A practical guide to multicolor live-cell single-molecule imaging
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Abstract

Single-molecule imaging enables quantitative analysis of molecular dynamics on cell membranes,
providing information on molecular diffusion, oligomer size, and membrane association/dissociation
dynamics. Multicolor single-molecule imaging with orthogonal labeling further allows investigation
of molecular interactions. Successful implementation of multicolor single-molecule imaging, however,
requires careful optimization of optical design, sample preparation, and data processing. This chapter
describes methods for multicolor single-molecule imaging and analysis. First, we describe the
construction of a total internal reflection fluorescence microscopy (TIRFM) system equipped with
rotating TIRF illumination, with detailed illustrations. We then present sample preparation methods,
focusing on orthogonal molecular labeling techniques and optimization of expression levels for single-
molecule detection. Finally, we introduce the Auto Imaging System (AILS), Auto Analysis System
(AAS), and an updated version of the single-molecule Dynamics Analyzer (smDA,
https://github.com/yanagawamasataka5z-oss/smDA-Igor), software tools for single-molecule imaging
and analysis. Together, these tools enable researchers to establish a robust platform for multicolor

single-molecule imaging and quantitative analysis of membrane protein dynamics.
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1. Introduction

Total internal reflection fluorescence microscopy (TIRFM) has enabled the single-molecule
imaging of fluorescently labeled molecules on the plasma membrane in living cells. Single-molecule
tracking analysis provides quantitative information on target molecules, including diffusion dynamics,
oligomeric states, and membrane association and dissociation dynamics [1-5]. Furthermore,
simultaneous multicolor single-molecule imaging using orthogonal labeling methods enables detailed
observation of molecular interactions [6, 7].

Taking advantage of these approaches, single-molecule imaging has been applied to elucidate
spatiotemporal regulation mechanisms of G-protein-coupled receptor (GPCR) signaling [8]. Previous
studies have revealed that GPCRs and transducers, such as G proteins, GRKs, and B-arrestins, co-
accumulate in membrane nanodomains, promoting efficient and subtype-selective signal transduction
[6,9, 10]. As a consequence of this membrane domain compartmentalization, the diffusion coefficients
of GPCRs decrease upon activation, enabling us to monitor drug effects on GPCRs without knowledge
of downstream signaling [7].

To analyze the spatiotemporal regulation of GPCR signaling, we have developed a four-color
single-molecule imaging system and a fluorescent labeling method for cell-surface GPCRs [11]. N-
terminally LgBiT-fused GPCRs are labeled with a fluorescent HiBiT peptide (FiBiT), inspired by the
HiBIT split luciferase system [12]. The FiBiT method expands the options for multicolor single-
molecule imaging in combination with conventional fluorescent labeling methods, such as fluorescent
proteins, HaloTag, and SNAP-tag [13-16]. Leveraging the FiBiT method, we unveiled how GPCRs
recruit f-arrestin from the cytosol to the plasma membrane, where B-arrestin is stabilized through
multivalent interactions with PIP2 [17].

Here, we describe a detailed protocol for multicolor single-molecule imaging, with particular
focus on optical system adjustments and sample preparation. We summarize key points for optical
system adjustments to achieve uniform TIRF imaging with rotating laser beams. For sample
preparation, expression levels and labeling efficiencies must be carefully controlled to maintain
fluorophore density on the plasma membrane below 1 pm2. We provide recommended amounts for
plasmid transfection and labeling efficiencies for each tag-dye pair. We also introduce methods for
time-lapse single-molecule measurement and analysis wusing AIS, AAS, and smDA
(https://github.com/yanagawamasataka5z-oss/smDA-Igor). This protocol will help researchers begin

multicolor single-molecule imaging in living cells.

2. Materials
2-1. Plasmid DNA

The cDNA sequences encoding fluorescent-tag-fused target proteins were inserted into the following



plasmid vectors using seamless cloning with Exonuclease 111 and Exonuclease T [18]. Low expression
vector: pFC15A (CMVdI1 promoter, Promega). High expression vector: pcDNA3.1 and pEGFP-N1
(CMV promoter) (see Note 1).

2-2.

Cells

Human embryonic kidney 293 A (HEK?293) cell line (Thermo Fisher Scientific)

2-3.

1.

2-5.

Medium, Buffer and reagent

Culture medium: Dulbecco's Modified EAGLE Medium (DMEM). Add 4.75 g of DMEM (Nissui).
Make up to 500 mL with milliQ water (MQ). Transfer to a bottle and autoclave at 120°C for 20
minutes. Add 100 g/L NaHCOs 7.5 mL, Fetal Bovine Serum (FBS, GIBCO) 50 mL, and PSG
(mixture of 600 mg/L Penicilin (Sigma), 1 g/L Streptomycin (GIBCO), 2.9 g/L Glutamine
(GIBCO)) 5 mL. Final concentration: DMEM 8.4 g/, NaHCOs 1.3 g/L, FBS 8.9% (v/v),
penicillin 5.3 mg/L, streptomycin 8.9 mg/L, glutamine 25.8 mg/L.

Transfection buffer: Opti-MEM (Gibco)

Transfection reagent: Lipofectamine3000 (Thermo Fisher)

Labeling medium: phenol-red free DMEM. Add DMEM (D2902, SIGMA, phenol-red free) 10 g,
NaHCOs (Wako) 3.7 g and 0.5 M HEPES (SIGMA) pH 7.4, 40 mL. Make up to 1000 mL with
MQ. Filtrate with 0.22um filter. Add FBS 100 mL. Final concentration: DMEM (phenol-red free),
9.09 g/L, FBS 9.1% (v/v) and 4.36 g/LL HEPES (adjusted pH 7.4) (see Note 2).

Measurement buffer: Hank's Balanced Salt Solutions with 1.2 g/ HEPES and 0.01 % (w/v) BSA
(BSA-HBSS).

. Fluorescent dye

SPY555-BG (SPIROCHROME)

SNAP-Cell® TMR-Star (NEB)

SiR650-BG (SPIROCHROME)

Janelia Fluor® 549 HaloTag® Ligand (Promega)

HaloTag® SaraFluor™ 650T Ligand (GORYO CHEMICAL)

ST488-FiBiT, SF650-FiBiT, SF720-FiBiT (custom-synthesized and purified in RIKEN CBS,
RRD peptide synthesis service) (see Note 3)

TMR-FiBiT (custom-synthesized by Genscript) (see Note 3)

TetraSpeck (Microspheres, Invitrogen) (see 3-2-4)

Optical components

Optical components used in the four-color TIRF microscopy system are listed in Table 1 [11].



3. Methods

3-1 Microscopy system setup for four-color single-molecule imaging

The overall illustration of the microscope system is shown in Figure 1.

1. Installation of microscope, image-splitting system, and cameras
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Install a vibration isolation table (HOA-2010LA, OptoSigma) and an air compressor (PC-10H-
S, OptoSigma) in a dark room (see Fig. 2a).

Mount an inverted microscope (Ti2E, Nikon) with two back ports and turrets for illumination on
the vibration isolation table at an appropriate position (see Fig. 2a). Install a Ti2-LA-BF fixed
main branch on the lower back port for TIRF illumination (see Fig. 2b, Note 4).

Mount an autofocus system, Perfect Auto Focus (PAF, ZIDO) with an 830 nm laser and galvo
mirror, on the upper back port of the Ti2E (see Fig. 2b).

Install a filter cube (91032, Chroma) with a dichroic mirror (T820dcspxrxt-UF2, Chroma) on the
upper turret of the Ti2E for PAF (see Fig. 2c¢).

Install a filter cube with a dichroic mirror (ZT405/488/561/640/705rpc, Chroma) for TIRF
illumination in the lower turret of the Ti2E (see Fig. 2c¢).

Mount image-splitting optics for two cameras (W-VIEW GEMINI-2C, Hamamatsu) on the left
port of the microscope (see Fig. 2d).

Mount two image-splitting units for a single camera (W-VIEW GEMINI, Hamamatsu) each at
the output ports of the W-VIEW GEMINI-2C (see Fig. 2d).

Mount two sSCMOS cameras (ORCA-Fusion BT, Hamamatsu) at the output ports of the two W-
VIEW GEMINI units (see Fig. 2d).

Install dichroic mirrors in the image-splitting units: FF640-FDi01 (Semrock) for the W-VIEW
GEMINI-2C; T7201pxr-UF1 (Chroma) and T5601pxr-UF21 (Chroma) for the W-VIEW GEMINI
units for long and short wavelengths, respectively.

Install emission filters in the two W-VIEW GEMINI units: in descending order of wavelength,
ET760/50m (Chroma) for 703 nm excitation, ET685/50m (Chroma) and ET670/50m (Chroma)
for 637 nm excitation (see Note 5), FF01-600/52 (Semrock) for 561 nm excitation, and
ET525/50m (Chroma) for 488 nm excitation.

Install Cavro Omni Robot (Tecan) with Cavro Air Displacement Pipettor (ADP, Tecan) using a
custom-made mount (Riken) to fix on the vibration isolation table (see Fig. 2e).

Install a custom-made 96 well-plate holder mount [Adjustable Adapter Kits (UP-2030,
OptoSigma) with two microplate holders (62-1609-26, Thermo Fisher)] for automated ligand
stimulation in the automated single-molecule time-lapse imaging (see Fig. 2e, 3-3-2).

Connect the microscope controller, the sSCMOS cameras, and Cavro Omni Robot to a workstation

(ExComputer, Tsukumo) for system control.



2. Installation of laser optics

(1) Mount excitation lasers on the vibration isolation table (see Fig. 3a): in descending order of
wavelength, Fiber Laser 703 nmx300 mW (2RU-VFL-P-300-703-B1R, MPB Communications),
OBIS LX laser 637 nmx140 mW (87-464, Coherent), OBIS LS laser 561 nmx100 mW (34-232,
Coherent), OBIS LX laser 488 nmx150 mW (87-461, Coherent), OBIS LX laser 405 nmx100
mW (87-456, Coherent) (see Note 6).

(2) Connect laser heads, laser remote controllers [OBIS LX/LS 6-Laser Remote (87-475, Coherent)
for OBIS lasers], and the workstation.

(3) Turn on the lasers and roughly combine them with dichroic mirrors mounted in mirror holders
(MHG-HS25-NL, OptoSigma) with rods and clamps (see Fig. 3b): in descending order of
wavelength, LM01-659-25 (Semrock) for combining the 703 nm and 637 nm lasers, LM01-613-
25 (Semrock) for combining the 637 nm and 561 nm lasers, RT532rdc-UF2-25 (Chroma) for
combining the 561 nm and 488 nm lasers, Di02-R405-25-D (Semrock) for combining the 488 nm
and 405 nm lasers. (see Note 7)

(4) Mount excitation filters in holders (LHG-25.4, OptoSigma) with rods and clamps in front of each
laser (see Fig. 3¢): FF01-716/40-25 (Semrock) for the 703 nm laser, ZET642/20x-25 (Chroma)
for the 637 nm laser, FF01-480/17-25 (Semrock) for the 488 nm laser (see Note 8).

(5) Mount laser beam expander (LBED3, OptoSigma) with holders (KLH-BE-M22H, OptoSigma) in
front of each laser to collimate lasers (see Fig. 3d, Note 9).

(6) Mount electronic shutter systems (SSH-25RA/SSH-C2B, OptoSigma) in front of each laser and
connect them to the workstation (see Fig. 3e).

(7) Mount an achromatic quarter-wave plate for 350-850 nm (AQWPO5M-580, Thorlabs) in a
rotation mount (RSP1X15/M, Thorlabs) in the optical path of the combined lasers (see Fig. 3f).

(8) Mount ND filters (0.1, 1, 5, 25, 50%, AND15C, OptoSigma) in a dividing-type filter holder
(NDWH-15SRO) in the optical path of combined lasers (see Fig. 3f).

(9) Mount mirrors to guide the combined lasers to the illuminator of the microscope (see Note 10).

3. Installation of galvo scanners for rotating TIRF illumination

(1) Install a galvo scanner system (6220H, Cambridge Tech.) with a custom-made mount fixed on a
rod (see Fig. 4a, Note 11).

(2) Mount the galvo scanners on a XY-stage (TSD-802S, OptoSigma) with a magnet base (MB-L65C-
M4, OptoSigma) to adjust the position precisely (see Fig. 4a).

(3) Connect each galvo scanner (X-scanner and Y-scanner, see Fig. 4a) to a driver, a function
generator (AFG-3022, TEXIO), and the workstation.

(4) Adjust the height of the galvo scanners to align with the center of the illuminator of the microscope



(see Note 12).

(5) Setthe DC offset voltage of the XY-scanners to a constant value (e.g. 750 mV and 1000 mV) from
the function generator to fix the mirror angles for epi-illumination.

(6) Turn on the collimated 561 nm laser and roughly adjust the light path to pass through the center
of the revolver without an objective lens, adjusting the position and angle of the XY-scanners
manually (see Fig. 4b, Note 13).

(7) Install an objective lens (CFI Apochromat TIRF 100XC Oil, NA 1.49, Nikon) on the microscope
and place the TetraSpeck bead sample (see 2-4). Adjust the Z-position manually while monitoring
the slit image of PAF until the sample is in focus, then enable automatic focus maintenance using
AIS (see 3-3-2, Note 14).

(8) Adjust the optical axis so that a critical illumination spot is visible at the center of the field of view
and the collimated laser beam passes through the outer circumference of the back focal plane (see
Fig. 4c, Note 15).

(9) Install an achromatic lens (Lens 3, DLB-30-80PM, OptoSigma, see Fig. 4d) for collimation in a
lens holder with centering adjustment (LHCM-30, OptoSigma) and mount it on a rod on an XY-
stage (TSD-802S, OptoSigma) with a magnet base (MB-L65C-M4, OptoSigma) to adjust the
position precisely (see Note 16).

(10)Adjust the height and XY-position of Lens 3 between the X-scanner and the microscope
illuminator so that the laser beam passing through the objective is collimated. Confirm that the
laser spots are centered on both the field of view and the back focal plane of the objective lens
(see Fig. 4e), and that the spot on the ceiling is minimal (epi illumination) (see Fig. 4f, Note 17).

(11)Readjust the position of the X-scanner to the focus position of Lens 3 (conjugate plane to the field
of view, ~80 mm from Lens 3).

(12)Readjust the position of the Y-scanner to make the optical path between the X- and Y-scanners
orthogonal to the light path from the X-scanner to the microscope illuminator.

(13)Mount an optical rail (OBT-300SH, OptoSigma) under the optical path between the X- and Y-
scanners (see Fig. 4g).

(14)Install two achromatic lenses (Lens 1: DLB-30-80PM, and Lens 2: DLB-30-100PM, OptoSigma)
in lens holders with centering adjustment (LHCM-30, OptoSigma) (see Fig. 4d, Note 18).

(15)Mount Lens 2 on an XY-position adjustable carrier (CAA-40LS) and install it on the optical rail
(see Fig. 4d).

(16)Adjust the position of Lens 2 (~100 mm from the X-scanner) to achieve critical illumination on
the field of view, where the laser spot is minimal (see Fig. 4c, d, h, Note 19).

(17)Mount Lens 1 on an XY-position adjustable carrier (CAA-40LS) and install it on the optical rail
(see Fig. 4d).

(18)Adjust the position of Lens 1 (~180 mm from Lens 2) to achieve epi-illumination on the field of



view, where the laser beam is collimated (see Fig. 4d, e, h).

(19)Readjust the position of the Y-scanner to the focus position of Lens 1 (conjugate plane to the field
of view, ~80 mm from Lens 1) (see Fig. 4h).

(20)If the epi-illumination is not uniform on the field of view, repeat adjustment of the positions of

Lenses 1-3.

4. Configuration and alignment for rotating TIRF illumination

(1) Change the output mode of the function generator from DC to Sine and configure it to apply
voltage to the X- and Y-scanners with a phase difference of /2. Set the offset to the predetermined
value (determined in step 2-3-5) and the amplitude to 0. Confirm that epi-illumination is
maintained.

(2) Adjust the XY-position of Lens 3 to center it if the laser is not centered on the back focal plane or
the field of view. Adjust the Z-position of Lens 3 so that the laser spot on the ceiling becomes
minimal if the beam is not collimated (see Fig. 4d-f).

(3) While monitoring the laser focus position on the back focal plane, gradually increase the
amplitude for both X and Y. Set the amplitude values so that the rotating beam is positioned just
inside the outer edge of the objective lens aperture (NA 1.49) on the back focal plane (see Fig. 4i).

(4) Readjust the optical axis while alternating between epi- and TIRF illumination until non-uniform
illumination is eliminated within the target imaging area (e.g., 512 x 512 pixels at the center of
the field of view) and the center of the field of view remains consistent in both modes) (see Note
19).

(5) Return the laser angle to epi-illumination and align all other lasers to the optical axis of the
adjusted laser (e.g. 561 nm). Use the total reflection mirror at the exit of each laser and the
corresponding dichroic mirror as a mirror pair (see Dashed lines in Fig. 3b), and gradually adjust
the optical axis using the micrometers until both the laser position on the ceiling and the center of
the field of view coincide with those of the 561 nm laser.

(6) Switch to TIRF illumination and check for non-uniform illumination with each laser. If necessary,
repeat the alignment procedure described in step 4 until uniform illumination is achieved within
the target imaging area.

(7) Repeat steps 5-6 for all lasers to complete the four-color simultaneous TIRF optical system.

3-2. Sample preparation

1. Cover-glass preparation

(1) Add 90 mL of MQ and 2 mL of neutral detergent (CLEAN ACE (S), AZONE) to a 100 mL beaker
(cleaning solution) (see Note 20).

(2) Place 100 cover glasses (MATSUNAMI, diameter: 25 mm, thickness: 0.13~0.17 mm) into the



cleaning solution one by one.

(3) Ultrasonicate the cover glasses in the beaker for 5 minutes at 23 kHz (ASU-20D).

(4) Rinse repeatedly with MQ until no more bubbles appear.

(5) Ultrasonicate the cover glasses in MQ for 5 minutes at 23 kHz.

(6) Replace the solution with fresh MQ.

(7) Repeat steps 5 and 6.

(8) Transfer the cover glasses to concentrated sulfuric acid and soak for at least 16 hours.

(9) Remove the cover glasses from the concentrated sulfuric acid and rinse them several times with
MQ (see Note 21).

(10)Repeat steps 5 and 6.

(11)Autoclave at 120°C for 20 minutes.

2. Transfection

(1) Choose the appropriate tag and fluorophore combination based on the excitation wavelength (see
Table2, Note 22).

(2) Mix the plasmids according to Table 3 (see Note23).

(3) Adjust the total plasmid amount to 500 ng using an empty vector (see Note 24).

(4) Make up to 25 pL with Opti-MEM (see Note 25).

(5) Add 1 pL of P3000 (Solution A) (see Note 26).

(6) Prepare a mixture of Opti-MEM and Lipofectamine 3000 at a ratio of 25:1 in another tube
(Solution B).

(7) Mix 25 pL of Solution A and 25 pL of Solution B (Solution A+B).

(8) Incubate for 15 minutes or longer at room temperature.

(9) Add 2 mL of DMEM to a 60-mm cell-culture dish.

(10)Place two cleaned cover glasses without overlapping them (see Fig. 5, Note 27).

(11)Aspirate the DMEM (see Note 28).

(12)Mix 4 mL of cell suspension (5.0 x 10° cells/mL in DMEM) with Solution A+B prepared in step
7.

(13)Add the cell suspension prepared in step 11 to the dish with the cover glass in place (see Note 29).

(14)Incubate overnight in an incubator 37°C 5% CO..

3. Fluorescent labeling (see Note 30)

(1) Warm phenol red-free DMEM to room temperature before use.

(2) Dilute the fluorescent dye corresponding to the expressed tag to 30 nM in phenol red-free DMEM
(see Note 31).

(3) Aspirate the culture medium from transfected cells.



(4) Add 3 mL of the labeling solution prepared in step 2 to the dish (see Note 32).

(5) Incubate for 15 min in an incubator at 37°C with 5% CO..

(6) Replace the medium with fresh phenol red-free DMEM.

(7) Add 3 mL of phenol red-free DMEM to a new dish.

(8) Remove only the cover glasses from the dish used for labeling and transfer them to the dish
prepared in step 6 (see Note 33).

(9) Incubate for 5 min in an incubator at 37°C with 5% CO..

(10)Replace the medium with 3 mL of fresh phenol red-free DMEM.

(11)Incubate for 15 min or more in an incubator at 37°C with 5% CO, (see Note 34).

(12)Repeat steps 10 and 11 (see Note 35).

4. TetraSpeck bead preparation for inter-channel alignment

(1) Add 30 pL of TetraSpeck (Microspheres, Invitrogen) to the center of the glass-bottom dish (35
mm ¢ dish, hole size: 14 mm, thickness: 0.16~0.19 mm, Matsunami).

(2) Add 500 pL of MQ and mix by pipetting.

(3) Leave overnight to dry (see Note 36).

(4) Add 1 mL of MQ containing 0.1% (w/v) sodium azide (see Note 37).

3-3. Measurement

1. Daily optical system adjustment

Confirm that the optical system is appropriate before imaging (see Note 38).

(1) Apply immersion oil (IMMOIL-FC30CC, OLYMPUS) to the objective lens.

(2) Place the TetraSpeck sample above the objective lens (Apochromat TIRF x100/x60, NIKON,
MRDO01991/MRD01691).

(3) Set the laser angle to epi-illumination (see 3-1-3).

(4) Observe the laser spot projected on the ceiling to confirm that the beam is properly collimated
above the objective lens (see 3-1-3, Fig. 4f).

(5) If not properly collimated, adjust the Z-position of Lens 3 (see Fig. 4d).

(6) Insert an ND filter (see Fig. 3f, A transmittance of 0.1% or less is recommended) to reduce the
laser light to a safe level for viewing with the naked eye.

(7) Confirm that the laser spot at the back focal plane is at the center of the objective lens (see Fig.
4e).

(8) Ifnot, adjust the XY-position of Lens 3 to center it.

(9) Adjust the laser angle to rotating TIRF-illumination (see 3-1-4).

(10)Confirm that the rotating laser at the back focal plane forms a true circle and is positioned at the



outermost circumference (see Fig. 4i).

(11)If not, adjust the amplitude and offset voltages of the function generator for the XY-scanners (see
3-1-4).

(12)Remove the ND filter.

(13)Observe the fluorescence from TetraSpeck beads using the corresponding camera for each of the
four wavelengths.

(14)Adjust the image-splitting optics to minimize the positional shift between wavelengths (see Fig.
6).

(15)Acquire 100-frame images of TetraSpeck beads as a reference for calculating the affine

transformation matrix to correct inter-channel positional shifts caused by chromatic aberration.

2. Image acquisition using AIS2.5 (Zido)

(1) Set the cover glass in the chamber (Attofluor™ Cell Chamber, Thermo Fisher Scientific) for
measurement (see Note 39).

(2) Add 400 pL of BSA-HBSS when using a cover glass, or 800 pL when using a 35-mm glass-
bottom dish (C025001, Matsunami) (see Note 40).

(3) Apply oil IMMOIL-FC30CC, EVIDENT) to the objective lens.

(4) Place the sample above the objective lens and adjust the objective height to focus.

(5) Configure the acquisition parameters suitable for single-molecule imaging, including autofocus
settings, laser powers, shutter settings, camera settings (exposure time, frame rate, and contrast
settings), and save these as an acquisition mode in AIS (see Fig. 7, Note 41).

(6) Search for cells expressing at suitable levels for single-molecule imaging (less than 0.5 spots/um?)
across all color channels (see Fig. 8) and record the positions in AIS (see Note 42).

(7) Start the Auto Imaging Mode of AIS, and set up time-lapse imaging by specifying the number of
time points, time interval, acquisition mode, and number of imaging frames per time point (see
Fig. 9, Note 43).

(8) Start the time-lapse measurement; images are automatically acquired at the recorded positions
according to the specified settings.

(9) Apply ligand stimulation either manually or using the Tecan Omni Robot before starting
acquisitions of the designated time point, typically add 100 pL of 5x concentrated ligand for the
chamber or 200 pL for the 35-mm glass-bottom dish.

(10)After the specified interval following ligand addition, images of the same cells are automatically

acquired at the recorded positions.

3-4. Single-molecule tracking analysis (see Note 44)

An outline of the analysis procedure is shown in Figure 10.



1. Subtract background using AAS4 or imageJ (see Fig. 10, Note 45)

(1) Install AAS4 following the manual provided by Zido (https://eng.zido.co.jp/), and run background
subtraction. Background subtraction is applied in parallel to all TIF files in the selected folder.

(2) Install Imagel] software (https://imagej.net/).

(3) Run background subtraction using an Image] macro (https:/github.com/masataka-
yanagawa/lmageJ-macro-ImageProcessingSMT), which automatically applies the following
plugin to all TIF files in a selected folder: ImageJ] > Process > Subtract Background (radius = 25

pixels for single-molecule images with pixel size of 65 nm/pixel).

2. Chromatic aberration correction using AAS4 (see Fig. 10)

(1) Sort the TIF files of captured TetraSpeck images by channel into folders.

(2) Calculate the affine transformation parameters using AAS4 (see Note 46).

(3) Review the output TIF files to confirm that the positional misalignment has been corrected.

(4) If not, adjust the parameters and retry the affine calculation.

(5) Sort the background-subtracted TIF files by channel into folders.

(6) Apply the affine transformation to the TIF files using the affine matrix (affine.csv) obtained in
steps (2)—(4).

3. Single-molecule tracking and VB-HMM analysis using AAS4 (see Fig.10, Note 47)

(1) Perform a series of analyses for spot detection, trajectory generation, and HMM-based diffusion
state clustering using AAS4 (see Note 48).

(2) Review the output TIF files after the analysis is complete to confirm that single molecules are
accurately tracked.

(3) Ifitis not accurate, adjust the parameters and retry single-molecule tracking.

(4) Sort the series of CSV files into appropriately named folders based on channel, ligand condition,
and time point (e.g., "Channell Agonist 10min").

4. Visualization and quantification of single-molecule dynamics

(1) Install Igor Pro 9 (WaveMetrics) to wuse an updated version of smDA
(https://github.com/yanagawamasataka5z-oss/smDA-Igor) to visualize and quantify single-
molecule dynamics from the sorted CSV files (see Fig. 10, 11, Note 49).

(2) Install smDA by dragging and dropping all 14 .ipf files into Igor Pro 9. Initialize smDA from the
smDA menu or run SMI_Initialize in the command line.

(3) Open the main panel (smDA — Open Panel or Ctrl+2/Cmd+2). Configure measurement

parameters (frame rate, pixel size, etc.) in the Auto Analysis tab and parameters for graph



presentation and curve fitting in each tab (see Note 50).

(4) Select the appropriate data format (AAS v2/v4) and enable the HMM checkbox for VB-HMM
clustered data (* _hmm.csv files).

(5) For single sample analysis, click "Single Analysis" to select a data folder and run the analysis
pipeline (Load — Diffusion — Intensity — Kinetics).

(6) For batch analysis of multiple conditions, click "Auto Analysis" to run automated processing:
Batch — Average — Compare. Comparison plots (violin plots, bar charts) are automatically
generated.

(7) For colocalization analysis, analyze both channels separately with HMM mode enabled, then use
the Colocalization tab to create paired sample lists and run colocalization analysis.

(8) Click the "Compare" button in each analysis tab to run statistical tests on the summary plots. Tests
are performed according to the Statistics tab settings, including test mode ("All pairs" or "vs
Control") and output options. Significance markers are automatically added to graphs, and a table
of p-values and statistics is generated.

(9) Use the Layout tabs to export publication-ready figures in PNG or SVG format.

4. Note

1. The CMV promoter exhibits approximately 5-fold higher expression levels compared to the CMVd1
promoter [19]. For fluorescent proteins whose labeling efficiency cannot be adjusted, the CMVdl

promoter is more suitable.

2. The 9.1% (v/v) FBS in the labeling medium improves washing efficiency. Depending on the FBS
lot, cells may detach more easily, and this issue can sometimes be improved by using DMEM without

heat inactivation.

3. Fluorescent FLAG-HiBiT peptides (FiBiT) were prepared as follows. TMR-FiBiT (TMR-
DYKDDDDKGDGSVSGWRLFKKIS) was custom-synthesized by Genscript. ST488-FiBiT, SF650-
FiBiT, and SF720-FiBiT were synthesized by conjugating SeTau-488-NHS (SETA BioMedicals),
SaraFluor650-NHS (GORYO Chemical), and SaraFluor720-NHS (GORYO Chemical), respectively,
to FLAG-HiBIT peptide, followed by HPLC purification at the RIKEN CBS RRD peptide synthesis
facility. Stock solutions were prepared in DMSO (Wako), and concentrations were determined by

measuring the absorbance of diluted samples in PBS.



4. Commercial illuminators (e.g., H-TIRF module, Nikon) are not required and are incompatible when
building a custom external TIRF optical system. Rotating TIRF illumination provides superior
performance over commercial systems by eliminating laser interference fringes and non-uniform

illumination.

5. Since no commercially available single-band emission filter provided maximum coverage of the
640-705 nm wavelength range of the ZT405/488/561/640/705rpc dichroic mirror, we used a
combination of ET685/50m and ET670/50m filters (Chroma). Although filters with narrower
bandwidths (e.g., FF01-676/29-25, Semrock) are commercially available, they are not recommended

as they can reduce the accuracy of single-molecule tracking analysis.

6. Single-molecule imaging at 30 ms temporal resolution requires illumination with sufficient power
density (>100 W/cm?). We recommend using lasers that are collimatable and have sufficient output
power (maximum output >100 mW). In particular, there are limited options for lasers with
wavelengths around 705 nm in the near-infrared range. Although longer wavelength lasers are
available, the quantum efficiency of sSCMOS cameras decreases with increasing detection wavelength;
therefore, the current configuration is optimal for simultaneous four-color single-molecule

measurements. The 405 nm laser is used for photoactivation applications.

7 Each dichroic mirror should be paired with a total reflection mirror mounted in a gimbal mirror
holder to enable precise alignment of the optical axis of each laser beam. At least one pair of mirrors
should be mounted in gimbal mirror holders (MHAN-25.4S, OptoSigma) to enable precise adjustment

of the optical axis.

8. In the current filter configuration, no unintended leakage of excitation laser light into the image

occurs for the OBIS LX 405 nm and OBIS LS 561 nm lasers even without excitation filters.

9. Beam expanders with diopter adjustment, such as the LBED3 (see Fig. 3d), are convenient for
independently collimating each laser. Ideally, they should be installed for all lasers; however, due to
space limitations on the optical table, they are currently installed only for the 703 nm laser. As an
alternative, a pair of achromatic lenses (DLB-20-40PM, DLB-30-150PM, OptoSigma) are placed in
the optical path after laser beam combining to serve as a beam expander and collimator (see Fig. 3a,
upper left).

The magnification of the beam expander must be designed to achieve sufficient power density
(see Note 6), taking into account the overall lens magnification of the microscope system and the

installed laser power. Currently, the beam is expanded to approximately 10 mm (100 pm at the sample



with X100 objective), and images are acquired using a 512 x 512 pixel ROI (65 nm/pixel) for each
color channel, covering the central region of approximately 3.3 mm (33 um at the sample) to achieve
uniform illumination. If higher-power lasers are installed, increasing magnification would allow

imaging of a wider field of view.

10. Precise positioning of mirrors and lenses is difficult at this initial stage. Start by placing optical
components at their approximate designed positions to roughly establish the optical path to the
microscope's epi-illumination port. Proper collimation of the 561 nm laser is critical, as it serves as
the reference wavelength for subsequent optical axis adjustments. A rod-stand with an iris diaphragm
(IH-30N, OptoSigma) that can be repositioned freely on the optical table greatly facilitates alignment.
First, adjust the rod stand height to align the iris center with the laser beam height. Then, place the iris
along the optical path after mirrors to verify beam height consistency by ensuring the beam passes
through the iris center. To confirm collimation, alternately position the same iris at near and far

distances from the laser output and adjust until the beam diameter is identical at both positions.

11. Generally, commercially available two-axis galvanometer scanners are sold with the X- and Y-axis
mirrors positioned close together (e.g., GVS212/M, Thorlabs). We have separated the X and Y mirrors
and placed a pair of lenses between them to position both mirrors at planes conjugate to the field of
view. However, installing a two-axis galvanometer scanner directly at the current X-scanner position
would likely pose no practical issues. In this case, since only one of the scanners can be accurately
positioned at the plane conjugate to the field of view, the focal spot of the rotating beam in the field of

view will inevitably be somewhat larger than optimal.

12. We have not installed the transmitted illumination pillar (T12-D-PD, Nikon) and lamp house (T12-
D-LHLED, Nikon) of the Ti2E, as they would interfere with the Cavro Omni Robot arm (Tecan). If
the Cavro Omni Robot is not installed and transmitted illumination is available, parallel transmitted
light (Kdohler illumination) can be introduced from directly above the objective lens, and the
appropriate optical axis height can be determined by observing the light exiting from the epi-
illumination port (Ti2-LA-BF). The height should be adjusted so that the light is centered on the X-

scanner.
13. The 561-nm laser is recommended for initial optical axis adjustment because it is highly visible to
the naked eye, has a clean Gaussian beam profile, and is positioned at an intermediate wavelength,

which minimizes chromatic aberration effects on average.

14. Optical axis adjustment can only be performed when the objective lens is properly positioned. The



autofocus system developed by ZIDO introduces an 830 nm (or 850 nm) laser obliquely through a slit
into the objective lens, detects the reflected light generated at the coverslip-solution interface, and
estimates the objective lens position from the slit image. By detecting slit images from two directions
using a galvanometer scanner and employing a feedback mechanism, this system enables more stable

focus maintenance near the plasma membrane compared to the Nikon Perfect Focus System.

15. If there is no laser spot on camera, adjust the mirror angle to laser spot become center of each color

channel.

16. Since Lens 3 is frequently used for routine optical system adjustments (see 3-1-3), it is
recommended to mount it on a lens holder and stage that allow fine adjustment in the X, Y, and Z

directions.

17. In the case of the Nikon Ti2E, the position of the laser beam at the back focal plane of the objective
lens can be confirmed by inserting a Bertrand lens in the lens barrel (see Fig. 4c, e, i). In the case of

the Evident IX83, a centering telescope is useful.

18. To position both X- and Y-scanners conjugate to the field of view, set the scanner separation to
approximately twice the sum of focal lengths fi + f> (Lens 1 and Lens 2). Optical table space constrains
the available focal length range. To adjust magnification while maintaining conjugate planes, vary the

focal length ratio while keeping fi + f constant.

19. When using the W-View (Hamamatsu) for simultaneous two-channel imaging with one camera,
switch the internal mirror to 2-channel mode and determine the field-of-view center. Even when
ultimately imaging a 512 x 512-pixel region, alignment is easier when performed with the widest
possible field of view. For epi-illumination alignment, alternately adjust the pair of mirrors by turning
their corresponding micrometers (those that move the ceiling spot in the same direction). Iteratively
adjust these micrometers until both the field-of-view center (imaging camera) and aperture center
(laser beam through the Bertrand lens) are aligned. Switch to TIRF mode; if the field-of-view center
has shifted, use the same micrometer pair to center both the field of view and the circular pattern of
the rotating beam in the aperture. Repeat this process iteratively to achieve optimal optical axis

alignment (see Fig. 4i).

20. Glass-bottom dishes are convenient but more expensive. Using cleaned coverslips with an Atto
Fluor Cell Chamber is cost-effective and offers an additional advantage: after fluorescent labeling, the

coverslip can be transferred to a fresh 60 mm dish for washing. This prevents re-supply of dyes from



cells outside the imaging area that have nonspecifically adsorbed fluorescent labels, resulting in lower

background for single-molecule measurements.

21. Concentrated sulfuric acid must be handled carefully in a fume hood using acid-resistant

equipment. We use Teflon® tweezers (NR0280-001).

22. mStayGold exhibits superior brightness and photostability compared to mEGFP, making it the first
choice for single-molecule imaging. SNAP-Tag offers a small molecular size but has slower substrate
reaction kinetics; the recently developed SNAP-Tag2 addresses this limitation. HaloTag provides a
wide variety of commercially available dyes and high substrate affinity but has a larger molecular size
that may cause steric hindrance. FiBiT lacks membrane permeability and therefore cannot label
intracellularly expressed molecules. For four-color simultaneous single-molecule imaging, the
recommended combination is mStayGold, SNAP-Tag2 with SPY555-BG, HaloTag with SF650, and
LgBiT with SF720-FiBiT.

23. This protocol is designed for a 60-mm dish containing 4 mL of medium. Reagent volumes should
be adjusted proportionally for different dish sizes. To avoid aggregation between high-concentration
Tris-EDTA (TE) and P3000, dilute plasmids with MQ water rather than TE buffer. Since expression
levels vary depending on the protein of interest, it is advisable to conduct a preliminary experiment

using Table 3 as a guide.

24. Since P3000 is used at 2 pL per 1 pg of plasmid DNA, equalizing the total plasmid amount across

samples using an empty vector simplifies the experimental procedure.

25. When using TE buffer as the plasmid solvent, first dilute the plasmid with Opti-MEM to prevent
aggregation upon addition of P3000 reagent.

26. To achieve optimal expression levels for single-molecule imaging, we intentionally use reduced

amounts of Lipofectamine 3000 and plasmid compared to the manufacturer's protocol.

27. Coverslips become unusable if they overlap after cell seeding. Handle dishes carefully during

transport to prevent this.

28. This procedure prevents coverslip movement, reducing the risk of overlapping during dish

transport.



29. In this protocol, transfection is performed on the same day as cell seeding. If cells are seeded the

day before transfection, use half the cell concentration specified in this protocol.

30. When using FiBiT system, observation can be performed without washing steps. While the labeling
efficiency decreases, spot density can be maintained during measurements.

A. Increase the amount of LgBiT-fusion GPCR plasmid in transfection procedure. (For CMV
promoter; 200 ng or more, For CMVd1 promoter; 500 ng or more)

B. Skip the labeling step.

C. Dilute the F-FiBiT to 1 nM or below in 0.01% (v/v) BSA-HBSS.

D. Use the solution prepared in step C when setting the coverslip into the chamber.

E. Perform imaging as with the standard protocol.

31. Combine all corresponding fluorescent dyes in this solution when labeling multiple tags

simultaneously.

32. Since cells detach easily from the coverslips, add solutions slowly.

33. Transfer the coverslip to a fresh dish during washing to minimize dye carryover.

34. If high nonspecific adsorption is observed, extend the incubation time during washing steps.

Especially, SF720-FiBiT shows higher nonspecific adsorption.

35. Samples can be kept in phenol red-free DMEM. FiBiT-labeled samples should be imaged within
3-4 hours, whereas HaloTag- and SNAP-tag-labeled samples can be imaged up to 24 hours post-
labeling.

36. A single drying step allows TetraSpeck beads to absorb strongly to the glass surface.

37. Adding 0.1% (w/v) sodium azide as a preservative allows the solution to be stored at 4°C for more

than six months.

38. Since the appropriate distance varies depending on the objective lens, adjust location of Lens3

when using a different type of objective lens.

39. Skip this step when using a glass-bottom dish.



40. The initial buffer volume (400 uL for chambers, 800 puL for glass-bottom dishes) is set to
accommodate the subsequent addition of 5x concentrated ligand solution while maintaining the final

1x concentration.

41. The frame rate and number of frames to capture depend on the events of interest. As a starting
point, we recommend 100 frames at 33 fps, at which freely diffusing membrane proteins can be tracked
and the size of the TIF files is easy to handle. Note that prolonged imaging causes photobleaching;
however, when quantifying molecular interactions, acquiring over 200 frames is recommended to

increase the number of observable colocalization events.

42. When analyzing single-molecule intensity, a lower spot density (less than 0.3 particles/um?) is
preferable to minimize the chance of two molecules coincidentally appearing within the same

diffraction-limited spot.

43. The time-lapse settings depend on the events of interest. Note that frequent imaging (e.g., more
than 5 time points with 100 frames each) or short intervals (e.g., 100 frames every 3 minutes) may

cause severe photobleaching with certain dyes, reducing the number of detectable spots.

44. Figure 10 provides a simplified overview of the analysis flow. For AAS, refer to the manual
provided by ZIDO (https://eng.zido.co.jp/). For smDA, the algorithm is described in detail in ref. [1];
for the latest version, see the GitHub manual (https://github.com/yanagawamasataka5z-oss/smDA-

Igor).

45. Background subtraction can be performed using either AAS4 or Imagel. AAS4 offers parallel
processing, enabling substantially faster analysis of large datasets. ImageJ (steps 2—3) is provided as
a free alternative for users without access to AAS4; processing speed is slower but produces equivalent

results.

46. Recommended parameters for spot detection: ROI size = 12 pixels (65 nm/pixel), Scan step = 3
pixels, Distance threshold = 6—12, Intensity threshold > 50. Adjust the distance threshold and intensity
threshold depending on the acquired TetraSpeck images.

47. Analyzing large numbers of files is time-consuming. We recommend optimizing the parameters

using a subset of test files before batch processing.



48. Recommended parameters for single-particle detection: ROI size = 12 pixels, Scan step = 3 pixels,
Intensity threshold > 10. If excessive noise is detected, try increasing the intensity threshold or the
minimum frame for trajectory creation.

Recommended parameters for trajectory creation: Connect target frame = 2, Distance threshold >
5, Minimum frame > 10 (required for VB-HMM analysis; otherwise, a lower threshold may be used),
Interpolation type = nearest.

Recommended parameters for VB-HMM analysis: Minimum frame = 1, Minimum hidden states
= 1, Maximum hidden states = 5, Distance per pixel = pixel size (e.g. 65 nm), Timestep = 1/frame rate
(30 ms for 33 fps movies), Hyperparameters: n tilde = 1, ¢ tilde = 0.001, W pi tilde = 1, W B tilde =
0.01, mag = 30, Calculate KL for each trajectory = False, Add hyperparameters for each trajectory =
True, Estimate mode = maximum probability. VB-HMM diffusion analysis enables categorization of

trajectories by diffusion states.

49. A detailed description of smDA is provided in Yanagawa and Sako, 2021[1, 20]. An updated
version (v4.2.0e) with modular architecture and enhanced analysis capabilities is available on GitHub
(https://github.com/yanagawamasataka5z-oss/smDA-Igor); please refer to the accompanying manual
for detailed usage instructions. smDA supports diffusion analysis (MSD-At plots, step-size
distributions), intensity analysis (oligomer estimation), kinetic analysis (on/off rates), particle density
estimation, and two-color colocalization analysis. If you wish to analyze trajectory data generated by

single-molecule tracking software other than AAS, please contact the authors for assistance.

50. If Auto Analysis produces unexpected results in graph display or curve fitting, adjust the initial
parameters and re-run the analysis. For diffusion analysis, set the initial diffusion coefficient (init D)
and confinement length (init L) closer to expected values based on preliminary observations. For
intensity analysis, adjust the initial mean intensity (Mean int) and standard deviation (SD int) to match
your single-molecule brightness. Refer to the smDA manual (Section 6: Parameter Reference and

Section 10: Troubleshooting) for detailed parameter descriptions.

Acknowledgments

We thank Dr. Yasushi Sako (RIKEN CPR) for technical supervision of microscope system settings,
Dr. Masato Yasui (Osaka University) and Dr. Seiya Fukushima (Zido) for custom development of AIS
and AAS, and Dr. Reiko Ito (RIKEN CBS) for synthesis of the FiBiT peptides. This work was
supported by JSPS KAKENHI (JP24K01982, JP24H01266, JP25H01328, JP22H04926 to M.Y.;
JP21H04791, JP24K21281, JP25H01016 to A.L), by AMED (JP22amal21038, JP22zf0127007 to
A.L), by JST PRESTO (JPMJPR20EF to M.Y.), by JST FOREST (JPMJFR215T to A.lL.), by JST
MOONSHOT (JPMIMS2023 to A.L.), by the Uehara Memorial Foundation (to A.L.), and by the Lotte



Foundation and the Kobayashi Foundation (to M.Y.). smDA v5.4.6e was refactored with assistance

from Claude (Anthropic).

References

1.

Yanagawa M, Sako Y (2021) Workflows of the Single-Molecule Imaging Analysis in Living
Cells: Tutorial Guidance to the Measurement of the Drug Effects on a GPCR. In: Kim S-B (ed)
Live Cell Imaging. Springer US, New York, NY, pp 391-441

Sako Y, Minoguchi S, Yanagida T (2000) Single-molecule imaging of EGFR signalling on the
surface of living cells. Nat Cell Biol 2:168—172. https://doi.org/10.1038/35004044

Hern JA, Baig AH, Mashanov GI, et al (2010) Formation and dissociation of M1 muscarinic
receptor dimers seen by total internal reflection fluorescence imaging of single molecules.
Proceedings of  the National ~ Academy of  Sciences 107:2693-2698.
https://doi.org/10.1073/pnas.0907915107

Kasai RS, Suzuki KGN, Prossnitz ER, et al (2011) Full characterization of GPCR monomer—
dimer dynamic equilibrium by single molecule imaging. Journal of Cell Biology 192:463—480.
https://doi.org/10.1083/jcb.201009128

Ge B, Lao J, LiJ, et al (2017) Single-molecule imaging reveals dimerization/oligomerization of
CXCR4 on plasma membrane closely related to its function. Sci Rep 7:16873.
https://doi.org/10.1038/s41598-017-16802-7

Calebiro D, Rieken F, Wagner J, et al (2013) Single-molecule analysis of fluorescently labeled
G-protein—coupled receptors reveals complexes with distinct dynamics and organization.
Proceedings of the National Academy of Sciences 110:743-748.
https://doi.org/10.1073/pnas.1205798110

Yanagawa M, Hiroshima M, Togashi Y, et al (2018) Single-molecule diffusion-based estimation
of ligand effects on G protein—coupled receptors. Science Signaling 11:eaa0l917.

https://doi.org/10.1126/scisignal.aa01917

Calebiro D, Koszegi Z, Lanoiselée Y, et al (2021) G protein-coupled receptor-G protein
interactions: a single-molecule perspective. Physiological Reviews 101:857-906.

https://doi.org/10.1152/physrev.00021.2020

Kawakami K, Yanagawa M, Hiratsuka S, et al (2022) Heterotrimeric Gq proteins act as a switch

for GRKS5/6 selectivity underlying pB-arrestin transducer bias. Nat Commun 13:487.



10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

https://doi.org/10.1038/s41467-022-28056-7

Carino CMC, Hiratsuka S, Kise R, et al (2025) Signal profiles and spatial regulation of B-arrestin
recruitment through GB5 and GRK3 at the p-opioid receptor. European Journal of Pharmacology
987:177151. https://doi.org/10.1016/j.ejphar.2024.177151

Yoda T, Sako Y, Inoue A, Yanagawa M (2024) Four-color single-molecule imaging system for
tracking GPCR dynamics with fluorescent HiBiT peptide. Biophys Physicobiol 21:¢210020.
https://doi.org/10.2142/biophysico.bppb-v21.0020

Dixon AS, Schwinn MK, Hall MP, et al (2016) NanoLuc Complementation Reporter Optimized
for Accurate Measurement of Protein Interactions in Cells. ACS Chem Biol 11:400—408.
https://doi.org/10.1021/acschembio.5b00753

Zacharias DA, Violin JD, Newton AC, Tsien RY (2002) Partitioning of Lipid-Modified
Monomeric GFPs into Membrane Microdomains of Live Cells. Science 296:913-916.
https://doi.org/10.1126/science.1068539

Hirano M, Ando R, Shimozono S, et al (2022) A highly photostable and bright green fluorescent
protein. Nat Biotechnol 40:1132—-1142. https://doi.org/10.1038/s41587-022-01278-2

Los GV, Encell LP, McDougall MG, et al (2008) HaloTag: A Novel Protein Labeling Technology
for Cell Imaging and Protein Analysis. ACS Chem Biol 3:373-382.
https://doi.org/10.1021/cb800025k

Keppler A, Pick H, Arrivoli C, et al (2004) Labeling of fusion proteins with synthetic
fluorophores in live cells. Proceedings of the National Academy of Sciences 101:9955-9959.
https://doi.org/10.1073/pnas.0401923101

Kuramoto R, Ikuta T, Carino CMC, et al (2025) Membrane-domain compartmentalization of
active GPCRs by p-arrestins through PtdIns(4,5)P2 binding. Nat Chem Biol 1-11.
https://doi.org/10.1038/s41589-025-01967-4

Liu AY, Koga H, Goya C, Kitabatake M (2023) Quick and affordable DNA cloning by
reconstitution of Seamless Ligation Cloning Extract using defined factors. Genes to Cells

28:553-562. https://doi.org/10.1111/gtc.13034

Chen C, Krohn J, Bhattacharya S, Davies B (2011) A Comparison of Exogenous Promoter
Activity at the ROSA26 Locus Using a PhiC31 Integrase Mediated Cassette Exchange Approach
in Mouse ES Cells. PLOS ONE 6:¢23376. https://doi.org/10.1371/journal.pone.0023376



20.

21.

22.

23.

Yanagawa M, Sako Y (2020) Total workflows of the single-molecule imaging analysis in living
cells: a tutorial guidance to the measurement of the drug effects on a GPCR. 2020.06.08.141192.
https://doi.org/10.1101/2020.06.08.141192

Ando R, Shimozono S, Ago H, et al (2024) StayGold variants for molecular fusion and
membrane-targeting applications. Nat Methods 21:648—656. https://doi.org/10.1038/s41592-
023-02085-6

Sun X, Zhang A, Baker B, et al (2011) Development of SNAP-Tag Fluorogenic Probes for Wash-
Free Fluorescence Imaging. ChemBioChem 12:2217-2226.
https://doi.org/10.1002/cbic.201100173

Kiihn S, Nasufovic V, Wilhelm J, et al (2025) SNAP-tag2: faster and brighter protein labeling.
Nat Chem Biol 21:1754-1761. https://doi.org/10.1038/s41589-025-01942-z



No. |Product name Maker Catalog number amount |Use
1|Microscope system Nikon Ti2-E FL2-T1 1{microscope
2|Objective Apo TIRF 100x 1.49 Nikon CFI Apochromat TIRF 100XC Oil 1|objective lens
3|Perfect Auto Focus system ZIDO PAF 1{auto focus
4(Power supply for PAF, 100 VAC Thorlabs GPS011-JP 1{auto focus
5|DA board Interface URS-343416 1|auto focus
6|DA board, USB cable Interface ECO0-9510 1{auto focus
7|PAF-DA board, connector Interface COP-1317 1|auto focus
8|W-VIEW GEMINI-2C I A12801-10 1|image split
9|Zoom correction lens unit for W-view-2C I A12802-11 1|image split
10{W-VIEW GEMINI Hamamatsu A12801-01 2|image split
11|ORCA-Fusion BT Hamamatsu C15939-20U 2|sCMOS camera
12|Galvanometer Scanner system Cambridge Tech. 6220H 1{laser angle control
13|Galvanometer Scanner mount Riken Custom-made to connect to a rod 2|laser angle control
14|Function Generator TEXIO AFG-3022 1{laser angle control
15|OBIS LX laser 405 nm>x100 mW Coherent 87-456 1|laser
16|OBIS LX laser 488 nm>x150 mW Coherent 87-461 1|laser
17|0OBIS LS laser 561 nmx100 mW Coherent 34-232 1|laser
18|OBIS LX laser 637 nmx140 mW Coherent 87-464 1|laser
19|OBIS LX/LS 6-Laser Remote Coherent 87-475 1laser power control
20|Fiber Laser 703 nmx300 mW MPB C ications |2RU-VFL-P-300-703-BIR 1|laser
21|Shutter system OptoSigma SSH-25RA/SSH-C2B 3|shutter for lasers
22|5-band dichroic mirror Chroma ZT405/488/561/640/705rpc 1{dichroic for 4 color imaging
23|T820dcspxrxt-UF2 Chroma T820dcspxrxt-UF2 1{shortpass filter for PAF (830 nm laser)
24|Filter cube for Nikon Ti2 cube Chroma 91032 2|shortpass filter for PAF (830 nm laser)
25|Bandpass filter (716 nm) for laser Semorck FF01-716/40-25 1|Excitation filter for Laser (703 nm)
26|Bandpass filter (632 nm) for laser Chroma ZET642/20x, 25 mm Dia 1|Excitation filter for Laser (637 nm)
27|Bandpass filter (480 nm) for laser Semorck FF01-480/17-25 1|Excitation filter for Laser (488 nm)
28|Dichroic mirror (659 nm) for laser Semorck LMO01-659-25 1|Dichroic for Lasers 637/703 nm
29|Dichroic mirror (613 nm) for laser Semorck LMO01-613-25 1{Dichroic for Lasers 561/637 nm
30|Dichroic mirror (532 nm) for laser Chroma RT532rde-UF2, 25 mm Dia 1|Dichroic for Lasers 488/561 nm
31|Dichroic mirror (405 nm) for laser Semorck Di02-R405-25-D 1|Dichroic for Lasers 405/488 nm
32|Dichroic mirror (640 nm) for image Semorck FF640-FDi01-25x36 1|Dichroic in Wview-2C
33|Dichroic mirror (720 nm) for image Chroma T7201pxr-UF1 25.5 x 36 x Imm 1|Dichroic in Wview-1C (long, SF650/SF720)
34|Bandpass filter (760 nm) for image Chroma ET760/50m, 25 mm Dia 1|Emission filter in Wview-1C (L-L, SF720)
35(Bandpass filter (685 nm) for image Chroma ET685/50m, 25 mm Dia 1|Emission filter in Wview-1C (L-S, SF750) with ET670/50m
36(Bandpass filter (670 nm) for image Chroma ET670/50m, 25 mm Dia 1{Emission filter in Wview-1C (L-S, SF750) with ET685/50m
37|Dichroic mirror (560 nm) for image Chroma T560lpxr-UF21, 25.5 x 36 x 2mm 1|Dichroic in Wview-1C (short, GFP/TMR)
38|Bandpass filter (525 nm) for image Chroma ET525/50m, 25 mm Dia 1|Emission filter in Wview-1C (S-S, GFP)
39(Bandpass filter (600 nm) for image Semorck FF01-600/52-25 1|Emission filter in Wview-1C (S-L, TMR)
40|1/2" Achromatic 1/4 Wave plate 350- 850 nm Thorlabs AQWPOSM 1{wave plate
41 |Rotation mount Thorlabs RSP1X15/M 1{wave plate mount
42|Post clamp OptoSigma PSCA-11.5 20|Fixing of opticsoptics
43 |Post clamp OptoSigma RC-10-17 20(Fixing of optics
44/Post clamp OptoSigma RC-10-25 20|Fixing of optics
45|Post OptoSigma PST30 20(Fixing of optics
46|Post OptoSigma PST20 20(Fixing of optics
47|Rod stand OptoSigma RS-12-30 20(Fixing of optics
48|Rod stand OptoSigma RS-20-30 20(Fixing of optics
49|Stand base OptoSigma RCA-M16 20(Fixing of optics
50{Mirror holder (25 mm) OptoSigma MHG-HS25-NL 6| Fixing of optics
51{Mirror holder (25.4 mm) OptoSigma MHAN-25.4S 8|Fixing of optics
52{Mirror holder (30 mm) OptoSigma MHG-HS30-NL 8|Fixing of optics
53|Mirror 30 mm OptoSigma TFAG-30C05-10 10|mirror
54|Beam expander holder OptoSigma KLH-BE-M22H 5|Fixing of optics
55|Beam expander OptoSigma LBED3 5|beam expand
56|Cross cramp OptoSigma CCHN-20-20 20(Fixing of optics
57[Ring for cross cramp OptoSigma TR20 4|Fixing of optics
58|lens holder OptoSigma LHF-25S 1|filter holder
59|lens holder OptoSigma LHG-25.4 4/filter holder
60|Rod OptoSigma RO-20-500 4|Height Adjustment Platform
61|Rod OptoSigma RO-20-300 4|Height Adjustment Platform
62|Rod OptoSigma RO-20-250-set(4) 1|Height Adjustment Platform
63|Rod OptoSigma RO-20-400-set(4) 1{Height Adjustment Platform
64[Rod stand OptoSigma RS-6-35 1|Fixing of optics
65(Breadboad OptoSigma OBC-4560-M6 1{Height Adjustment Platform
66|Height Adjustment Platform OptoSigma UP-2030-A430 2|Height Adjustment Platform
67|1Iris diaphragm OptoSigma TH-12R 1firis
68| Achromatic lens OptoSigma DLB-20-40PM 1{Beam expand
69|Achromatic lens OptoSigma DLB-30-150PM 1|Beam expand
70|Achromatic lens OptoSigma DLB-30-80PM 2|Galvanometer/collimator




71| Achromatic lens OptoSigma DLB-30-100PM 1|Galvanometer

72|Dividing Type Filter Holder Adaptive Element Size ®15mm  [OptoSigma NDWH-15SRO 1|ND filter

73|ND filter (0.1, 1, 5, 25, 50%) OptoSigma AND-15C 5|ND filter

74| Wave plate holder OptoSigma PH-30ARS 1|Fixing and adjustment of optics
75|Lens holder with centering adjustment OptoSigma LHCM-30 3|Fixing and adjustment of optics
76|Carriers for Large Optical Rails OptoSigma CAA-40LS 3|Fixing and adjustment of optics
77|X axis Aluminum Rack and Pinion Dovetail Stages OptoSigma TARA-4025 3|Fixing and adjustment of optics
78| Adapter Plates OptoSigma SP-113N 3|Fixing and adjustment of optics
79|XY-stage OptoSigma TSD-802S 2|Fixing and adjustment of optics
80|Magnet base OptoSigma MB-L65C-M4 2|Fixing and adjustment of optics
81|Magnet base OptoSigma MB-PH 2|Fixing Microscope

82|Vibration Isolation Systems OptoSigma HOA-2010LA 1|Base/Vibration Isolation
83|Silent Air Compressor OptoSigma PC-10H-S 1|Vibration Isolation

84|M6 x22 Osaka Damashi 14 mm x 32 2|Fixing of optics

85|M6 x22 Osaka Damashi 22mm x 32 2|Fixing of optics
86|anti-vibration rubber Hikari WBG10-10 4|Vibration Isolation

87|Robot mount Riken Custom-made mount 1|Fixing of Cavro Omni Robot
88|Cavro Omni Robot Tecan Cavro Omni Robot 1{XYZ arms of Cavro Omni Robot
89|Cavro ADP Tecan 30041734 1|Liquid handling of Cavro Omni Robot
90|Adjustable Adapter Kits OptoSigma UP-2030 1{96 well-plate holder mount
91|Microplate holders Thermo Fisher 62-1609-26 2|96 well-plate holder

92|NKB inch Bolt Hexagon Head Misumi SNSS-#4-40X3/8 x 10 1|Fixing of optics

93|Dark room Morimoto Kasei MEDR-2200x1200x2000-S1 1|Shading and windproofing
94|RS232C-USB cable UGREEN 20223 10| Connection of PC and control devices
95|ExComputer BT0O02121052401138 Tsukumo WA9J-H200/XT 1|workstation for system control

Tablel: Optical components of the four-color TIRF microscope system.

Adapted with modifications from [11].




Excitation wavelength

488 nm 561 nm 637 nm 703 nm

Fluorescent mStayGold [21]

protein mEGFP [13]
SPYS555-BG
(SPIROCHROME) .
SNAP-Tags ® SiR650-BG
- SNAP-Cell -
[16, 22, 23] (SPIROCHROME)
TMR-Star
(NEB)
HaloTag"
Janelia Fluor®
SaraFluor™
549 HaloTag®
HaloTag [23] - ] ) -
Ligand 650T Ligand
(Promega) (GORYO
CHEMICAL)
SeTau-488- o SaraFluor650- SaraFluor720-
LgBiT [11] o TMR-FiBiT L .
FiBiT FiBiT FiBiT

Table2: Selection of fluorescent probes for single-molecule imaging at each wavelength



Coding protein of Coding protein of
Promoter Tag interest: interest:
Membrane protein Cytosolic protein
Fluorescent protein 10-20 ng 20-50 ng
CMV SNAP-tag, HaloTag 20-100 ng 50-150 ng
LgBiT-Tag 50-200 ng -
Fluorescent protein 20-100 ng 50-200 ng
SNAP-tag, HaloTag 50-200 ng 100-300 ng
CMVd1l
LgBiT-Tag 100-300 ng -

Table 3: Plasmid DNA quantity guidelines for transfection in 60-mm dishe



Figure legends

Figure 1: Overall layout of the microscope system.
Adapted with modifications from [11]. Blue labels indicate corresponding components shown in

Figures 2—4.

Figure 2: Installation of microscope, image-splitting system, and cameras
(a) Vibration isolation table and inverted microscope. (b) Back ports of microscope with PAF (upper)
and illuminator (lower). (¢) Filter turrets of microscope (upper for PAF, lower for TIRF). (d) Image-

splitting optics and SCMOS cameras. () Automated pipetting robot and 96-well plate holders.

Figure 3: Installation of laser optics
(a) Excitation lasers. (b) Total reflection mirrors and dichroic mirrors. (¢) Excitation filters. (d) Laser
beam expander. (e) Electronic shutter systems. (f) Achromatic quarter-wave plate and turret with ND

filters.

Figure 4: Installation of galvo scanners for rotating TIRF illumination

(a) XY-galvo scanner system. (b) 561 nm laser roughly passing through the center of the revolver. (c)
Field of view (left) and back focal plane view (right) observed under critical illumination. Arrow
indicates focused laser spot at the center of the field of view. (d) Lenses 1-3. (e) Field of view (left)
and back focal plane view (right) observed under epi illumination. (f) The laser spot on the ceiling
(left: divergent, right: collimated) under epi illumination. (g) Optical rail with Lenses 1 and 2. (h)
Adjustments in steps 16 (lens 2), 18 (lens 3), and 19 (Y-scanner). (i) Field of view (left) and back focal

plane view (right) observed under TIRF illumination.

Figure 5: Cover glasses placed on a 60-mm dish

Figure 6: Acceptable range of positional shifts between wavelengths.
(Left) Unacceptable alignment: due to excessive positional shift, a spurious spot from another channel
appears closer than the true spot. Such large shifts cannot be corrected by affine transformation and

the data are unusable. (Right) Acceptable alignment: positional shifts are within the correctable range.

Figure 7: GUI of AIS2.5
(1, 2) View windows that can display up to 3 wavelengths overlaid. (3) Intensity histograms to set the
brightness and contrast settings for each channel. (4) View of the autofocus system (PAF, Zido). The

distance from the objective lens to the sample is determined by the position of the slit image reflected



at the glass-water interface (the white line in the center). (5) Button to start or stop live view. (6) Panel
to configure autofocus settings. Users can turn autofocus on/off and set the focus offset. (7) Panel to
load a saved acquisition mode. (8) Panel to select chamber types, switching between single-well dishes
and 96-well plates. (9) Panel to manage the coordinates of selected fields of view for time-lapse
measurements. (10) Panel to set the folder path, file name, and number of frames to acquire for manual
recording. (11) Record button. (12) Button to open the auto imaging window, including time-lapse,
scan capture, and tiling modes. (13) Panel to configure time-lapse measurement settings, such as
number of time points, interval, and ligand addition timing. (14) Panel to add or remove acquisition
modes and set the number of frames to acquire for each time point. (15) Panel to set the output file

name. (16) Button to start time-lapse measurement.

Figure 8: Representative images at different spot densities.

Figure 9: Example protocol for time-lapse measurement.

Figure 10: Overview of the analysis workflow.

Figure 11: Example outputs of smDA

Data are from single-molecule measurements of GPCR and B-arrestin; see ref. [1] for experimental
details. (a) Example trajectories classified into three states based on VB-HMM analysis. (b)
Trajectories aligned at their starting points. (c) Step-size distribution for each diffusion state. (d) MSD-
At plots for each diffusion state. (e—g) Cumulative on-events (start of trajectories) (e), survival curve
of particle on-time (duration of trajectories) (f), and intensity histogram (g) pre- and post-agonist
stimulation. (h—j) On-rate (h), molecular density (i), and mean oligomer size (j) pre- and post-agonist
stimulation for each diffusion state. (k—m) Cumulative colocalization events (k), survival curve of

colocalization duration (1), and K between GPCR and B-arrestin (m) pre- and post-agonist stimulation.



Figure 1

Front focal plane . Back focal plane

TIRF illumination

Evanescent field —
Cover glass —
Immersion oil —

Objective lens
100x, NA 1.49

»  Sum

Multi-color
single-molecule image

Fig. 3a,d
Laser optics

Laser angle

] Fig. 2a—c
Fig. 3c.e Microscope
Ex. filters Field stop | Auto focus unit—
Shutters
4
o
=
_Q i
o £
)
25 4
L =
L
(m) Mirrors

»/4 phaseplate

Mirror% ':' 45\" gf %

Beam expander .
collimator ND filter

et -scanner
Y'sca““‘\ Lens1 Lens 2 Image splitting optics
Function generator TIRF optics & Cameras

Fig. 4 Fig. 2d



Figure 2

Dichroic
for PAF

Dichroic y

4— for TIRF

Gemini 2C

ORCA- 1 (Gen‘{ml m
FusmnET ﬂ L , [

W-view




Figure 3

nm 488 nm  ° 561 nm

e Tesistatus

Achromatic 1/4 wave pITte

- L 1
< -~
F

703 nm

Fiber Laser



Figure 4

c Critical illumination
Field of view

Focused Collimated

e Epi illumination f Epi illumination
Field of view Back focal plane Ceiling (NG) Ceiling (OK)

- |
Laser spot

Collimated Focused Divergent Collimated

I TIRF illumination

Field of view Back focal plane

rotating

z

Optical i

tser Sy

Collimated Focused




Figure 5




Figure 6
Unacceptable Acceptable

ENEINE




(1) View 1

(3) Brightness-contrast

(4) Autofocus camera window

TimeLapse Seup (13) Timelapse imaging setting

Protocol | Yoda-test ~ | | Save + —

Interval (=) 600 |3 Triake |3 & -aréi:lailﬁsgbderffgre ! :

Copy saved position memaries capture same cell
a0 2 10 2

“foda-TIRF-Guad-wids

GPCReA0f2dI
15 . HighScoreOrder
Mode Frame Sq;g"ei
Quad-TIRF oo jo |
“foda-HILO-Guad 100 o]
(14) Mode addition/deletion L] hdd crug - )
5 i =
Relative 1] =

~ (15) File name settings

Create folder
File name settings

File Mame Made Name Well name
[] Scan XY Cell Humber Time lapse iteration

Add drug time Date Time
(16) Start measurement Start Close

Mode | Yoda-HILO-Guad

] Save as multi-page  Frame 100 |2 + —_

= (5) Live on/off
- >

o — =
(B‘)Autofocus offg{, on/off

s Microscope L « DA

Voda-Ousd-TIRF +4l—

(7) Load saved settings

As

A

(8) Chamber mode .,

Twell Ksetn| [ YVY

% 59 —

Position memory.

Search

(10) Folder settings

:.z TFF Wait [ms] 0 2 .
(11) Record button
=Y

hed cells n each well is captured at U
(12) Aqto':i_waging




Figure 8




Figure 9
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Figure 10
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Figure 11
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