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SUMMARY

Image reconstruction by integrating exchangeable single-molecule localization (IRIS) achieves multiplexed
super-resolution imaging by high-density labeling with fast exchangeable fluorescent probes. However, pre-
vious methods to develop probes for individual targets required a great amount of time and effort. Here, we
introduce a method for generating recombinant IRIS probes with a new mutagenesis strategy that can be
widely applied to existing antibody sequences. Several conserved tyrosine residues at the base of comple-
mentarity-determining regions were identified as candidate sites for site-directed mutagenesis. With a high
probability, mutations at candidate sites accelerated the off rate of recombinant antibody-based probes
without compromising specific binding. We were able to develop IRIS probes from five monoclonal
antibodies and three single-domain antibodies. We demonstrate multiplexed localization of endogenous
proteins in primary neurons that visualizes small synaptic connections with high binding density. It is now
practically feasible to generate fast-dissociating fluorescent probes for multitarget super-resolution imaging.

INTRODUCTION

Single-molecule localization-based super-resolution micro-

scopy surpasses the diffraction limit (�200 nm) of conventional

optical microscopy. However, the imaging fidelity is limited by

the labeling density and spatial interference between bulky anti-

bodies in a confined resolved area (Kiuchi et al., 2015). A novel

multitarget super-resolution approach named image reconstruc-

tion by integrating exchangeable single-molecule localization

(IRIS) has overcome this problem by utilizing exchangeable

fast-dissociating probes (IRIS probes) (Kiuchi et al., 2015). The

initial IRIS probes were derived from peptides that bind to the

endogenous target proteins. Transient binding probes have

been recently developed based on peptide-peptide and pep-

tide-protein interactions (Eklund et al., 2020; Farrell et al.,

2022; Oi et al., 2020; Tas et al., 2021). However, these probes

visualize only exogenous peptide-tagged targets, and only a

few probes are available. Previously, we reported the develop-

ment of IRIS probes by screening fast-dissociating monoclonal

antibodies (Miyoshi et al., 2021). Although several antibody-

based IRIS probes have been developed, the validation and pro-

duction processes are still challenging. Generating recombinant

probes from existing antibody sequences could greatly expand

the usability of IRIS, but such an approach would require an effi-

cient strategy to optimize the dissociation of the antibody-target

interaction without compromising the binding specificity.

Antibody variable fragments (Fv) and nanobodies are small

proteins that only contain the antigen-binding domains of

MOTIVATION IRIS super-resolution microscopy achieves high-fidelity multiplexed imaging using excha-
ngeable probes that transiently bind to targets. Nevertheless, generation of a fast-dissociating binder for
each target has been challenging. The repository of antibody is expanding rapidly. Therefore, we developed
a generalizable engineering strategy to generate fast-dissociating recombinant antibodies for IRIS imaging
from off-the-shelf antibodies. The strategy could effectively increase the dissociation rate of existing anti-
bodies by orders of magnitude. In addition, we examined the superiority of IRIS over conventional super-
resolutionmicroscopies in eliminating interference betweenmultiple antibody-based probes inmultiplexed
high-density imaging.
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antibodies. The specific binding properties of these nanoscopic

molecules make them suited for a variety of biological assays

and medical applications (Dong et al., 2019). These small anti-

body fragments improve the localization accuracy by reducing

the distance between the fluorescent signal and the target pro-

tein (Harris et al., 1998; Pleiner et al., 2015; Vallet-Courbin

et al., 2017). The binding specificity of antibody fragments is gov-

erned by six complementarity-determining regions (CDRs) that

form loops on the variable heavy chain (VH) and light chain (VL).

A major challenge in antibody optimization is the trade-off be-

tween antibody affinity, specificity, stability, and solubility (Rabia

et al., 2018). Enhanced affinity, for instance, sometimes leads to

decreases in antibody specificity and stability (Houlihan et al.,

2015; Tiller et al., 2017).

Individual Fv are unstable owing to the insufficient interaction

between VH and VL. As a work around, a single-chain variable

fragment (scFv) is a commonly used recombinant Fv, in which

the VH and VL of the antibody are connected with a short linker

peptide of 10–25 amino acids (Arimori et al., 2017). However,

scFv cannot be adapted to all antibodies without stability engi-

neering (Lehmann et al., 2015). Moreover, scFvs have a reduced

stability under thermal stress, which may limit their potential as

an imaging tool (Kang and Seong, 2020). To enhance the struc-

tural stability of the Fv, a universally applicable antibody frag-

ment format, Fv-clasp, was constructed by fusing a coiled-coil

SARAH domain of human Mst1 kinase to each chain of the var-

iable region (Arimori et al., 2017). Fv-clasp constructs exhibit

excellent compatibility and stability while retaining the binding

affinity of the original antibodies (Arimori et al., 2017) and can

be used for immunostaining (Watson et al., 2021).

Here, we introduce an efficient strategy to generate IRIS

probes by site-specific mutagenesis of the common residues

within VH and VL domains in the either a Fv-clasp or nanobody

format. Eight IRIS probes coupled with a set of peptide tags

(FLAG tag, hemagglutinin [HA] tag, TARGET tag, V5 tag, S tag,

and ALFA tag) and two neuronal proteins (Homer and VGlut)

were generated by modifying antibody cDNAs from hybridoma

clones and open-source antibody sequences. These mutated

antibody fragments retained their specificity and were usable

for IRIS super-resolution microscopy by conjugating fluorescent

proteins to their C terminus. Our method enables rapid conver-

sion of existing antibody cDNAs to fast-dissociating probes for

multiplexed analyses and will greatly expand the library of IRIS

super-resolution imaging probes.

RESULTS

Construction of recombinant Fv based on Fv-clasp
We obtained a set of epitope tag-specific antibody sequences

from previous studies, including P20.1 (anti-TARGET tag) (Ta-

bata et al., 2010), 12CA5 (anti-HA tag) (Arimori et al., 2017),

2H8 (anti-FLAG tag) (Ikeda et al., 2017), V302A (anti-V5 tag)

(Miyoshi et al., 2021), S66B (anti-S tag) (Miyoshi et al., 2021),

and 11G9 (anti-FLAG tag) (Miyoshi et al., 2021). Fv sequences

of V302A, S66B, and 11G9 (Figure S1A) were acquired from

our custom-made hybridoma cell lines (Miyoshi et al., 2021).

We constructed ‘‘Fv-EGFP’’ by fusing EGFP to the heavy chain

of Fv-clasp and purified the expressed fusion protein from the

supernatant of HEK293 cell culture (Figures 1A and 1B). All Fv-

EGFPs recognized the relevant expressed epitope-tagged actin

in Xenopus laevis XTC cells after fixation (Figure 1C). We deter-

mined the dissociation rate (koff) by tracking the single-molecule

Fv-EGFP bound to epitope-tagged actin (Figure 1D). The data

after normalization for the photobleaching rate of EGFP (Fig-

ure S1B) are summarized in Table S1. The koff values are consis-

tent with previous studies (Arimori et al., 2017; Fujii et al., 2014;

Miyoshi et al., 2021).

Identification of candidate mutation sites in Fv to
generate IRIS probes
To achieve high-fidelity IRIS imaging of intracellular proteins

(typically, up to 104 molecules/mm2), probes that dissociate in a

few seconds are desirable. We therefore sought to increase

the dissociation rate of P20.1, 12CA5, 2H8, V302A, and S66B

by site-directed mutagenesis. We premised our strategy on the

notion that candidate sites for mutagenesis should be commonly

conserved in antibodies and would minimally impact specificity.

We analyzed 169 open-source Fv sequences and calculated the

frequency of amino acids at each position in the alignment of the

Chothia numbering scheme (Figure S2) (Chothia and Lesk,

1987). The frequency was consistent with the ranking in a previ-

ous study (Li et al., 2019). We selected seven conserved sites at

the boundary of CDR and FR, namely H27, H32, H59, H102, L32,

L49, and L96 (Figures 2A and S2). The amino acids at these sites

are often tyrosine (Y) residues, which play dominant roles in

mediating molecular contacts by forming non-polar, hydrogen-

bonding, and cation-p interactions (Koide and Sidhu, 2009).

Although tyrosine in the middle of CDRs is important for the an-

tigen-antibody interaction (Tsumoto et al., 1995), these seven

residues are located at the base of CDR loops (Figure 2B) and

do not contact with antigens in many cases (Sela-Culang et al.,

2013). Thus, we hypothesized that mutagenesis in these posi-

tions might affect the dissociation rate of antibodies without a

significant sacrifice of specificity. In addition, H28 at the base

of the HCDR1 loop was included among candidate sites. H28

is a conserved site that is often occupied by threonine (T) or

serine (S).

To investigate which amino acid substitution could effectively

increase the dissociation rate, three candidate sites (H27, H59,

and H102) at the base of each HCDR were selected for trial

experiment. We performed site-directed mutagenesis on P20.1

Fv-EGFP by substituting each tyrosine residue for each of the

other 19 amino acids (Figure 2C). Almost all mutants specifically

recognized TARGET-tagged actin expressed in XTC cells,

except for HY102P and HY27K. Glycine substitution most effec-

tively accelerated the koff. We therefore selected glycine (G) and

alanine (A) as substitution residues. The koff of P20.1 Fv-EGFP

with HY59G point mutation (P20.1H1L0) was increased by

9-fold (Figure 2D), and the mutant was used in subsequent

IRIS imaging with the TARGET tag.

As for the other four Fv-EGFPs, we combined several single

point mutations in candidate sites (Table S2). In the case of

S66B, the koff of S66B
H1L0 was doubled to 0.276 s�1 by intro-

ducing HS28A point mutation (Figure 2E). HY32A, LY96A, and

LY32A point mutations in 12CA5H5L0, 2H8H0L3, and V302AH0L1,

respectively, increased the koff by more than one order of
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magnitude (Table S2). To further increase their respective disso-

ciation rate, we sequentially introduced multiple mutations. The

koff values of 2H8H1L3 and V302AH2L1 double mutants were

increased by 50- and 17-fold compared with wild type (Fig-

ure 2E). We also increased the koff of 12CA5 by adding two mu-

tations in 12CA5H5L0. The koff of 12CA5
H6L2 was 0.601 s�1, which

is 2 orders of magnitude faster than wild type (Figures 2D and

2E). Our mutagenesis strategy thus successfully increased the

dissociation rate of antibody-based recombinant fluorescent

probes.

Generation of IRIS probes based on nanobodies
We also applied the same strategy to a single-domain antibody

(nanobody), which consists of only a monomeric variable

domain. We analyzed 100 open-source nanobody sequences

and calculated the frequency of amino acids at each site (Fig-

ure S3A) by aligning them with the Chothia numbering scheme

(Sircar et al., 2011). The frequency of amino acids at the candi-

date sites in nanobodies is similar to that in antibody VH (Fig-

ure S3B). We also noticed that the 37th amino acid (Nb37) in

the vicinity of CDR1 is a conserved site occupied by Phe or

Tyr, which is different from the corresponding position in VH (Fig-

ure S3B), as described previously (Sircar et al., 2011). We

included Nb37 among the candidate sites for mutagenesis of

the nanobody in addition to Nb27, Nb28, Nb32, Nb59, and

Nb102 (Figure 3A).

We obtained three nanobodies from previous studies, namely

NbALFA (anti-ALFA tag) (Götzke et al., 2019), HS69 (anti-Homer)

(Dong et al., 2019), and NV-Nb9 (anti-VGLUT) (Schenck et al.,

2017). We fused EGFP to the C terminus of the nanobody (here-

after called Nb-EGFP) and purified it from the supernatants of

transfected HEK293T cell cultures (Figure S3C). Their koff values

were characterized using XTC cells overexpressing ALFA-

tagged actin, mCherry-Homer1, and mCherry-VGLUT1. We

Figure 1. Production of EGFP conjugated Fv-clasps

(A) Diagram of Fv-EGFP generation.

(B) The SDS-PAGE profile of the purified P20.1 (anti-TARGET tag) Fv-EGFP under reducing (R) and non-reducing (NR) conditions. For the reducing condition, the

sample was treated with 2% 2-mercaptoethanol and heated at 95�C for 2 min.

(C) Single-molecule imaging of Fv-EGFPs (wild type [WT]) bound to the corresponding epitope-tagged actin expressed in XTC cells. The probes were applied at a

very low concentration (0.05–0.1 nM) to perform the single-molecule imaging. Lookup table (LUT) of single-molecule images was inversed in this paper. Scale bar,

5 mm.

(D) Time-lapse images of bound P20.1 Fv-EGFP (corresponds to the yellow box in C) acquired for koff measurement. Bound molecules are indicated by circles in

red (new binding), blue (disappears in the next frame), and orange (remains bound). Molecules bound for only one frame are indicated by circles composed of red

and blue that are half red and half blue. Exposure time was 300 ms. Scale bar, 2.5 mm.
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Figure 2. Increasing the dissociation rate of Fv-EGFPs by mutagenesis

(A) Schematic diagram of candidate sites in Fv. Positions and CDRs are defined by the Chothia numbering scheme.

(B) Candidate sites (red and magenta) at the boundary of CDR and FR, as positioned in the crystal structure of the 12CA5 Fv-clasp (PDB: 5XCU), with a ribbon

diagram presentation. VH, VL, and CDRs are highlighted in the same colors as in (A).

(C) Half-lives (T1/2 = ln2/koff) of P20.1 Fv-EGFP (anti-TARGET tag) single-point mutants at the base of HCDR1 (HY27), HCDR2 (HY59), and HCDR3 (HY102).

Original tyrosine residues were substituted with all other 19 amino acids. Mutants that did not recognize TARGET-actin expressed in XTC cells are annotated in

gray (HY27K and HY102P).

(D) Dissociation rate (koff) of P20.1 and 12CA5 determined by analyzing time-lapse images. Normalized regression of tracked molecules (mean value) was fit to a

one-phase decay model (n = 3). Standard deviations (SDs) are shown by red bars. See Tables S1 and S3 for more information on fitting parameters.

(E) Summary of mutation sites and dissociation rates of mutant Fv-EGFPs.
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mutated several candidate sites of HS69 and NV-Nb9 and

increased their koff by two orders of magnitude (Figure S3D).

Since the dissociation half-life of NbALFA is longer than 5.5 h

(Figure 3B), three alanine mutations at E53, R60, and V99 were

first introduced to abolish several interactions with the ALFA

tag, according to a previous study (Götzke et al., 2019). The

koff of this triple mutant (NbALFAH1) increased to 2.02 3 10�3

s�1 (Table S2). Three additional point mutations at candidate

sites further increased the koff to 0.331 s�1 (Figures 3B and

3C). The new candidate site Nb37A proved useful to increase

the koff in HS69 and NV-Nb9 (Table S2). We also evaluated the

koff of HS69
H3 and NV-Nb9H4 probe using primary cultured neu-

rons. These probes recognized both endogenous targets in neu-

rons and exogenous proteins overexpressed in XTC cells, and

the koff was similar in each case (Figure S3D).

Validation of new IRIS probes against epitope tags by
super-resolution imaging
We validated the fidelity and specificity of our probes using

epitope-tagged actin expressed in XTC cells. In fixed and per-

meabilized cells, super-resolution images of epitope-tagged

actin were reconstructed from single-molecule stacks (Figures

4A, 4G, and 4H). FLAG, TARGET, HA, V5, S, and ALFA probes

clearly visualized actin bundles with a resolution of approxi-

mately 45 nm in full width at half maximum (FWHM) (Figures

4B and 4C) and resolved two actin bundles 60 nm apart (Fig-

ure 4D). The resolution of actin filaments in Figure 4B is esti-

mated to be 52.7 nm using decorrelation analysis (Descloux

et al., 2019), which is similar to the FWHM value (45 nm). All

five probes recognized the actin filaments of the same distribu-

tion and fidelity as the Lifeact probe (Kiuchi et al., 2015)

(Figures 4E–4G). We tested the probes at the same concentra-

tion using non-transfected XTC cells, as we did in the previous

study (Miyoshi et al., 2021), and the binding signal was negligible

(Figure S4A). In this study, we quantitively evaluated the non-

specific binding and found that the non-specific signal did not in-

crease after mutagenesis at candidate sites (Figures S4A and

S4B). Thus, the point mutations at our candidate sites do not

impair the specificity of the original antibodies.

Although the probes with a slow dissociation rate could

achieve single-molecule imaging at a low concentration, it was

difficult to label the target with high fidelity due to insufficient

binding frequency within a short timescale (Figure S4C) (Miyoshi

et al., 2021). We compared the HA-actin images reconstructed

from 30,000 frames using a fast probe (12CA5H6L2, T1/2 = 1.15

s) and a slow probe (12CA5H4L0, T1/2 = 9.09 s) (Figure S4D).

The fast probe could visualize thin HA-actin fibers even in a short

imaging period, while the slow probe only sketched the discon-

tinuous actin.

Multiplexed super-resolution imaging of focal
adhesions by IRIS probes against epitope tags
To test if our probes can be used for multiplex super-resolution

imaging, we simultaneously transfected six epitope-tagged

proteins into XTC cells, including V5-actinin, FLAG-vinculin,

HA-tagged myosin regulatory light chain 2 (HA-MRLC),

TARGET-paxillin, ALFA-zyxin, and S-histone2B (S-H2Bb). The

probes were sequentially applied to the transfected, fixed

cells in the order of V302AH2L1, Lifeact, 2H8H1L3, P20.1H1L0,

12CA5H6L2, NbALFAH2, and S66BH1L0 (Figures 5A and 5B). All

probes could be thoroughly washed away in the successive im-

aging procedure (Figure 5A), and the cross-talk between targets

is negligible (Figure S5). In the multiplexed super-resolution im-

age, V302AH2L1, 2H8H1L3, P20.1H1L0, and NbALFAH2 probes

visualized the thick focal adhesion complex that associates

with the tip of actin stress fibers (Figures 5C and 5D). HA-

MRLC overlaps with F-actin in the cell center but was not

observed near the cell edge (Figure 5B). HA-MRLC is barely

Figure 3. Generation of fast-dissociating nanobody probes

(A) Candidate sites for mutagenesis of nanobody probes, as represented in the structure of NbALFA (PDB: 6I2G). CDRs are highlighted in yellow. Candidate sites

are colored in magenta.

(B) The koff values of NbALFAWT and NbALFAH2 using XTC cells expressing ALFA-actin. See Figure S3E for the time traces of photon counts. See Tables S1 and

S3 for more fitting information.

(C) Summary of mutation sites and dissociation rates of nanobody probes. koff values were determined using transfected XTC cells.
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colocalized with focal adhesion complexes (Figure 5D), which is

consistent with previous immunostaining results (Betapudi,

2010). Moreover, an alternating pattern was visualized between

V5-actinin and HA-MRLC along the actin arcs in the lamella of

the cell (Figure 5E), as reported in a previous study (Tojkander

et al., 2011). This sarcomeric-like organization on arcs is consid-

ered to promote actin contraction and shortening (Burnette et al.,

2014). In addition, spatially separated clusters of H2B nanodo-

mains inside the cell nucleus were revealed by S66BH1L0 probe

(Figure 5D), which is in agreement with a previous super-resolu-

tion study (Ricci et al., 2015). Therefore, our probeswere capable

of visualizing multiple epitope-tagged components in a single

cell, establishing a proof of principle for multiplexed super-reso-

lution imaging of proteins for which there are no readily available

antibodies.

Multiplexed super-resolution imaging of endogenous
proteins in neuron
To verify the specificity of IRIS probes against endogenous pro-

teins, we acquired super-resolution images with our newHS69H3

and NV-Nb9H4 probes in primary cultured neuron. We compared

the super-resolved images with the distribution of endogenous

proteins. The localization of Homer and VGlut puncta detected

by IRIS probes overlapped with the staining pattern of wild-

type nanobodies (Dong et al., 2019; Schenck et al., 2017)

(Figure S6A). The specificity was also verified by a blank control

(Figure S6B) using non-transfected HeLa cells, which express no

VGlut and very low levels of Homer (Thul et al., 2017). Moreover,

in the neuron expressing mCherry-PSD95, the puncta detected

by the HS69H3 probe overlapped with the signal for PSD95 (Fig-

ure S6C). Pre-synaptic VGlut visualized by the NV-Nb9H4 probe

showed a clear pairing with dendritic spines marked by Lifeact

(Figure S6C). The periodic actin rings along an axon with

�190 nm periodicity (Xu et al., 2013) could be resolved by the

Lifeact probe (Figure S6D). These results indicated that our

IRIS probes against endogenous targets retained the specificity

to identify the correct distribution of proteins at synapses.

We next performed multiplexed super-resolution imaging of

endogenous proteins in primary cultured neurons (Figure 6A).

In addition to HS69H3, NV-Nb9H4, and Lifeact, we used a new

Fv-EGFP derived from an L8/15 antibody against Snapin (An-

drews et al., 2019). Snapin is a protein involved in neurotransmis-

sion and endosome trafficking (Ilardi et al., 1999; Ye and Cai,

2014). The dissociation rate of wild-type L8/15 is fast enough

(0.519 s�1) to be used as an IRIS probe (Table S1). Neurons

were infected with adeno-associated virus (AAV-PHP.eB) en-

coding mCherry cDNA to visualize the morphology of neuron

(Figure 6B). Images of four targets were sequentially acquired

in the order of F-actin, VGlut, Snapin, and Homer (Figures 6B–

6D). We were able to observe clear separation between pre-syn-

aptic VGlut puncta, post-synaptic actin, and the scaffold protein

Homer (Figures 6E and S6E). F-actin was highly concentrated at

the dendritic spines. Post-synaptic actin was located at the base

of Homer-associated structures (Figures 6E and S6E) and occa-

sionally formed a cage-like structure surrounding Homer

(Figures 6F and S6E) as described previously (Sidenstein et al.,

2016). Snapin distributed ubiquitously in neurons (Figure 6C)

and overlapped with VGlut puncta (Figure 6E). The label num-

bers, which refer to the number of binding (on-off) events of

each IRIS probe, of VGlut and Homer puncta in mature synapse

are 3,798 ± 945 and 694 ± 269 (mean ± SD), respectively (Fig-

ure S6E). The number of VGlut 1/2 and Homer 1b/c molecules

in a synapse are reported to be 8,254 (Wilhelm et al., 2014)

and 233 (Sugiyama et al., 2005). Based on these numbers, we

estimate that approximately 95% of Homer and 37% of VGlut

molecules are labeled at least once. Small Homer clusters

(�0.1 mm) paired with VGlut are visualized by our probe with

155 labels (Figure 6G).

We next examined whether staining with multiple antibodies

might impair the accessibility of another probe in the spines.

We compared IRIS images of Homer before and after antibody

incubation as schemed in Figure 7A. The label number of Homer

probes in each punctum was counted before and after antibody

incubation. The targets of primary antibodies are GKAP,

SHANK3, and PSD95, which exist in close proximity to Homer

(Dani et al., 2010; Tao-Cheng et al., 2015). In the samples that

were incubated with both primary antibodies and secondary an-

tibodies, a significant part of signals (�32%) in Homer puncta

were lost (Figures 7B and 7C). The label numbers did not

decrease in the samples that were incubated only with second-

ary antibodies (Figures 7B and 7C). These results indicate that

interference between antibodies may impair the accessibility of

each probe and lead to sparse labeling in conventional multi-

plexed super-resolution approaches.

In addition, we directly compared IRIS with DNA-based point

accumulation for imaging in nanoscale topography (DNA-PAINT)

and direct stochastic optical reconstruction microscopy

(dSTORM) (van de Linde et al., 2011) by sequentially performing

super-resolution imaging on Homer or VGlut in the same neuron

samples (Figures S7A and S7B). The synaptic structures have

been revealed by localization microscopies (Andreska et al.,

2014; Dani et al., 2010; Glebov et al., 2016; Klevanski et al.,

2020; Sograte-Idrissi et al., 2020). We compared an IRIS image

of synapse (Figure 7B, top left) with published images of

Figure 4. Super-resolution imaging of epitope-tagged actin using mutant probes

(A) Super-resolution images of FLAG-actin expressed in XTC cells using the 2H8H1L3. See Table S4 for imaging parameters. Scale bar, 5 mm.

(B) The enlarged image of the orange box in (A). Decorrelation resolution, 52.7 nm. Scale bar, 500 nm.

(C) Cross-sectional profile of actin bundles (n = 10) aligned by the center of each bundle. The line shows a Gaussian fit with FWHM of 45 nm. Error bars represent

SD.

(D) Cross-sectional profiles for two nearby actin bundles between the arrowheads in (B).

(E) Super-resolved actin imaged with Lifeact Atto-488 after washing away the probe in (A). FLAG-actin (green) in (A) and Lifeact image (red) are shown in the

merged image. Scale bar, 5 mm for full-scale images and 2.5 mm for the enlarged image.

(F) Cross-sectional profile of actin filaments across the blue dotted line in (E).

(G and H) Comparison of super-resolved actin using other mutant probes (green) and Lifeact (red). The decorrelation resolution of Target-, HA-, V5-, S-, and

ALFA-tagged actin is 60.5, 70.9, 75.9, 59.2, and 40.3 nm, respectively. Scale bar, 5 mm for full-scale images and 2.5 mm for enlarged images.
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Figure 5. Multiplex super-resolution imaging of the cytoskeleton and focal adhesions in XTC cells

(A) Single-molecule imaging of six epitope-tagged proteins expressed in XTC cells. Image stacks were sequentially acquired using V302AH2L1 (2 nM), Lifeact

(0.5 nM), 2H8H1L3 (2 nM), P20.1H1L0 (1.5 nM), NbALFAH2 (1 nM), S66BH1L0 (1 nM), and 12CA5H6L2 (1 nM). Each successive probe was applied to the sample after

washing out the preceding probe with PBS. Scale bar, 10 mm.

(B) Super-resolution images were reconstructed from 80,000 frames (V5-actinin), 100,000 frames (F-actin), 60,000 frames (FLAG-vinculin), 60,000 frames

(TARGET-paxillin), 60,000 frames (ALFA-zyxin), 24,000 frames (H2Bb-S), and 160,000 frames (HA-MRLC) of single-molecule images. Scale bar, 5 mm.

(C) Seven-color IRIS image of six epitope-tagged proteins and endogenous F-actin in a single XTC cell. Scale bar, 5 mm.

(D) The enlarged images of boxed regions (a) and (b) in (C). Scale bar, 1 mm.

(E) The enlarged images of V5-actinin (cyan) and HA-MRLC (red) along actin arcs in the lamella region (box c) in (C). Scale bar, 1 mm.
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STORM (Dani et al., 2010) and DNA-PAINT (Sograte-Idrissi et al.,

2020) (Figure S7C). Although we cannot assert which pattern

reflects the real distribution of the molecules, IRIS appears to

show more continuous labeling than other methods. We further

compared the label density and distribution between IRIS and

STORM images according to the previous method (Dani et al.,

2010). IRIS achieved �4-fold higher label density than STORM

(Figure S7D). Importantly, multiple localization points may arise

from repeated detection of a single label in STORM and DNA-

PAINT. IRIS probes generated by our approach have the poten-

tial to super-resolve multiple endogenous targets of interest with

high labeling density.

DISCUSSION

In this study, we discovered a set of common candidate sites in

antibody sequences that are amenable to site-directed muta-

genesis to increase the dissociation rate, regardless of whether

the structure is known. Using alanine or glycine substitutions at

candidate sites, we obtained recombinant antibody-based IRIS

probes for eight targets, including six epitope tags and two

neuronal proteins. As of January 2022, there are 5,746 anti-

bodies available in PDB (Dunbar et al., 2014) with structure infor-

mation and 23,013 sequenced antibodies in ABCD database

(Lima et al., 2020). Based on the sequence information in the

antibody database or antibody-producing cell lines, a large

repertoire of proteins can be subjected to analysis using IRIS

multiplex super-resolution microscopy. As a practical consider-

ation, we use alanine substitution primarily because mutants

with glycine substitutions at the same candidate sites some-

times deteriorate the antigen recognition (Table S2). Among

the IRIS probes generated in this study, point mutations at

H/Nb27G, H/Nb28A, and Nb37A could be frequently introduced

without disrupting antigen recognition. Mutations at H/Nb32,

H/Nb59, L32, L49, and L96 occasionally led to the loss of antigen

recognition, although the koff value could be effectively increased

by mutating these sites in most cases. H/Nb102 may be less

effective than the other sites in increasing the koff. Combination

of point mutations further increases the dissociation rate and re-

tains the binding specificity with a high probability. Multiple point

mutations can be introduced collectively to improve the effi-

ciency. We spent typically 2–4 weeks generating a new IRIS

probe from an existing antibody sequence.

Most studies aiming to engineer the affinity of antibodies have

focused the mutagenesis on the binding interface or CDR loops.

Point mutations in the middle of CDRs often lead to the loss of an-

tigen recognition rather than reducing the affinity (Clark et al.,

2006; Tanaka et al., 2021; Yamashita et al., 2019). Due to the

high diversity of the CDR sequences, mutation sites for each anti-

body have to be explored individually when no structure informa-

tion is available. On the other hand, our candidate sites are

conserved in most antibodies. Alanine or glycine substitution at

the candidate sites could effectively increase the dissociation

rate of antibodies. IRIS probes generated by our mutagenesis

strategy still retain their specificity, probably because themutation

sites do not contact with the antigens inmany cases and the para-

tope have been well preserved. In the structures of P20.1 Fv-

clasp, 12CA5 Fv-clasp, and NbALFA nanobody (Arimori et al.,

2017; Götzke et al., 2019), we found that HCDR3 is surrounded

by seven candidate sites, namely H27, H28, H32, H102 L32,

L49, and L96 (Figure S1C). These amino acids are frequently in

contact with a CDR residue (Haidar et al., 2012). Bulky residues

at these positions might affect the affinity by modulating the flex-

ibility of CDR loops and shaping them to the right conformation.

We validated the specificity of the mutant probes by com-

paring the super-resolution images with a positive marker or

the staining pattern of the original antibody fragments. Speci-

ficity of the probes was also benchmarked by the densities of

non-specific binding in non-transfected cell controls (typically

�1% of the total signal in transfected cells). Our quantitative

assessment based on single-molecule binding enabled us to

validate the specificity of low-affinity binders. Moreover, during

the validation process, recombinant fluorescent probes have

an advantage over our previous Fab-based probes (Miyoshi

et al., 2021). Conjugation of a fluorescent dye to the paratopes

may interfere with the antigen-binding capability. We therefore

employed labeling by genetically fusing EGFP to recombinant

antibody fragments. The use of site-specific chemical labeling

methods such as sortagging (Popp et al., 2007) may further

improve our fast-dissociating recombinant antibodies by

coupling more photostable and brighter organic fluorophores.

IRIS, Exchange-PAINT (Agasti et al., 2017; Guo et al., 2019;

Jungmann et al., 2014; Klevanski et al., 2020), and sequential

elution-staining STORM (maS3TORM) (Klevanski et al., 2020)

could achieve highly multiplexed protein visualization in a single

specimen. They use probes with an identical fluorophore, which

prevents chromatic aberration. MaS3TORM exchanges the anti-

bodies by harsh elution (0.1%SDS [pH13], 15min) andbleaching

steps, which might do cumulative damage to the biological sam-

ple across multiple rounds of labeling (Klevanski et al., 2020). By

Figure 6. Multiplex super-resolution imaging of synapses in primary cultured neurons
(A) Sequential single-molecule imaging of endogenous neuronal proteins. Images were acquired using Lifeact, NV-Nb9H4, WT L8/15 Fv-EGFP, and HS69H3. The

sample was washed 8 times with PBS between successive probes. See Table S4 for imaging parameters. Scale bar, 15 mm.

(B) Super-resolution images of F-actin (Lifeact), VGlut, Snapin, and Homer in primary cultured neurons, reconstructed from single-molecule images in (A). An

overall image of the neuron was acquired using overexpressed free mCherry by epi-fluorescence. The decorrelation resolution of F-actin, VGlut, Snapin, and

Homer is 77.7, 54.3, 112.0, and 50.9 nm, respectively. Scale bars, 10 mm.

(C) Multiplex imaging, merging four super-resolution images in (B). Scale bars, 10 mm.

(D) Enlarged images of boxed region (c) in (C). Scale bars, 2 mm.

(E and F) Enlarged images of boxed synapses (a) and (b) in (C). Yellow and cyan dotted lines show the shape of the spine and the position of the Homer,

respectively. Scale bars, 500 nm.

(G) Enlarged images of boxed region in (D). A small homer cluster (�0.1 mm) was indicated by the white arrowhead in the right panel with 155 labels (see STAR

Methods for calculation of label number). Only VGlut (magenta hot) and Homer (cyan hot) clusters are shown in the right panel. Calibration bar shows the number

of labels in each pixel (13.5 nm in length). Scale bars, 500 nm (left panel) and 200 nm (right panel).
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contrast, fluorescent probes in IRIS and Exchange-PAINT could

be removedbyseveral timesof gentlewashing. Thesampleprep-

aration of IRIS is simpler than DNA-PAINT and STORM because

IRIS does not require the step of antibody incubation. IRIS and

DNA-PAINT do not suffer from photobleaching. This enables

longer imaging duration and thus could achieve higher resolution.

On the other hand, compared with STORM employing ready-to-

use commercial antibodies, IRIS and DNA-PAINT require prepa-

ration of individual probes. In addition, it has been reported that

chaotropic reagent KSCN can increase the dissociation rate of

12CA5 antibody by several folds (Gunasekara et al., 2021). How-

ever, the half-life of 12CA5 on 33HA tag decreases only to

4.8 min. Importantly, IRIS could overcome the interference be-

tween multiple antibodies in a confined area and the resultant

scarce labeling, which has been an intrinsic problem of super-

resolution microscopy (Huang et al., 2009; Kiuchi et al., 2015).

In summary, we have developed a versatile site-directed muta-

genesis strategy to accelerate the dissociation rate of antibodies

and generate a series of validated fast-dissociating antibody frag-

ments.These recombinant fragmentsareespeciallysuited formul-

titarget super-resolution imaging. Potential applications of these

fragments also include multiplexed immunostaining, cell typing/

sorting, western blotting, and so on. The pipeline we established

can be used in generating fast-dissociating antibodies efficiently

from numerous resources of off-the-shelf antibodies.

Limitations of the study
While we established a generalized strategy to accelerate the

dissociation rate of existing antibodies by site-directed muta-

genesis, the dissociation rate of mutants increased by �100-

fold in this study. For high-affinity antibodies with koff smaller

than 10�4 s�1, such as NbALFA, it might be necessary to modify

additional antigen-binding sites in the middle of CDR loops to

further increase the dissociation rate, which would require the

information of cocrystal structures. Although the database for

antibodies is expanding rapidly, the sequence information of ex-

isting antibodies is not always disclosed, making it difficult to

develop recombinant IRIS probes for the targets without avail-

able antibody sequences. In addition, when using the IRIS

probes against epitope tags, the expression level of targets

must be estimated empirically by acquiring 1,000–2,000 frames.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-HOMER1 Proteintech Cat#12433-1-AP; RRID: AB_2295573

Rabbit recombinant anti-VGluT1 (clone EPR22269) Abcam Cat#ab227805; RRID: AB_2868428

Rabbit monoclonal anti-PSD95 (clone D27E11) Cell Signaling Technology Cat#3450; RRID: AB_2292883

Rabbit monoclonal anti-SHANK3 (clone D5K6R) Cell Signaling Technology Cat#64555; RRID: AB_2799661

Rabbit polyclonal anti-GKAP Cell Signaling Technology Cat#13602; RRID: AB_2798272

Goat Anti-Rabbit IgG H&L (Alexa Fluor 647) Abcam Cat#ab150079; RRID: AB_2722623

Bacterial and virus strains

pAAV-hSyn1-mTurquoise2 Chan et al. (2017) Addgene plasmid#99125

pAAV-hSyn1-mCherry This paper N/A

pAAV-hSyn1-mCherry-PSD95 This paper N/A

DH5a TOYOBO Life Science Cat#DNA-913

Stbl3 Thermo Fisher Scientific Cat#C737303

Chemicals, peptides, and recombinant proteins

Imidazole Nacalai Tesque Cat#19004-35

Glucose oxidase Sigma Aldrich Cat#G2133-50KU

Pyranose oxidase Sigma Aldrich Cat#P4234-1KU

Catalase SERVA Cat#26910.01

Mercaptoethylamine Sigma Aldrich Cat#M6500-25G

See Table S2 for recombinant EGFP-fused

Fv-clasps and nanobodies

This paper N/A

Critical commercial assays

Massive-AB 2-Plex DNA-PAINT kit Massive Photonics N/A

Experimental models: Cell lines

Xenopus laevis XTC cells Watanabe and Mitchison (2002) Watanabe and Mitchison (2002)

HEK293T ATCC Cat#CRL-1573; RRID:CVCL_0063

HeLa ATCC Cat#CCL2; RRID:CVCL_0030

Custom-made Hybridomas for

FLAG-tag (clone 11G9)

Miyoshi et al. (2021) N/A

Custom-made Hybridomas for

V5-tag (clone V302A)

Miyoshi et al. (2021) N/A

Custom-made Hybridomas for S-tag (clone S66B) Miyoshi et al. (2021) N/A

Experimental models: Organisms/strains

Rat (Slc: Wistar) Japan SLC, Inc. RRID: RGD2314928

Oligonucleotides

Primers for Fv cloning, see Table S5 This paper N/A

Primers for or site-directed

mutagenesis, see Table S6

This paper N/A

50-atcaagcttcgatgggggagcaacctatcttc-30

(Homer1 cloning, forward)

Eurofins N/A

50-atcgaattcttagctgcattccagtagcttgg-30

(Homer1 cloning, reverse)

Eurofins N/A

50-atcctcgagctatgttgatcccttcagcagc-30

(VGLUT1 cloning, forward)

Eurofins N/A

50-atcaagctttcagtagtcccggacaggg-30

(VGLUT1 cloning, reverse)

Eurofins N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

50-atcctcgagctatggactgtctctgtatagtgac-30

(PSD95 cloning, forward)

Eurofins N/A

50-atcgaattctcagagtctctctcgggct-30

(PSD95 cloning, reverse)

Eurofins N/A

Recombinant DNA

delCMV-EGFP-C1 plasmid vector Watanabe and Mitchison (2002) N/A

pEGFP-C1 Clontech Laboratories Cat#6084-1

pEGFP-N3 Clontech Laboratories Cat#6080-1

pEGFP-actin Clontech Laboratories Cat#6116-1

delCMV-FLAG-C1-actin This paper N/A

pTARGET-C1-actin This paper N/A

pHA-C1-actin This paper N/A

pS-C1-actin This paper N/A

pV5-C1-actin This paper N/A

pALFA-C1-actin This paper N/A

Human histone cluster 1 H2B

family member b cDNA

Dharmacon NM_021062.2

Xenopus laevis paxillin cDNA Open Biosystems BC070716.1

Xenopus laevis alpha-actinin cDNA Open Biosystems BC043995

Homo sapiens zyxin cDNA Open Biosystems BC010031.2

Homo sapiens vinculin cDNA Yamashiro et al. (2014) BC039174.1

Xenopus laevis myosin light

chain regulatory A cDNA

Eurofins NM_001086846.1

pV5-C1-actinin This paper N/A

pFLAG-C1-vinculin This paper N/A

pS-N3-H2Bb This paper N/A

pTARGET-C1-paxillin This paper N/A

pHA-C1-MRLC This paper N/A

pALFA-C1-zyxin This paper N/A

Mammalian expression plasmid of anti-Snapin (L8/

15R) recombinant mouse monoclonal antibody

Andrews et al. (2019) Addgene plasmid#140071

Mammalian expression plasmid of

anti-TARGET (P20.1) Fv-clasp (v2)

Arimori et al. (2017) Arimori et al. (2017)

Mammalian expression plasmid

of anti-HA (12CA5) Fv-clasp (v2)

Arimori et al. (2017) Arimori et al. (2017)

Anti-FLAG-2H8 antibody cDNA Ikeda et al. (2017) Ikeda et al. (2017)

ALFA-tag binding nanobody (NbALFA) Götzke et al. (2019) PDB ID: 6I2G

HS69 anti-Homer1 nanobody Dong et al. (2019) Addgene plasmid#134716

Nanobody-anti-VGLUT1-Nb9 (NV-Nb9) Schenck et al. (2017) PDB ID: 5OCL

P20.1 Fv-clasp-EGFP-63His This paper N/A

12CA5 Fv-clasp-EGFP-63His This paper N/A

11G9 Fv-clasp-EGFP-63His This paper N/A

2H8 Fv-clasp-EGFP-63His This paper N/A

V302A Fv-clasp-EGFP-63His This paper N/A

S66B Fv-clasp-EGFP-63His This paper N/A

L8/15 Fv-clasp-EGFP-63His This paper N/A

NbALFA Nanobody-EGFP-63His This paper N/A

HS69 Nanobody-EGFP-63His This paper N/A

NV-Nb9 Nanobody-EGFP-63His This paper N/A

See Table S2 for the DNA of antibody mutants This paper N/A
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Cell Reports Methods 2, 100301, October 24, 2022 e2

Article
ll

OPEN ACCESS

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Naoki

Watanabe (watanabe.naoki.4v@kyoto-u.ac.jp).

Materials availability
All materials and constructs used in this study are maintained by Dr. Watanabe’s laboratory and are available upon request.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

ImageJ Schneider et al. (2012) https://imagej.nih.gov/ij/;

Decorrelation analysis algorithm Descloux et al. (2019) https://github.com/Ades91/ImDecorr

MetaMorph Molecular Devices N/A

GraphPad Prism 7 Dotmatics https://www.graphpad.com/

Tanitracer Miyoshi et al. (2021) https://github.com/takushim/tanitracer

ANARCI Dunbar and Deane (2016) http://opig.stats.ox.ac.uk/

webapps/newsabdab/sabpred/anarci/

PyMOL Schrödinger, LLC https://www.pymol.org/

SnapGene Dotmatics https://www.snapgene.com/

Other

Leibovitz’s L-15 Medium (for cell culture) Thermo Fisher Scientific Cat#11415-064

Leibovitz’s L-15 (phenol red free) Nacalai Tesque Custom Synthesis

Value FBS–Brazil Thermo Fisher Scientific Cat#10270-106

DMEM Nacalai Tesque Cat#08459-35

HBSS Nacalai Tesque Cat#17460-15

MEM Thermo Fisher Scientific Cat#51200038

NeurobasalTM Medium, minus phenol red Thermo Fisher Scientific Cat#12348017

Isoflurane Pfizer N/A

Pyruvic acid Thermo Fisher Scientific Cat#11360070

MACS NeuroBrew 21 Miltenyi Biotec Cat#130-093-566

L-Glutamine Thermo Fisher Scientific Cat#25030149

2.5 g/L-Trypsin/1 mmol/L-EDTA Solution Nacalai Tesque Cat#35554-64

Ni-NTA Agarose QIAGEN Cat#30210

AAVanced Concentration Reagent SBI Cat#AAV100A-1

NeonTM Transfection System ThermoFisher Scientific Cat#MPK5000

NeonTM Transfection System 10 mL Kit Thermo Fisher SCIENTIFIC Cat#MPK1096

Envision 2105 PerkinElmer Cat#2105

BSA Nacalai Tesque Cat#01860-65

Lipofectamine 3000 Transfection Reagent ThermoFisher Scientific Cat#L3000015

293fectin Transfection Reagent ThermoFisher Scientific Cat# 12347500

Bovine fibronectin Sigma Aldrich Cat#F1141

IX83 Inverted microscope Olympus IX83

Evolve 512 EMCCD camera Photometrics Evolve 512

Z Drift Compensator IX3-ZDC2 Olympus IX3-ZDC2
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and transfection
Xenopus laevis XTC cells were cultured in 70% Leibovitz’s L15 medium (Thermo Fisher Scientific) supplemented with 10% fetal

bovine serum (FBS; Thermo Fisher Scientific) as previously described (Watanabe and Mitchison, 2002). Transfection of XTC cells

was performed using the Neon Transfection System (ThermoFisher Scientific) following the manufacturer’s protocol. On the next

day, transfected cells were trypsinized and maintained in a new flask containing 70% L15 medium with 10% FBS until imaging.

HEK293T and Hela cells were maintained in Dulbecco’s modified eagle medium (DMEM, high glucose; Nacalai Tesque, Inc) contain-

ing 10% FBS.

Primary culture of neurons
Timed pregnant Wistar rats (SHIMIZU Laboratory Supplies) were euthanized by isoflurane (Pfizer) and hippocampi were isolated

from the embryos (E20). The sex of embryos and the age of the pregnant rats were not determined. Dissected tissues were di-

gested with 0.25% trypsin-EDTA (Nacalai Tesque, Inc) at 37�C for 5 min and washed with Hanks’ Balanced Salt Solution

(HBSS; Nacalai Tesque, Inc) three times. Digested tissues were gently suspended in Minimum Essential Medium (MEM; Thermo

Fisher Scientific) supplemented with 10 mg/mL pyruvic acid (Nacalai Tesque, Inc), MACS NeuroBrew 21 (Miltenyi Biotec), and

2 mM L-Glutamine (ThermoFisher Scientific). Scattered neurons were then counted and plated onto poly-L-lysine-coated (Sigma)

24-mm coverslips (Matsunami Glass). Culture medium was changed to Neurobasal Medium (ThermoFisher Scientific) supple-

mented with MACS NeuroBrew 21 and 2 mM L-Glutamine in DIV2. Cells were maintained in a humidified atmosphere of 5%

CO2 at 37
�C. Animal experiments were carried out in accordance with the guidelines and protocols approved by Kyoto University.

The experiment is approved by Institute of Laboratory Animals, Graduate School of Medicine, Kyoto University (approval number:

Medkyo-18046).

METHOD DETAILS

Construction of plasmids
Expression vectors for P20.1 and 12CA5 Fv-clasp (v2) were obtained from a previous study (Arimori et al., 2017). The original signal

peptide was replaced with a mouse IgH signal sequence as previously reported (Suzuki et al., 2014). An EGFP cDNA was added to

the heavy chain of Fv-clasp between SARAH domain and 6xHis tag by AgeI. Antibody sequences of 11G9, V302A and S66B were

cloned from hybridoma cell lines (Miyoshi et al., 2021), using primer sets (Table S5) that were slightly modified, based on a previously

described optimization (Zhou et al., 1994). The antibody cDNA of 2H8 (Ikeda et al., 2017), NbALFA (Götzke et al., 2019), HS69 (Dong

et al., 2019) and NV-Nb9 (Schenck et al., 2017) were artificially synthesized. Antibody sequence of L8/15 (anti-snapin) was a gift from

James Trimmer (Addgene plasmid #140071). We introduced point mutations to antibody fragments using primer sets shown in

Table S6.

The expression vectors for XTC cells, pEGFP-C1, pEGFP-actin, were purchased from Clontech. These vectors were used to ex-

press epitope-tagged proteins after replacing the EGFP sequences with epitope tags. Cytomegalovirus (CMV) promoter of pFLAG-

actin was truncated (delCMV) to lower cytotoxicity (Miyoshi et al., 2021; Watanabe and Mitchison, 2002). cDNAs of human vinculin

(GenBank: BC039174) (Yamashiro et al., 2014), Xenopus laevis paxillin (GenBank: BC070716), Xenopus laevis alpha-actinin (Gen-

Bank: BC043995) and human zyxin (GenBank: BC010031) were obtained from Open Biosystems. A cDNA encoding Xenopus laevis

myosin light chain (GenBank: NM_001086846.1) was artificially synthesized. cDNAs encoding Homer1, VGLUT1 and PSD95 were

cloned from a mouse brain cDNA library (Takara-bio) using primer pairs as shown in the key resources table.

A plasmid set (Chan et al., 2017) (pAAV-hSyn1-mTurquoise2; pUCmini-iCAP-PHP.eB; pAdDeltaF6) for AAV production was pur-

chased form Addgene (Plasmid #99125). mTurquoise2 was replaced with mCherry for neuron infection.

AAV production and purification
The adeno-associated virus vectors pAAV-hSyn1-mCherry or pAAV-hSyn1-mCherry-PSD95 were co-transfected with pAdDeltaF6

(helper) and AAV-PHP.eB Cap, which provide AAV with replication protein and capsid protein, respectively, into HEK293FT cells (In-

vitrogen) using 293fectin transfection reagent (Invitrogen). The supernatant was collected after 72 hours, centrifuged at 1,500 g for

30 minutes and then filtered through a 0.45 mm syringe filter (Sartorius) as described previously (Chen et al., 2018). AAV in the super-

natant was precipitated by adding AAVanced Concentration Reagent (SBI) for 24–72 hours. After precipitation, the suspension was

centrifuged at 1,500 g for 30 minutes, and the supernatant was removed by aspiration. The pellet was resuspended in phosphate-

buffered saline (PBS) and then vortexed.

Antibody sequence alignment
Open-source antibody and nanobody sequences were obtained from PDB. CDRs of antibodies were defined using the Chothia

Numbering Scheme (http://www.bioinf.org.uk/abs/chothia.html) (Al-Lazikani et al., 1997). Nanobody sequences were aligned using

the ANARCI web server (Dunbar andDeane, 2016) in theChothia numbering scheme. NanobodyCDRswere defined according to the

previously described, using rules based on Chothia numbering (Sircar et al., 2011).
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Purification of recombinant antibody fragments in mammalian cells
For the purification of EGFP-conjugated Fv fragments, VH-SARAH-EGFP and VL-SARAH were co-transfected into HEK293T cells

at a 1 : 1 molar ratio using a Lipofectamine 3000 Transfection Kit (ThermoFisher Scientific). EGFP conjugated nanobodies (Nb-

EGFPs) were transfected into HEK293 cells using the same kit. Culture supernatants were collected 4–5 days after the transfec-

tion. Antibody fragments in the supernatants were collected with Ni-NTA agarose (QIAGEN) at room temperature for 2 hours,

washed three times with ice-cold Tris Buffered Saline (TBS; 20 mM Tris, 150 mM NaCl, pH 7.5) and once with TBS containing

10 mM imidazole (Nacalai Tesque, Inc). Bound antibody fragments were eluted with 200 mM imidazole in TBS. The purified poly-

peptides were dialyzed vs. TBS using Spectra/por membrane (MWCO: 6–8 kD, Spectrum Laboratories, Inc.), with two exchanges

of buffer overnight at 4�C. Transiently transfected HEK293T cells in a 10 cm dish typically yield 0.34–4.02 mg (5–60 pmol) Fv-EGFP

and 0.41–4.92 mg (10–120 pmol) Nb-EGFP, which are enough for 20–60 times of IRIS imaging. The purified probes were mostly

fluorescent because the concentration measured by fluorescent intensity was comparable to the concentration determined by

CBB protein assay.

Measurement of dissociation rate by single-molecule microscopy
XTC cells expressing epitope-tagged actin were spread on coverslips coated with 100 mg/mL poly-L-lysine (Sigma) and 10 mg/mL

fibronectin (Sigma) for 1 h to ensure the formation of flat lamellipodia and lamella. Next, the cells were fixed with 3. 7% PFA in

cytoskeleton buffer (10 mM MES, 90 mM KCl, 3 mM MgCl2, 2 mM EGTA, pH 6.1) containing 0.5% Triton-X100 (Nacalai

tesque) for 20 min, then blocked with 3% BSA (Nacalai tesque) in PBS. Probes were applied at 0.05–0.1 nM in HEPES-KCl-Tx

buffer (10 mM HEPES-KOH, 90 mM KCl, 3 mM MgCl2, 0.1 mM dithiothreitol, 0.2% Triton-X100, pH 7.2) with an oxygen

scavenging mixture (0.2 mg/mL glucose oxidase, 0.035 mg/mL catalase, 0.45% glucose, 0.5% 2-mercaptoethanol) (Kiuchi

et al., 2015).

Time-lapse imaging of single-molecules bound to fixed XTC cells expressing epitope tagged actin or target proteins were acquired

under 488-nm illumination with an Olympus IX83 inverted microscope equipped with an IX3-ZDC2 Z-drift compensator (Olympus), a

UPlansApo 100, 1.40 NA oil objective (Olympus), an Evolve 512 EMCCD camera (Roper Scientific) and an Cobolt Blues 50 mW laser

(488 nm; Cobolt). Bound antibody fragments in the first frame of the time-lapse stack were tracked by a python program (https://

github.com/takushim/tanitracer) as previously reported (Miyoshi et al., 2021). Dissociation rates of antibody fragments were deter-

mined by fitting the regression of bound antibody fragments to one-phase decay models:

y = Y0 3 e� koff 3 t

using Prism 7. The dissociation rate was corrected by subtracting the photobleaching rate K from the measured koff values. The

half-life (T1/2) is the time needed to let dissociate half of the probes from the targets. It is calculated as T1/2 = ln2/koff
..

Super-resolution microscopy
IRIS super-resolution was performed as previously described (Kiuchi et al., 2015). Briefly, XTC cells expressing epitope-tagged

actin and focal adhesion proteins were seed on coated coverslips, fixed and blocked as above. Fixation conditions for XTC cells

expressing Homer1 and VGLUT1 and primary cultured neuron were different than for the actin and focal adhesions. These cells

were fixed with 4% PFA in PBS (Nacalai Tesque) containing 4% sucrose for 30 min, permeabilized with PBS containing 0.15%

Triton-X100 for 10 min and blocked with 3% BSA in PBS (Zhou et al., 2019). IRIS probes were applied in 50 mM Tris buffer

(pH 8.0) (Shi et al., 2010), with an oxygen scavenging mixture containing 5 U/ml pyranose oxidase (Sigma-Aldrich) (Blumhardt

et al., 2018), 10 mM mercaptoethylamine (Sigma-Aldrich) (Olivier et al., 2013), 60 ug/ml catalase (Sigma-Aldrich) and 10% glucose

(Olivier et al., 2013).

Single-molecule stream acquisition for primary neuron was acquired under 488-nm illumination with an Olympus IX83 inverted mi-

croscope equipped with an IX3-ZDC2 Z-drift compensator (Olympus), an UPlanApo 60x/1.50 NA oil HR objective (Olympus), ORCA-

Flash4.0 V3 Digital CMOS camera (Hamamatsu). The laser system is equipped with an OBIS 488 nm 150 mW Laser (Coherent), an

OBIS 552 nm150mWLaser (Coherent) and a gem671 nm750mWLaser (Laser Quantum). Formultiplexed super-resolution imaging,

samples were wash 8 times with PBS before exchanging to the following probe. Bright-field images were acquired every 1min for the

correction of microscope stage drift. Spots in the single-molecule images were tracked and plotted on the blank image arrays using

python programs (https://github.com/takushim/tanitracer) as previously reported (Miyoshi et al., 2021). For determination of binding

events in Homer and VGLUT puncta, each binding probe was consolidated to the average position (Figures 6G, S6F, 7B, and S7).

Spots which last shorter than three frames were filtered to reduce the noise and improve the localization precision. The possibility

of being labelled (p) was calculated using binomial distribution:

p = 1 � ððm � 1Þ=mÞn

wherem is themolecule number of target protein and n is the label number. One ‘‘label’’ refers to a binding (on-off) event of IRIS probe

to target protein. Resolution of images were evaluated using free decorrelation analysis plugin in ImageJ (Descloux et al., 2019;

Schneider et al., 2012).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Standard Deviations (SD) are indicated by red bars in the figures (Figures 2D, 2B, 7C, S1B, and S3B). Unpaired two-tailed t-test was

used to compare the label ratio of Homer puncta between 1st antibodies (+) group and 1st antibody (�) group in Figure 7C.
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