16xR1 were imaged with blocking buffer (1 mM dextran sulfate, 0.1 mg/mL sheared salmon sperm DNA,
0.05% Tween 20, 3% BSA in HBS) while cells labeled with scFv- Alexa 647 were imaged in HBS. Snapshots were taken of the
TRITC signal followed by either 200 s of DNA-PAINT imaging of scFv-16xR1 or a snapshot of the scFv-Alexa 647. Exposure time
was 100 ms. Diffraction limited DNA-PAINT images were created by maximum intensity projection. Whole images were then
analyzed by a pixel-to-pixel comparison to calculate the Pearson’s correlation coefficient.

QUANTIFICATION AND STATISTICAL ANALYSIS

Foranalysis of image, post-processing, and data visualization, ImageJ plug-in ThunderSTORM, ** Picasso DNA-PAINT analysis soft-
ware package,® and custom codes written in MATLAB or Python 3 were used. Statistical results are represented mean + SE of mean
or SD as mentioned in each figure. Details for each step are described in following subsections.

Single molecule localization

For single molecule localization, single molecules were detected by using either ImageJ plugin ThunderSTORM with B-spline filter**
and peak intensity threshold (2*std(Wave.F 1)), or Picasso DNA-PAINT analysis software package with gradient-based method® were
used. Detected fluorescent signals were fitted with a 2D Gaussian function via MLE to estimate the molecule’s position, signal pho-
tons, background photons and the width of the PSF. For 2D imaging symmetric Gaussian model was used and for 3D astigmatism
elliptical Gaussian model was used with calibration.”® Stage drift was corrected as done in the previous literature.****° Briefly,
polystyrene beads immobilized on the glass surface were imaged by IR sensitive CMOS camera, and the position of the beads
was subtracted from the position of detected fluorescent molecules according to the frame.

Calculation of k,, and k. of imager to the surface immobilized docker in vitro

To calculate k,, and k4 of imager-docker pairs, a single docker was picked using Render module of Picasso package. Specific
binding of imager to the docker visualized sparsely located docker strands showing confined clusters in the reconstructed image
(Figure S2). From an individual docker, the on-time and off-time of bindings were obtained by calculating the mean of the duration
of binding (on-time) and the interval between two adjacent binding (off-time) using Render module of Picasso package.

Diffusion coefficient and trajectory range

For tracking of single particle Crocker-Grier algorithm was used.*” Briefly, the localization information (x,y,z-position and time) and
three input parameters are given, including maximum displacement of particle between adjacent frames (500 nm), minimum length of
trajectory in frame (5 frames) and maximum dark time to compensate blinking of the dye or missing signal due to noise (3 frames). The
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algorithm links the localizations molecules showing up within maximum displacement and maximum dark time to detect the trajec-
tories of the molecules. After the linkage, the trajectories shorter than minimum length were eliminated to filter out noise. The mean
squared displacement (MSD, Figure S12) curve of the trajectories (<x*>) were fitted with linear curve and the diffusion coefficient D
was calculated based on following equation.

_ )
" ont

where n is the dimension of the trajectory and t is the time. Trajectory range is calculated by taking maximum distance between lo-
calizations within a trajectory.

For the visualization of the data, density scatterplot of the diffusion coefficient and the range of individual trajectory was shown in
2D plane in logarithmic scale. For quantification of mobile and immobile trajectories, Gaussian Mixture Model (function “fitgmdist”)
was used to fit the data with two 2-dimensional Gaussian functions (number of components, k = 2) using custom MATLAB code.
Based on the axial localization accuracy, which is poorer than the lateral accuracy of the image (¢, = 75 nm), we defined the limit
of detection of diffusion coefficient and trajectory range (D, op and Traj, op, respectively) calculated by the equations below asimmo-
bile group.

(a2)°

6t

Dico = = 10725(= 0.003)um?/s

Trajiop = 2.3550, = 107 °73(= 0.178) um for o, = 75 nm
The distribution showing the diffusion coefficient and trajectory range below the LOD were determined immobile.
Nanodomains
Nanodomains of GIuA1-AMPARs were defined by the cluster of immobile (D < 10725 pm/s?) GluA1-AMPAR localization in synaptic

regions. To measure the size of the nanodomains, x, y, z positions of the localizations were fit with 3-dimensional Gaussian function
and the o,, oy, and o, were obtained as the length of three axis. The volumes were calculated by

V = ~wa,0,0,

3
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