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Abstract 

I developed a versatile mutagenesis strategy that can effectively increase the dissociation rate of 

antibodies by orders of magnitude without compromising the binding specificity. Single-molecule 

localization super-resolution microscopy (SMLM) has greatly surpassed the diffraction limit of 

conventional optical microscopy. The imaging fidelity and labelling density, however, are limited by 

spatial interference between bulky antibodies in a confined resolved area. Image reconstruction by 

integrating exchangeable single-molecule localization (IRIS) has overcome the problem using 

exchangeable probes that transiently bind to endogenous targets. In our previous research, generation 

of fast-dissociating IRIS probes has been challenging. In this study, I report a new mutagenesis 

strategy that make it feasible to generate IRIS probes from the repository of off-the-shelf antibodies. I 

successfully generated dozens of IRIS probes and demonstrate multiplexed localization of 

endogenous proteins in primary neurons that visualizes small synaptic connections. The fast-

dissociating probes based IRIS imaging achieved 4-fold higher label density than conventional super-

resolution approaches and thus could visualize the feature of synaptic components with higher 

fidelity. 
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Chapter 1 Introduction 

Section 1.1 Single-Molecule localization microscopy 

The proverb says that “Seeing is believing”. This proverb is suitable for scientific research. 

Fluorescent microscopy is a powerful tool to investigate small objects and structures in biological 

research because of its advantage of non-invasive and time-resolved imaging with high biochemical 

specificity1. However, due to the diffraction limit of light, the resolution in conventional light 

microscopy is limited to a lateral resolution of d = λ / 2NA (~200 nm), where λ is the wavelength of 

light and NA is the numerical aperture of a lens2. In the recent 20 years, super-resolution fluorescence 

microscopy approaches have been developed to overcome the diffraction limit, including stimulated 

emission depletion microscopy (STED)3, structured illumination microscopy (SIM)4 and single-

molecule localization microscopy (SMLM)5.   

SMLM improves the resolution to ~20-50 nm by localizing centroid of fluorophores and 

reconstructing the localizations. SMLM has many variations, such as fluorescence photoactivated 

localization microscopy (PALM), stochastic optical reconstruction microscopy (STORM) and point 

accumulation in nanoscale topography (PAINT). The resolution of SMLM is determined by the 

distance between adjacent fluorescent probes in a sample. According to the Nyquist criterion, 

structural features smaller than twice that of the labelled target distance cannot be reliably discerned6. 

Labeling density thus could become a limiting factor of the resolution6,7. Recently, our lab developed 

a novel localization super-resolution microscopy, IRIS, which achieved multiplexed high-fidelity 

imaging of cytoskeleton using fast-dissociating exchangeable probes6. IRIS probes could transiently 

associate with and dissociate from their targets directly in a biological sample. Theoretically, every 

endogenous target has the chance to be labelled with enough long period of imaging. In addition, IRIS 

probes can be easily removed by gentle washing, which allows multiplex imaging without cumulative 

damage to the sample. The initial IRIS probes were derived from peptide ligands of endogenous target 

proteins and could not be used to observe targets without known ligands. In order to expand the 

observation targets,  I started to develop a more universal probe form that is antibody-based IRIS 

probe. 

 

Section 1.2 Development of antibody-based IRIS probe 

A concept that rapidly dissociable antibody can be used as exchangeable probes in IRIS 

microscopy has been raised in our laboratory. Similar to the protein ligands, antibodies can 

specifically associate with and dissociate from the target proteins (antigens). However, fast-

dissociating antibodies that could transiently bind to antigens were hardly reported because these 
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antibodies tend to have a low affinity and are easy to be overlooked by conventional affinity-based 

assay, usually ELISA8.  

In the February of 2021, we reported a systematic kinetic-based screening assay to isolate fast-

dissociating yet specific monoclonal antibodies against various antigens from hybridoma cell lines 

(co-first authorship)8. I successfully obtained dozens of fast-dissociating antibodies using the pipeline 

and showed that fluorescent labelled Fab fragments of these antibodies (Fab probes) could recognize 

over-expressed epitopes in cultured cells. I also performed 8-color super-resolution imaging of cells 

and 3-color imaging of inner ear tissues using these Fab probes (Fig. 1).  

During the development of the Fab probes, I realized that the culture of hybridoma cells and the 

validation processes were still time-consuming and challenging. Expressing and purifying 

recombinant antibodies in commonly used cell lines, such as HEK293T cells, would largely simplify 

the validation and production process. Furthermore, generating recombinant probes from existing 

antibody sequences could greatly expand the usability of IRIS, but such an approach would require an 

efficient strategy to optimize the dissociation of the antibody-target interactions without 

compromising the binding specificity. 

 

Section 1.3 Antibody fragment and recombinant antibody  

Fv and nanobody are small antibody fragments that only contain the antigen binding domains. 

They are widely applied for a variety of biological assays and therapeutic applications owing to the 

specific binding properties of these nanoscopic molecules. When used in SMLM, these small antibody 

fragments could improve the accuracy of localization by reducing the distance between the 

fluorophores and the target proteins9.  

The Fv fragment of antibody is responsible for binding to the antigen, containing only two 

variable chains: VH and VL. The binding specificity of antibody is mainly regulated by the six 

complementarity determining regions (CDRs) that form loops on the variable heavy chain (VH) and 

light chain (VL). While, the framework region (FR) supports the binding of the CDR to the antigen10 

and maintains the overall structure of the variable domains on the antibody11. A major challenge in 

antibody optimization is the trade-off between antibody affinity, specificity, stability and solubility. 

For instance, enhanced affinity sometimes leads to deteriorated specificity and stability.  

Individual Fv fragments are unstable due to the insufficient interaction between VH and VL 

domains. 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. However, scFv 

cannot be adapted to all antibodies without stability engineering12. Moreover, scFvs have a reduced 

stability under thermal stress, which may limit their potential as an imaging tool13. In order to enhance 



 

8 

 

the structural stability of the Fv fragment, a universally applicable antibody fragment format, Fv-

clasp, was constructed by fusing a coiled-coil SARAH domain of human Mst1 kinase to each chain of 

the variable region14. Fv-clasp constructs exhibit excellent compatibility and stability while retaining 

the binding affinity of the original antibodies, and can be used for immunostaining15. 

 

Section 1.4 New insight in this research 

In this thesis, we introduce an efficient strategy to generate IRIS probes by site-specific 

mutagenesis of the common residues within VH and VL domains in the format of Fv-clasp or 

nanobody. Eight IRIS probes coupled with a set of peptide tags and two neuronal proteins 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. The method 

enables rapid conversion of existing antibody sequences to fast-dissociating probes for multiplexed 

high-density super-resolution imaging and will greatly expand the repository of IRIS probes. 
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Chapter 2 Materials and Methods 

Section 2.1 Cell culture 

Xenopus laevis XTC cells were maintained in Leibovitz’s L15 medium (Thermo Fisher 

Scientific) diluted to 70% with sterilized water and supplemented with 10% fetal bovine serum (FBS, 

Gibco) as previously described16. HEK293T cells were cultured in Dulbecco's modified eagle medium 

(DMEM, Nacalai tesque) containing 10% FBS. Expi293F suspension cells (Thermo Fisher Scientific) 

were cultured in Expi293 expression medium (Thermo Fisher Scientific) according to the 

manufacturer’s instruction. 

 

Section 2.2 Transfection  

Transfection of expression vectors containing epitope-tagged actin into XTC cells in 6-well dish 

by Neon Transfection System (Invitrogen) were performed according to the manufacture’s 

instruction. Transfection of mammalian expression vectors containing Fv-clasps into HEK293T cells 

in 10 cm petri dish by using Lipofectamine 3000 (Thermo Fisher Scientific). 

 

Section 2.3 Primary culture of neurons 

Embryonic day 20 (E20) Wistar rats were purchased from Japan SLC, Inc., and were 

anesthetized by ISOFLURANE Inhalation Solution (Pfizer). Cerebrum and hippocampus were then 

isolated from brain and digested with trypsin. Cell suspension of hippocampus for neuron culture was 

incubated on Polyetherimide (PEI) coated glass slip. Cell suspension of cerebrum used for microglia 

culture was then filtered by 100 µm cell-strainer and pipetted to kill neurons. Filtered cell was 

incubated on Poly-L-Lysine (PLL) coated glass slip. MEM medium (Gibco) with 200nM L-

Glutamine, 100nM Na-pyruvate and 2% NeuroBrew (Milteny) was used for neuron culturing and 

Neurobasal medium (Gibco) with 200nM L-Glutamine (Gibco), 100nM Na-pyruvate and 2% 

NeuroBrew was used for maintenance of neuron after DIV2. High Glucose DMEM medium (Nacalai) 

with 10% FBS and 1% penicillin-Streptomycin was used for microglia culture. All experiments were 

performed in accordance with the National Institutes of Health Guidelines for the Care and Use of 

Laboratory Animals and were approved by the Animal Research Committee of Kyoto University 

Graduate School of Medicine (No. 17555, Kyoto, Japan). 

 

Section 2.4 cDNA 



 

10 

 

cDNAs of human vinculin (GenBank: BC039174)17, Xenopus laevis paxillin (GenBank: 

BC070716), Xenopus laevis alpha-actinin (GenBank: BC043995) and human zyxin (GenBank: 

BC010031) were obtained from Open Biosystems. A cDNA encoding Xenopus laevis myosin light 

chain (NM_001086846.1) was artificially synthesized. cDNAs encoding Homer1, VGLUT1 and 

PSD95 were cloned from a mouse brain cDNA library (Takara-bio). 

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 lines8, 

using primer sets as below18. The antibody cDNA of 2H819, NbALFA20, HS6921 and NV-Nb922 were 

artificially synthesized. Antibody sequence of L8/15 was a gift from James Trimmer (Addgene 

plasmid # 140071).  

Primer for VH cloning (5' - 3') Primer for VL cloning (5' - 3') 

GATGTGAAGCTTCAGGAGTC GATGTTTTGATGACCCAAACT 

CAGGTGCAGCTGAAGSAGTC GATATTGTGATRACSCAG 

CAGGTTACTCTGAAAGAGTC GACATTGTGMTGACCCARTCT 

GAGGTCCAGCTGCARCAGTC GATATTGTGCTAACTCAGTCT 

CAGGTCCAACTGCAGCAGCCT GAYATCCAGMTGACWCAGWCT 

GAGGTGAAGCTGGTGGARTC CAAATTGTTCTCACCCAGTCT 

GATGTGAACTTGGAAGTGTC CCGTTTCAGCTCCAGCTTG 

TGCAGAGACAGTGACCAGAGT CCGTTTTATTTCCARCTTTG 

TGAGGAGACKGTGASHGWGGT GGATACAGTTGGTGCAGCATC 

 

Section 2.5 Expression plasmid construction 

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

These vectors were used to express epitope-tagged proteins after replacing the EGFP sequences with 

epitope tags. Cytomegalovirus (CMV) promoter of pFLAG-actin was truncated (delCMV) to lower 

cytotoxicity16. Expression vectors for P20.1 and 12CA5 Fv-clasp (v2) were obtained from a previous 

study14. The original signal peptide was replaced with a mouse IgH signal sequence as previously 

reported23. 

 

Section 2.6 Production and purification of AAV 

The adeno-associated virus (AAV) 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 (Invitrogen) using 

293fectin transfection reagent (Invitrogen). The supernatant was collected after 72 hours, centrifuged 
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at 1500 g for 30 minutes and then filtered through a 0.45μm syringe filter (Sartorius) as described 

previously (Chen et al., 2018). AAV in the supernatant 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. 

 

Section 2.7 Antibody sequence alignment 

Antibody and nanobody sequences for frequency analysis were obtained from PDB. CDRs of 

antibodies were defined using the Chothia Numbering Scheme24. Nanobody sequences were aligned 

using the ANARCI web server25 in the Chothia numbering scheme. Nanobody CDRs were defined 

according to the previously described rules based on Chothia numbering26. 

 

Section 2.8 Recombinant antibody purification 

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 were transfected into 

HEK293 cells using the same kit. Culture supernatants were collected 4-5 days after the transfection. 

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 polypeptides 

were dialyzed vs. TBS using Spectra/por membrane (MWCO: 6-8 kD, Spectrum Laboratories, Inc.), 

with two exchanges of buffer overnight at 4 ℃.  

 

Section 2.9 Preparation of imaging sample 

XTC cells expressing epitope-tagged actin and focal adhesion proteins were spread on coverslips 

coated with 100 μg/ml poly-L-lysine (Sigma) and 10 μg/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. XTC cells 

expressing Homer1 and VGLUT1 and primary cultured neuron 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 PBS27. For the imaging of axonal actin rings, 
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neurons were initially fixed for 1 min using a solution of 0.3% glutaraldehyde and 0.25% Triton X-

100 in cytoskeleton buffer (CB, 10 mM MES, pH 6.1, 150 mM NaCl, 5 mM EGTA, 5 mM glucose 

and 5 mM MgCl2), and then post-fixed for 15 min in 2% glutaraldehyde in CB, which is a previously 

described method28. 

 

Section 2.10 Buffer for single-molecule imaging 

For measuring dissociation rate, 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)8. 

For IRIS imaging, probes were applied in 50mM Tris buffer (pH 8.0)29, with an oxygen 

scavenging mixture containing 5 U/ml pyranose oxidase (Sigma-Aldrich)30, 10 mM 

mercaptoethylamine (Sigma-Aldrich)31, 60 ug/ml catalase (Sigma-Aldrich) and 10% glucose31. 

 

Section 2.11 Microscopy 

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). 

Single-molecule stream acquisition for primary neuron was acquired under 488-nm illumination 

with an Olympus IX83 inverted microscope 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 nm 150 mW Laser (Coherent) and a gem 671 nm 750 mW Laser (Laser 

Quantum). 

 

Section 2.12 Determination of dissociation rate 

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 reported8. Dissociation rates of 

antibody fragments were determined by fitting the regression of bound antibody fragments to one-

phase decay models (y = Y0 × exp(-koff × t)) using Prism 7.0. The dissociation rate was corrected by 
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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. 

 

Section 2.13 Super-resolution analysis 

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 reported8. For determination 

of binding events in Homer and VGLUT puncta, each binding probe was consolidated to the average 

position. 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 – ((m - 1) / m)n, where m is the molecule 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 ImageJ32. Stage drift was compensated 

using phase-only correlation (POC) with discrete Fourier transform for cell samples33. 
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Chapter 3 Results 

Section 3.1 Optimizing the secretion efficiency of Fv-clasp 

I obtained a set of epitope tag-specific antibody sequences from previous studies, including 

P20.1 (anti-TARGET tag)34, 12CA5 (anti-HA tag)14, 2H8 (anti-FLAG tag)19, V302A (anti-V5 tag)8, 

S66B (anti-S tag)8 and 11G9 (anti-FLAG tag)8. These antibody sequences were incorporated into Fv-

clasp vectors as shown in Fig. 2A. 

To optimize the productivity of Fv-clasp in secretion form, I compared the yield of P20.1 Fv-

clasp which were expressed using signal peptides from mouse Nidogen1 (mNido)35, human Nidogen1 

(hNido)36, mouse IgH (mIgH)37,38 and Calreticulin (Calrt)39, respectively (Fig. 2B). Only a little Fv-

clasp was secreted using hNido. The amount of Fv-clasp in culture supernatant of mIgH was 

approximately three times more than mNido and Calrt. Therefore, I adopted the signal peptide of 

mIgH for the following experiment of recombinant antibody production. 

 

Section 3.2 Construction and purification of recombinant Fv-EGFP 

I constructed ‘Fv-EGFP’ by fusing EGFP to the C-terminus of the heavy chain of Fv-clasp and 

purified the expressed fusion protein from the culture supernatant of HEK293T cells (Fig. 2C). The 

expression of EGFP conjugated Fv-clasp could be observed in the cells (Fig. 2D). The Fv-EGFP in 

the supernatant was purified using 6x His tag and was then subjected to CBB (Coomassie Brilliant 

Blue) staining (Fig. 2E). The size of purified Fv-EGFP dimmer (Fig. 2E, band c), heavy chain (band 

a) and light chain (band b) were consistent with their molecular weights (heavy chain: ~47.5 kDa; 

light chain: ~19.5 kDa). There is almost no degradation or aggregation in the product even I did not 

use chromatography for purification. The purified Fv-EGFPs were used as fluorescent probes in the 

following single-molecule imaging assays. HEK293T cells in a 10 cm petri dish typically yield 0.34 - 

4.02 μg (5 - 60 pmol) Fv-EGFP, which were enough for 20 - 60 times imaging. The purified probes 

were mostly fluorescent because the concentration measured by fluorescent intensity was comparable 

to the concentration determined by CBB protein assay. 

 

Section 3.3 Determination of the dissociation rate by single-molecule imaging 

All Fv-EGFPs recognized the relevant expressed epitope-tagged actin in Xenopus laevis XTC 

cells after fixation (Fig. 3A). I determined the dissociation rate (koff) by tracking the single-molecule 

Fv-EGFPs that bound to epitope-tagged actin and fitting the regression curve to one phase decay 

model. I also measured the photobleaching rate of EGFP (Kpb) in fixed XTC (Fig. 3B). The koff was 
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corrected by subtracting the Kpb from the measured dissociation rate and the results were listed up in 

Fig. 3C. The koff values are consistent with previous studies8,14,40.  

 

Section 3.4 Accelerating the dissociation rate of Fv-EGFP and Nanobody 

To achieve high fidelity IRIS imaging of intracellular proteins, probes that dissociate in a few 

seconds are desirable. I therefore sought to increase the dissociation rate of P20.1, 12CA5, 2H8, 

V302A and S66B by site-directed mutagenesis. I premised the strategy on the notion that candidate 

sites for mutagenesis should be commonly conserved in antibodies and would minimally impact 

specificity. 

With the help of Mr. Masanori Sakai (an undergraduate school student from Kyoto University 

Faculty of Engineering),  I collected 269 open-source antibody sequences from Protein Data Bank 

(PDB), including 169 entries for antibody Fv fragments (Fig. 4) and 100 entries for nanobodies (Fig. 

5).  The Fv sequences are aligned according to the Chothia numbering scheme and the frequency of 

amino acids at each position were calculated. As indicated by the red arrowheads in Fig.4 and Fig.5,  

there exist a few conserved residues at the boundary of CDRs. The amino acids at these sites are often 

tyrosine (Tyr or Y) residues which play dominant roles in mediating molecular contacts by forming 

hydrogen-bonding and cation-π interactions41. Although Tyr in the middle of CDRs is critical for the 

antigen-antibody interaction42, the amino acids at these positions are located at the base of CDR loops 

and do not directly contact with antigens in many cases43. 

On the other hands, in the crystal structures of P20.1 Fv-clasp, 12CA5 Fv-clasp and NbALFA 

nanobody14,20, I found that HCDR3 is surrounded by the amino acids mentioned above, namely H27 

(27th  amino acid of Fv heavy chain), H28, H32, H102, L32 (32nd amino acid of Fv light chain), L49 

and L96 (Fig. 6). It has also been reported that these amino acids are frequently in contact with CDR 

residues44. Bulky residues at these sites might affect the affinity by modulating the flexibility of CDR 

loops and shaping them to the right conformation. Thus, I hypothesized that mutagenesis in these 

positions might affect the dissociation rate of antibodies without a significant sacrifice of specificity. 

In addition, H59 at the base of the HCDR2 loop was included among candidate sites (Fig. 7A). H59 is 

a conserved site that is also often occupied by Tyr. 

To investigate whether mutagenesis at these sites could accelerate the dissociation rate and 

determine the amino acids for substitution, three candidate sites (H27, H59 and H102) at the base of 

each HCDR were selected for trial experiment. I performed site-directed mutagenesis on P20.1 Fv-

EGFP by substituting each tyrosine residue for each of the other 19 amino acids (Fig. 7B). Almost all 

mutants specifically recognized TARGET tagged actin expressed in XTC cells. I therefore selected 

glycine (Gly or G) and alanine (Ala or A) as substitution residues, which could efficiently increase the 
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dissociation rate. By sequentially introducing site-directed mutagenesis into the candidate sites, the 

dissociation rates of Fv-EGFPs were increased by 2-99 folds (Fig. 7C). These mutants were used as 

IRIS imaging probes for epitope tags . 

Furthermore, I examined whether the same strategy could be applied to nanobodies, because the 

frequency of amino acids at the candidate sites in nanobodies is similar to that in antibody VH. I also 

included Nb37 into the candidate sites for mutagenesis in the nanobody because it is also a conserved 

Tyr residue in the vicinity of nanobody CDR1. I obtained three nanobodies from previous studies, 

namely NbALFA (anti-ALFA tag)20, HS69 (anti-Homer)21 and NV-Nb9 (anti-VGLUT)22. I fused 

EGFP to the C-terminus of the nanobody (Nb-EGFP) and purified it from the supernatants of 

transfected HEK293T cell cultures with the same methods as the production of Fv-EGFP. Multiple 

point mutations were collectively introduced into the nanobodies to efficiently increase the 

dissociation rates. Since the dissociation half-life of NbALFA is longer than 5.5 h, three Ala 

mutations at E53, R60 and V99 were also introduced to abolish several interactions with its antigen, 

according to a previous study20. The mutagenesis strategy also successfully increased the dissociation 

rate of nanobodies by orders of magnitudes (Fig. 7D). I also benchmarked the koff of two nanobody 

probes against endogenous neuronal proteins, namely HS69H3 for Homer1 and NV-Nb9H4 for 

VGLUT, using primary cultured neurons. Both of the probe recognized the endogenous targets in 

neurons and exogenous proteins overexpressed in XTC cells and the dissociation rates were similar in 

each case. 

The information of all Fv-EGFP and Nb-EGFP mutants generated in this study were summarized 

in Table 1. The Fig. 7C and 7D only show the mutants that were used as probes for successive IRIS 

imaging (hereafter called IRIS probes). 

 

Section 3.5 Validation of new IRIS probes against epitope tags 

    The fidelity and specificity of my probes were validated using epitope tagged actin expressed in 

XTC cells. First, to estimate the specificity, the IRIS probes V302AH2L1, 2H8H1L3, P20.1H1L0, 

12CA5H6L2, NbALFAH2 and S66BH1L0 was applied to permeabilized non-transfected XTC cells, 

respectively. The non-specific binding signals were negligible (Fig. 8A). In addition, compared with 

wild-type Fv-EGFPs, the non-specific signal did not increase after mutagenesis at candidate sites. 

Therefore, the point mutations at our candidate sites do not impair the specificity of the original 

antibodies (Fig. 8A and 8B).  

I next performed super-resolution images of epitope tagged actin by the IRIS probes mentioned 

above. All of the IRIS probes against epitope tags, namely FLAG, TARGET, HA, V5, S and ALFA, 

clearly visualized actin bundles (Fig. 9A and 9B, representative image of FLAG-actin) with 45 nm in 
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FWHM (Fig. 9C) and resolved two actin bundles 60 nm apart (Fig. 9D). The resolution of actin 

filaments in Fig.9B is estimated to be 52.7 nm (Fig. 9G) using decorrelation analysis32, which is 

similar to the FWHM value (45 nm). All five probes recognized the actin filaments of the same 

distribution and fidelity as previously reported Lifeact probe6 (Fig. 9E and 9F, representative image of 

FLAG-actin). 

 

Section 3.6 Multiplexed super-resolution imaging of focal adhesions  

    To demonstrate that the IRIS probes could be used for multiplex super-resolution imaging, I 

first examined the crosstalk between each epitopes by sequentially applying the IRIS probes to XTC 

cell that was individually transfected with HA, V5, S, FLAG, TARGET, or ALFA tagged actin 

(Fig.10). The crosstalk between targets is negligible in the single-molecule imaging. I then 

simultaneously transfected six epitope tagged proteins into XTC cells, including V5-actinin, ALFA-

zyxin, S-histone2B (S-H2Bb), FLAG-vinculin, HA tagged myosin regulatory light chain 2 (HA-

MRLC) and TARGET-paxillin. The ratio of plasmids for transfection was adjusted to 4:1:1:6:4:4 

(weight) to balance the expression level. The probes were sequentially applied to the transfected XTC 

cell sample in the order of V302AH2L1, Lifeact-Atto488, 2H8H1L3, P20.1H1L0, 12CA5H6L2, NbALFAH2 

and S66BH1L0. All probes could be thoroughly washed away in the successive imaging procedure (Fig. 

11A). In the reconstruction of multiplexed super-resolution imaging (Fig. 11B, 11C and 11D), 

V302AH2L1, 2H8H1L3, P20.1H1L0 and NbALFAH2 probes visualized the thick focal adhesion complex 

that associates with the tip of actin stress fibers. HA-MRLC is barely colocalized with focal adhesion 

complexes (Fig. 11D), which is consistent with previous immunostaining results45. HA-MRLC 

overlaps with F-actin in the cell center but was not observed near the cell edge (Fig. 11B). Moreover, 

an alternating pattern was visualized between V5-actinin and HA-MRLC along the actin arcs in the 

lamella of the cell (Fig. 11E), as reported in a previous study46. This alternative pattern on cell arcs is 

considered to participated in actin contraction and shortening47. Therefore, our probes were capable of 

visualizing multiple epitope-tagged components in a single cell, establishing a proof of principle for 

multiplexed super-resolution imaging of proteins for the targets without available antibodies. 

 

Section 3.7 Validation of new IRIS probes against neuronal proteins 

To verify the specificity of IRIS probes against endogenous proteins, I acquired super-resolution 

images with our new HS69H3 and NV-Nb9H4 probes in primary cultured neurons. The localization of 

Homer and VGLUT puncta detected by mutant probes overlapped with the staining pattern of wild-

type nanobodies21,22 (Fig. 12A). The specificity was also verified by a blank control (Fig. 12B) using 

non-transfected Hela cells, which express no VGLUT and very low levels of Homer48. Moreover, in 
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the neuron expressing mCherry-PSD95, which is the marker of post-synaptic density, the puncta 

detected by the HS69H3 probe overlapped with the signal for PSD95 (Fig. 12C). Pre-synaptic VGLUT 

visualized by the NV-Nb9H4 probe showed a clear pairing with dendritic spines marked by Lifeact 

(Fig. 12C). The periodic actin rings along an axon with ~190 nm periodicity28 could be resolved by 

the Lifeact probe (Fig. 12D and 12E). These results indicated that IRIS probes against endogenous 

targets could finely localize the proteins at synapses. 

 

Section 3.8 Multiplexed super-resolution imaging of neuronal proteins 

I next performed multiplexed super-resolution imaging of endogenous proteins in primary 

cultured neurons (Fig. 13A). In addition to HS69H3, NV-Nb9H4 and Lifeact, I used a new Fv-EGFP 

derived from an L8/15 antibody against Snapin49. Snapin is a protein involved in neurotransmission 

and endosome trafficking50,51. The dissociation rate of wild-type L8/15 is fast enough (0.519 s-1) to be 

used as an IRIS probe. Neurons were infected with adeno-associated virus (AAV) carrying mCherry 

cDNA to visualize the morphology of neuron (Fig. 13A). Images of four targets were sequentially 

acquired in the order of F-actin, VGLUT, Snapin and Homer (Fig. 13A-G). I was able to observe clear 

separation between pre-synaptic VGLUT puncta, post-synaptic actin and the scaffold protein Homer 

(Fig 13C-G). F-actin was highly concentrated at the dendritic spines (Fig. 13E and 13F). Post-synaptic 

actin was located at the base of Homer-associated structures (Fig. 13E and 13F) and occasionally 

formed a cage-like structure surrounding Homer (Fig. 13D and 13F) as described previously52. Snapin 

distributed ubiquitously in neurons (Fig. 13B and 13C) and overlapped with VGLUT puncta (Fig. 

13E).  

In IRIS super-resolution microscopy, one label refers to a binding (on-off) events of an IRIS 

probe. The label number of VGLUT and Homer puncta in mature synapse are 3,798 ± 945 and 694 ± 

269 (mean ± SD), respectively (Fig. 13H). The number of VGLUT 1/2 and Homer 1b/c molecules in 

a synapse are reported to be 8,254 53 and 233 54. Based on these numbers, I estimate that 

approximately 95% of Homer and 37% of VGLUT molecules are labelled at least once. Tiny Homer 

clusters (~0.1 μm) paired with VGLUT are visualized by IRIS probes with 155 labels (Fig. 13G).  

 

Section 3.9 Advantages of IRIS over other SMLM techniques 

In conventional multiplexed SMLM, the labeling density might be deteriorated by poor 

accessibility of antibodies in a confined imaging area (see the cartoon in Fig. 14 for illustration). I 

next examined whether staining with multiple antibodies could impair the accessibility of another 

antibody probes in the tiny spines. IRIS images of Homer were acquired using nanobody probe 

HS69H3 before and after antibody incubation as schemed in Fig. 15A. The targets of primary 
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antibodies are GKAP, SHANK3 and PSD95, which exist in close proximity of Homer55,56. The label 

number of Homer probes in each punctum was counted before and after antibody incubation. In the 

samples which were incubated with both primary antibodies and secondary antibodies, a significant 

part of signals (~32%) in Homer puncta were lost (Fig. 15B and 15C). The label numbers did not 

decrease in the samples that were incubated only with secondary antibodies (Fig. 15B and 15C). 

These results indicate that interference between antibodies may impair the accessibility of each probe 

and lead to sparse labelling problem in conventional multiplexed SMLM approaches.  

In addition, I directly compared IRIS with DNA-based point accumulation for imaging in 

nanoscale topography (DNA-PAINT) and Direct stochastic optical reconstruction microscopy 

(dSTORM)57 by sequentially performing super-resolution imaging on Homer or VGLUT in the same 

neuron samples (Figure 15D and 15E). In STORM and PAINT images, many pixels within the puncta 

are lack of labels. I also compared an IRIS image of synapse (Fig. 15B, upper left) with published 

images of STORM55 and DNA-PAINT58 (Fig. 16A). Although I cannot assert which pattern reflects 

the real distribution of the molecules, IRIS appears to show more continuous labelling than other 

methods. I further compared the label density and distribution between IRIS and STORM images 

according to the previous method55. IRIS achieved ~4 folds higher label density than STORM (Fig. 

16B). Importantly, multiple localization points may arise from repeated detection of a single label in 

STORM and DNA-PAINT. IRIS probes generated by my approach have the potential to super-resolve 

multiple endogenous targets of interest with high labelling density. 
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Chapter 4 Discussion 

In this research, I showed that IRIS could overcome the interference between multiple antibodies 

in a confined area and the resultant scarce labelling, which has been an intrinsic problem of super-

resolution microscopy6,59. Besides IRIS, other super-resolution approaches such as Exchange-

PAINT60-63 and sequential elution-staining STORM (maSTORM)62 could achieve highly multiplexed 

imaging in a single biological sample. Single fluorophore could also be used in these methods to 

prevent chromatic aberration. MaSTORM exchanges the antibodies by harsh elution and bleaching 

steps, which probably do cumulative damage to the sample across multiple rounds of imaging62. By 

contrast, fluorescent probes in IRIS and Exchange-PAINT could be easily washed out by moderate 

buffers without high salt concentration and harsh pH. The sample preparation of IRIS is simple 

because it does not require any antibody incubation steps. Similar to DNA-PAINT, IRIS does not 

suffer from photobleaching, which enables longer imaging duration and achieve higher resolution. In 

addition, it has been reported that chaotropic reagent KSCN can increase the dissociation rate of 

12CA5 antibody by several folds64. However, the dissociation rate of 12CA5 accelerated by KSCN is 

still 250-fold lower than the dissociation rate of 12CA5H6L2 mutant. This low dissociation rate led to 

an extremely long imaging time in their PAINT super-resolution microscopy. 

I have developed two kinds of antibody-based IRIS probes: Fab probes8 and recombinant probes.  

Although Fab probe has to be screened from numerous hybridoma clones through many validation 

steps8, it is suitable for observation target without existing antibody. The screening and validation 

process of recombinant probe is much simpler than Fab probe. It only requires mutagenesis on the off-

the-shelf antibodies regardless of whether the structure is known. The specificity of each antibody-

based IRIS probe was validated by comparing the super-resolution images with a positive marker, or 

the staining pattern of the original antibody fragments. Noise of each probe was also measured by the 

densities of non-specific binding in non-transfected cell controls (typically, ~1% of the total signal in 

transfected cells). The quantitative assessment based on single-molecule binding enabled specificity 

validation of the low-affinity binders. 

As a practical consideration in the mutagenesis strategy of recombinant probes, I mainly used 

Ala substitution because mutants with Gly substitutions at the same candidate sites sometimes 

deteriorate the antigen recognition. Point mutations at H/Nb27, H/Nb28 and Nb37 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 mutagenesis in these sites. Mutagenesis in H/Nb102 may be less effective than the other 

sites. Combination of point mutations further increases the dissociation rate and retains the binding 

specificity with a high probability. Multiple point mutations can be introduced collectively to improve 

the efficiency. Dozens of recombinant-antibody-based IRIS probes were generated by Ala or Gly 
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substitutions at candidate sites. It typically costs 2-4 weeks to generate a new IRIS probe from an 

existing antibody sequence. Based on the sequence information in the antibody database, such as 

Protein Data Bank (PDB)65 and ABCD database66, a large repertoire of proteins can be subjected to 

super-resolution analysis using IRIS multiplex super-resolution microscopy. 

The candidate sites for mutagenesis in this study is interesting because all of them are at the 

boundary between CDR and FR. I avoided modifying the residues in the middle of CDRs because 

they are considered critical for the antigen recognition67-69. Another reason is that mutation sites for 

each antibody have to be explored individually when no structure information is available owing to 

the high diversity of the CDR sequences. On the other hand, candidate sites in this study are 

conserved in most antibodies, where Ala or Gly substitution could effectively increase the 

dissociation rate of antibodies. IRIS probes generated by my mutagenesis strategy still retain their 

specificity, probably because the mutation sites do not contact with the antigens in many cases43 and 

the paratope have been well preserved.  

 

Limitations of the study 

⚫ Although the database for antibodies is expanding rapidly, the sequence information of existing 

antibodies is not always disclosed, making it difficult to develop recombinant IRIS probes for the 

targets without available antibody sequences. 

⚫ 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.  

⚫ When using the IRIS probes against overexpressed proteins, the expression level of targets must 

be estimated empirically by acquiring 1,000–2,000 frames. 
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Chapter 5 Conclusion 

In summary, I have developed a versatile site-directed mutagenesis strategy to accelerate the 

dissociation rate of antibodies and generate a series of validated fast-dissociating antibody fragments. 

These recombinant fragments are especially suited for multitarget super-resolution imaging. Potential 

applications of these fragments also include multiplexed immunostaining, cell typing/sorting, western 

blotting and so on. The pipeline I established can be used in generating fast-dissociating antibodies 

efficiently from numerous resources of off-the shelf antibodies. 
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Figures and Tables 

Fig. 1 Multiplexed super-resolution imaging of cell and tissue by Fab probes 

Sequential IRIS imaging of  proteins overexpressed in XTC cell and endogenous proteins in inner ear 

tissue by Fab probes. Scales bars, 5 µm for full-clip cell,  1 µm for enlarged cell, 5 µm for full-clip 

tissue and 1 µm for enlarged tissue. The figure was reproduced from the Figure S9 of the reference8. 
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Fig. 2 Construction of recombinant IRIS probe 

(A) Construction of Fv-clasp. Pink segment shows the SARAH domain of human Mst1 kinase. 

(B) Comparison of the yield of Fv-clasp which was expressed and secreted using different signal 

peptides. 

(C) Diagram of Fv-EGFP generation. 

(D) Fv-EGFP expressed in small scaled cultured HEK293T cells. Non-transfected cells were used as 

control group. Scale Bars, 20μm. 

(E) The SDS-PAGE profile of the purified P20.1 (anti-TARGET tag) Fv-EGFP under reducing (R) 

and non-reducing (NR) conditions. 
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Fig. 3 Determination of the dissociation rate 

(A) Single-molecule imaging of  Fv-EGFPs (WT) bound to the corresponding epitope-tagged actin 

expressed in XTC cells. The probes were applied at a very low concentration (0.05 nM - 0.1nM) to 

perform the single-molecule imaging. Scale bar, 5 μm.  
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(B) The photobleaching rate of EGFP measured using XTC cells expressing EGFP-actin. Cells were 

fixed with 3.7% PFA in cytoskeleton buffer containing 0.5% Triton-X100. Time-lapse images were 

acquired under the same exposure condition as the koff determination. Red bars indicate SD.   

(C) Dissociation rate of wild type Fv-EGFPs fitting by one phase decay model. 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.  
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Fig. 4  Frequency of amino acid in antibody variable region 

Alignment of 169 antibody sequences collected from PDB, following the Chothia numbering scheme. 

Frequencies of amino acids (one letter) at each position are shown in the heatmap. CDR regions are 

annotated in yellow according to the Chothia definition. Red triangles and red numbers indicate 
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candidate positions for mutagenesis at the base of CDR loops. Note that the candidate residues are 

conserved in most antibodies. The data collection was supported by Mr. Masanori Sakai, who is one 

of the co-authors of the basis article. 
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Fig. 5 Frequency of amino acid in nanobodies 

Alignment of 100 nanobody sequences acquired from PDB, following the Chothia numbering 

scheme. Frequencies of amino acids at each position are shown in the heatmap. CDR regions are 

defined as described previously26. Red triangles and red numbers indicate candidate positions for 

mutagenesis in nanobodies. The data collection was supported by Mr. Masanori Sakai, who is one of 

the co-authors of the basis article. 
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Fig. 6 Candidate mutation sites in the co-crystal structures 

 

Illustration of candidate sites (magenta) surrounding HCDR3 (yellow) in P20.1 Fv-clasp (PDB: 

5XCT), 12CA5 Fv-clasp (PDB: 5XCU) and NbALFA (PDB: 6I2G). VH (or nanobody) and VL are 

colored in green and blue, respectively 
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Fig. 7 Candidate sites for mutagenesis in Fv fragment and nanobody 

(A) Illustration of the candidate sites for point mutation in Fv region. 

(B) Half-lives of P20.1 Fv-EGFP (anti-TARGET tag) single-point mutants at the base of HCDR1 

(HY27), HCDR2 (HY59) and HCDR3 (HY102). Mutants that did not recognized the TARGET-actin 

expressed in XTC cells are annotated in gray and letter “X”.  

(C) Summary of mutation sites and dissociation rates of mutant Fv-EGFPs, which were used as fast-

dissociating IRIS probes in this paper. 

(D) Summary of mutation sites and dissociation rates of mutant Nb-EGFPs, which were used as fast-

dissociating IRIS probes in this paper. 
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Fig. 8 Validation of new IRIS probes against epitope tags 

(A) Negative control of epitope tag probes using non-transfected XTC cells. Probes were applied at 1 

nM, and images were acquired under the same conditions used in super-resolution imaging in Fig. 9. 

One frame of single-molecule images used for super-resolution reconstruction in Fig. 9 are shown in 

top row for comparison. Maximum projections of 500 frames acquired every 100 ms from non-

transfected XTC cells are shown in the middle row. Bright field (BF) images of the same non-

transfected XTC cells are shown in the bottom row. Spot density per frame is shown beneath each 

image (average density of 500 single-molecule frames for each panel). Scale bars, 5 μm. 

(B) Negative control of wild type Fv-EGFPs and Nb-EGFPs using non-transfected XTC cells. Probes 

were applied at 1 nM, and images were acquired under the same conditions as in (A). Maximum 

projections of 500 frames acquired every 100 ms from non-transfected XTC cells are shown in the top 

row. BF images of the same non-transfected XTC cells are shown in the bottom row. Spot density per 

frame is shown beneath each image (average of 500 frames). Scale bars, 5 μm.  
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Fig. 9 Super-resolution imaging of epitope tagged actin in XTC cells 

(A) Super-resolution images of FLAG-actin expressed in XTC cells using the 2H8H1L3. Scale bar, 5 

μm.  
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(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 μm for full-

scale images and 2.5 μm for the enlarged image.  

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

(G) Decorrelation analysis of image in panel (B) using ImageJ plugin provided by Descloux et al32. 
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Fig. 10 Examination of crosstalk between  probes against epitope tags 

Examination of crosstalk between each probe against epitope tag. Antibody probes (1 nM) against 

epitope tags were sequentially applied to the XTC cells which were individually transfected with HA-

actin, FLAG-actin, TARGET-actin, V5-actin, S-actin or ALFA-actin. Each sample was washed 8 

times with PBS between successive probes. Each panel shows the maximum projection of 500 single-

molecule frames acquired every 100 ms. Spot density per frame is shown beneath each panel (average 

of 500 frames). Scale bar, 10 μm. 
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Fig. 11 Multiplexed super-resolution imaging of epitope tagged 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, Lifeact, 2H8H1L3, P20.1H1L0, NbALFAH2, S66BH1L0 and 
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12CA5H6L2. Each successive probe was applied to the sample after washing out the preceding probe 

with PBS. Scale bar, 10 μm.  

(B) Super-resolution images were reconstructed from V5-actinin, F-actin, FLAG-vinculin, TARGET-

paxillin, ALFA-zyxin, H2Bb-S and HA-MRLC of single-molecule images. Scale bar, 5 μm.  

(C) Seven-color IRIS image of six epitope-tagged proteins and endogenous F-actin in a single XTC 

cell. Scale bar, 5 μm.  

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

(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 μm. 
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Fig. 12 Validation of the IRIS probes against neuronal proteins. 

(A) Specificity validation of Homer and VGLUT probes by visualizing colocalization of puncta in 

primary cultured neurons (DIV 45). Super-resolution images were reconstructed from 15,000 frames 

using Homer probe (1 nM) and 40,000 frames using VGLUT probe (1 nM), respectively, followed by 
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washout and staining with WT Nb-EGFP. Scale bars, 5 μm for full-clip images and 1.5 μm for 

enlarged images.  

(B) Validation of the nanobody probe specificity by applying them (2 nM) to non-transfected Hela 

cells. Images are maximum projections of 500 frames acquired every 100 ms. Spot density per frame 

is shown in each panel (average of 500 frames). Nanobody probes, 2 nM. Scale bars, 5 µm.  

(C) Evaluating the specificity of neuronal protein probes by comparing the distribution with a positive 

marker. Puncta visualized by HS69H3 (super-resolution image) colocalized with overexpressed 

mCherry-PSD95. Pre-synaptic VGLUT (green) signals visualized by the NV-Nb9H4 probe were 

paired with post-synaptic actin (magenta), which is the super-resolution image obtained with the 

Lifeact probe.  

(D) and (E) Super-resolution image of axonal actin rings in primary cultured neurons (DIV28) using 

Lifeact-Atto550 probe. (E) is the enlarged image of ROI 2 in (D). The position of labels (average) is 

projected to one dimension along the axon long axis (bottom of ROI 2). The average spacing of actin 

rings and the SD value are shown in the panel (n = 16). Calibration bars show the number of labels in 

each pixel (13.5 nm in length)  
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Fig. 13 Multiplexed super-resolution imaging of primary neuron 
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(A) Super-resolution images of F-actin (Lifeact), VGLUT, Snapin and Homer in primary cultured 

neurons. An overall image of the neuron was acquired using overexpressed free mCherry by epi-

fluorescence. Scale bars, 10 μm.  

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

(C) Enlarged images of boxed region c in (B). Scale bars, 2 μm.  

(D) Gallery of 12 enlarged synapses found in (B). Scale bars, 500 nm. 

(E) and (F) Enlarged images of boxed synapses A and B in (B). 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 (C). A small homer cluster (~0.1 μm) was indicated by the 

white arrowhead in the right panel with 155 labels (one “label” refers to a binding event of IRIS probe 

to target protein). Only VGLUT (magenta) and Homer (cyan) 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). 

(H) Label number of VGLUT (magenta) and Homer (green) in a synapse found in (B). Calibration 

bars show the number of labels in each pixel (13.5 nm in length). Average label numbers in ten 

VGLUT or Homer puncta and SD were shown beneath the image. Scale bar, 200 nm. 
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Fig. 14 Illustration of the spatial interference in conventional SMLM 

 

 

  

Rapid on-off  
IRIS probes 
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Fig. 15 Interference between antibodies cause deteriorated labeling density  

(A) Design of the experiment to examine the spatial interference of antibodies inside the post-synaptic 

region. The antibody incubation time is 90 min for primary antibodies and 60 min for secondary 

antibodies.  
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(B) Representative IRIS super-resolution images of VGLUT and Homer puncta in the experiment 

described in panel (A). Imaging parameters of the Homer are the same before and after the antibody 

incubation. The label number of Homer probes is shown at the bottom of each image. Scale bars, 500 

nm. 

(C) The ratio of Homer labels after and before antibody incubation at each punctum. The data are 

from 120 puncta in 3 experiments, DIV21-24 for primary antibodies (-) and 120 puncta in 4 

experiments, DIV21-28 for primary antibodies (+). The label ratio of Homer puncta in primary 

antibodies incubated samples are significantly lower than the primary antibody free samples (unpaired 

two-tailed t-test, **** p < 0.0001). Red bars show the mean ± SD. 

(D) Representative super-resolution images of VGLUT or Homer puncta acquired by IRIS and 

dSTORM in the same neuron samples. HS69H3 (1 nM) or NV-Nb9H4 probes (1 nM) were first applied 

to neuron to perform IRIS imaging (Homer: 500 ms exposure, 20,000 frames, 2.03 × 106 localizations 

acquired; VGLUT: 300 ms exposure, 25,000 frames, 2.29 × 106 localizations acquired). The sample 

were subsequently subject to 8 times of PBS washing, 90 min of primary antibody incubation (1:500 

in PBS-0.2% Tx-100), 3 times of PBS washing and 60 min of secondary antibody incubation (anti-

Rabbit Alexa 647, 1:1000 in PBS-0.2% Tx-100). dSTORM imaging was perform as previously 

described57 in the oxygen scavenging buffer containing 50 mM MEA at 671 nm for excitation and 488 

nm for activation (Homer: 200 ms exposure, 40,000 frames, 2.10 × 106 localizations acquired; 

VGLUT: 100 ms exposure, 40,000 frames, 2.26 × 106 localizations acquired). The excitation intensity 

was adjusted so that the exposure time was half the average on-state lifetime of fluorophores. The 

activation 488 nm laser was used for 50 ms every 1,000 frames to keep the fluorophore density at 

0.025-0.1/μm2. Line profile between the arrow heads is shown beneath each panel. Scale bars, 500 

nm.  

(E) Representative super-resolution images of VGLUT or Homer puncta acquired by IRIS and DNA-

PAINT in the same neuron samples. HS69H3 (1 nM) or NV-Nb9H4 probes (1 nM) were first applied to 

neuron to perform IRIS imaging (Homer: 500 ms exposure, 40,000 frames, 1.04 × 106 localizations 

acquired; VGLUT: 300 ms exposure, 35,000 frames, 3.83 × 106 localizations acquired). The sample 

were then washed 8 times by PBS and incubated with primary antibodies (1:500 in PBS-0.2% Tx-

100) for 90 min. The successive steps were conducted according to manufacturer instruction of 

MASSIVE-AB 2-PLEX DNA-PAINT kit (Imager strand: 0.25 nM for the both targets, Homer: 200 

ms exposure, 4,000 frames, 1.12 × 106 localizations acquired; VGLUT: 300 ms exposure, 30,000 

frames, 3.78 × 106 localizations acquired). Line profile between the arrow heads is shown beneath 

each panel. Scale bars, 500 nm. 
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Fig. 16 Comparison of synapse imaging by IRIS, STORM and DNA-PAINT  

(A) IRIS image is a synapse of rat primary neurons in Fig. 15B (upper left) of this paper. STORM 

image is a synapse in brain cortex section, which is reproduced from Figure 3D in the previous 

study55. DNA-PAINT image is a synapse of rat primary neurons, reproduced from Fig. 3I in the 

previous study58.  

(B) Distribution of localization points (within a ~160 nm thick region between the dashed lines) along 

the trans-synaptic axis of IRIS image and STORM image in (A). Distribution of localization points in 

STORM image is reproduced from the Figure 3D of the reference55.  
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Table 1 Summary of mutation sites and dissociation rates of Fv-EGFP and Nb-EGFP mutants.  

Clone 

Number 
Antigen 

Mutant 

code  

Mutation 

site 1 

Mutation 

site 2 

Mutation 

site 3 

Mutation 

site 4 

Mutant  

koff (1/s) 

Mutant 

half-life (s) 

P20.1 TARGET WT     0.0330 21.0 

P20.1 TARGET H1L0 HY59G    0.332 2.09 

P20.1 TARGET H2L0 HT28A HY59G   0.360 1.92 

P20.1 TARGET H3L0 HY27A HY59G   nr nr 

P20.1 TARGET H4L1 HY27G HT28A LY32A  2.65 0.261 

12CA5 HA  WT     0.00621 112 

12CA5 HA  H1L0 HF27G    0.0254 27.3 

12CA5 HA  H1L2 HF27G LY49A   0.0358 19.4 

12CA5 HA  H2L2 HF27A LY49A   0.0292 23.7 

12CA5 HA  H3L0 HT28A    0.0136 51.0 

12CA5 HA  H4L0 HT28A HY32V   0.0763 9.09 

12CA5 HA  H5L0 HY32A    0.0225 3.08 

12CA5 HA  H5L2 HY32A LY49A   0.335 2.07 

12CA5 HA  H6L2 HT28A HY32A LY49A  0.601 1.15 

12CA5 HA  H7L0 HY59A    0.00742 93.4 

12CA5 HA H8L0 HY32G    nr nr 

12CA5 HA  H0L2 LY49A    0.0150 46.1 

2H8 FLAG WT     0.00803 91.1 

2H8 FLAG H1L0 HY59A    0.0163 42.6 

2H8 FLAG H1L3 HS28A LY96A   0.407 1.70 

2H8 FLAG H2L3 HY59A LY96A   0.218 3.19 

2H8 FLAG H3L0 HY102A    0.0146 47.4 

2H8 FLAG H4L3 HS28A HY59A LY96A  nr nr 

2H8 FLAG H0L1 LY32A    nr nr 

2H8 FLAG H0L2 LY49A    0.0183 37.9 

2H8 FLAG H0L3 LY96A    0.151 4.58 

V302A V5 WT     0.0322 21.5 

V302A V5 H0L1 LY32A    0.322 2.15 

V302A V5 H1L0 HY27A HY59A   0.0624 11.1 

V302A V5 H2L0 HY27G    0.0628 11.0 

V302A V5 H2L1 HY27G LY32A   0.567 1.22 

V302A V5 H2L2 HY27G LY49A   nr nr 

V302A V5 H2L3 HY27G LY96A   nr nr 

V302A V5 H3L0 HY27G HY59A   nr nr 

V302A V5 H4L0 HY59G    nr nr 

S66B S WT     0.139 4.97 

S66B S H1L0 HS28A    0.276 2.51 

S66B S H2L0 HF27G    0.153 4.53 
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NbALFA ALFA WT    <0.0000348 >1.99 × 104 

NbALFA ALFA H1 E53A R60A V99A  0.00202 343 

NbALFA ALFA H2 V27G   T28A   Y37A   &    E53A   R60A   V99A 0.331 2.10 

HS69 Homer WT     0.000897 773 

HS69 Homer H1 S27G T28A   0.00777 89.2 

HS69 Homer H2 S27G T28A Y59A  0.0189 36.6 

HS69 Homer H3 S27G T28A F37A Y59A 0.0971 7.13 

HS69 Homer H4 S27G T28A F37G Y59A nr nr 

HS69 Homer H5 S27G T28A F37A Y59G nr nr 

NV-Nb9 VGLUT WT     0.00164 423 

NV-Nb9 VGLUT H1 Y32A    0.00543 128 

NV-Nb9 VGLUT H2 R27G T28A Y102A  0.00415 167 

NV-Nb9 VGLUT H3 R27G T28A F37A Y102A 0.0162 42.9 

NV-Nb9 VGLUT H4 R27G      T28A      Y32A      F37A      Y102A 0.0923 7.14 

nr: no recognition.  Bold: Mutants which were used in IRIS imaging.  
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