
Super-long single-molecule tracking reveals
dynamic-anchorage-induced integrin function

Author Taka A. Tsunoyama, Yusuke Watanabe, Junri
Goto, Kazuma Naito, Rinshi S. Kasai, Kenichi
G. N. Suzuki, Takahiro K. Fujiwara, Akihiro
Kusumi

journal or
publication title

Nature Chemical Biology

volume 14
number 5
page range 497-506
year 2018-04-02
Publisher Nature Research
Rights (C) 2018 Nature America Inc.,part of Springer

Nature.
Author's flag author
URL http://id.nii.ac.jp/1394/00001158/

doi: info:doi/10.1038/s41589-018-0032-5



 1 / 41 
 

Super-long single-molecule tracking reveals 1 

dynamic-anchorage-induced integrin function 2 

 3 

Taka A. Tsunoyamaa, Yusuke Watanabeb, Junri Gotob, Kazuma Naitob, Rinshi S. Kasaic, 4 

Kenichi G. N. Suzukib,†, Takahiro K. Fujiwarab and Akihiro Kusumia,b,c,* 5 
 6 
 7 
aMembrane Cooperativity Unit, Okinawa Institute of Science and Technology Graduate 8 

University (OIST), Onna-son, Okinawa 904-0495, Japan. bInstitute for Integrated 9 

Cell-Material Sciences (WPI-iCeMS) and cInstitute for Frontier Life and Medical Sciences, 10 

Kyoto University, Kyoto 606-8507, Japan.  11 

 12 
†Present address: Center for Highly Advanced Integration of Nano and Life Sciences 13 

(G-CHAIN), Gifu University, Gifu 501-1193, Japan. 14 

 15 

*To whom correspondence should be addressed:  16 

Akihiro Kusumi 17 

e-mail: akihiro.kusumi@OIST.jp (for publication) 18 

 19 

All editorial and production communications should be addressed to: 20 

Akihiro Kusumi 21 

E-mail: kusumiaki@gmail.com (not for publication) 22 

Ph: 011-81-98-966-1373, Fx: 011-81-98-966-1062 23 

 24 

  25 



2 /41 

Abstract 1 

Single fluorescent-Molecule imaging-Tracking (SMT) is becoming an important tool for 2 

studying living cells. However, photobleaching and photoblinking of the probe molecules 3 

strongly hamper SMT studies of living cells, making it difficult to observe in vivo molecular 4 

events and evaluate their lifetimes (e.g., off rates). The methods used to suppress 5 

photobleaching/photoblinking in vitro are difficult to apply to living cells, due to their 6 

toxicities. Here, using 13 organic fluorophores, we found that by combining low 7 

concentrations of dissolved oxygen with a reducing-plus-oxidizing system, 8 

photobleaching/photoblinking could be strongly suppressed, with only minor effects on cells, 9 

enabling SMT for as long as 12,000 frames (~7 min at video rate, as compared to the 10 

general 10-s-order durations) with ~22-nm single-molecule localization precisions. SMT of 11 

integrins revealed that they undergo temporary (<80 s) immobilizations within the focal 12 

adhesion region, which are responsible for the mechanical linkage of the actin cytoskeleton 13 

to the extracellular matrix.  14 
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Introduction 1 

Fluorescence microscopy is extensively used in biomedical research using living cells. In 2 

particular, single-molecule imaging-tracking (SMT) of fluorescent molecules at work in living 3 

cells is now providing researchers with the unprecedented ability to directly observe 4 

molecular dynamics and interactions. However, SMT and fluorescence microscopy are 5 

greatly hampered by photobleaching and photoblinking of the fluorescent probe 6 

molecules1-6. For example, the durations of molecular events, such as transient 7 

immobilizations, could in principle be directly measured by SMT, but photobleaching and 8 

photoblinking make such measurements quite difficult. 9 

Numerous methods have been devised to reduce photobleaching/photoblinking, 10 

including deoxygenation7,8, the addition of reducing reagents, and the addition of both 11 

reducing and oxidizing reagents, called the reducing-plus-oxidizing system (ROXS9,10) 12 

(Supplementary Fig. 1), but they are generally quite difficult to apply to living cells, due 13 

to their toxicity. Therefore, in the present research, we aimed at developing (1) a method to 14 

suppress photobleaching/photoblinking of fluorescent organic molecules and (2) a theory to 15 

determine the lifetimes of molecular events by SMT in the presence of 16 

photobleaching/photoblinking during the limited observation period (Supplementary Fig. 17 

2). The developed super-long imaging-tracking of single individual molecules was applied to 18 

investigate how integrins β1 and β3, transmembrane receptors for the extracellular matrix 19 

(ECM) in the focal adhesion (FA), mechanically link the ECM and the actin filament in the 20 

cytoplasm, at the level of single molecules. 21 

  22 
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Results 1 

ROXS and lower oxygen concentrations employed in this research 2 

The photobleaching rates of nine fluorescent organic compounds and four trolox-conjugated 3 

organic fluorophores were examined, at the single-molecule level at 37˚C in living cells. 4 

They were covalently linked to a tag protein (Halo or ACP) fused to the five-path 5 

transmembrane protein CD47 at its N-terminal extracellular domain or its C-terminal 6 

cytoplasmic domain (only for the Halo-tag protein), expressed in the plasma membrane 7 

(PM) of T24 epithelial cells. 8 

Molecular oxygen is completely removed in many photobleaching-photoblinking 9 

suppression methods. However, in the present research, the concentration of molecular 10 

oxygen was optimized: molecular oxygen is essential for cell survival and might be useful for 11 

shortening the triplet state lifetime. See Online Methods and Supplementary Fig. 3 for 12 

the method to control/measure the dissolved oxygen concentrations in the medium. In the 13 

following part of this report, we describe the molecular oxygen concentrations in the cell 14 

culture medium as the percentages (partial pressure) of the molecular oxygen in the 15 

equilibrating gas mixture when its pressure was 760 mmHg, and express them in this 16 

manner “2%O2” (no space between % and O) to indicate that the partial oxygen pressure 17 

was normalized to that under the 760 mmHg atmosphere. 18 

At the same time, we employed ROXS. ROXS induces the transitions of fluorescent 19 

molecules in the triplet state to the ground state by way of the ion states, by consecutive 20 

reduction (oxidation) and oxidation (reduction) reactions, thus effectively suppressing 21 

photobleaching/photoblinking (Supplementary Fig. 1). We employed less toxic 22 

compounds, a vitamin E derivative, trolox, as a reducer, and a trolox derivative, 23 

troloxquinone, as an oxidizer11, at a fixed total concentration of 1 mM. The ROXS conditions 24 

are described as TX (1 mM), TQ20 (0.8 mM trolox + 0.2 mM troloxquinone), and TQ40 (0.6 25 

mM trolox + 0.4 mM troloxquinone) (Supplementary Fig. 4). The “control” experiments 26 

were always performed in the absence of ROXS under 21%O2. 27 
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 1 

ROXS + lower oxygen concentrations improved the photostability 2 

First, we describe the results obtained with tetramethylrhodamine (TMR) and SeTau647 3 

(ST647), as they exhibited the largest improvements among the membrane permeable and 4 

impermeable dyes, respectively. TMR and ST647 were conjugated to Halo-CD47 and 5 

ACP-CD47, respectively (the comparison of Halo and ACP will be discussed later). 6 

Typical time series of single-molecule images of TMR and ST647 (Fig. 1a; 7 

Supplementary Videos 1 and 2) indicated that when the ROXS and oxygen 8 

concentrations were adjusted, photobleaching could be greatly suppressed. The number of 9 

fluorescence spots found in each video frame plotted against time could be fitted by single 10 

exponential functions (Fig. 1b; Supplementary Fig. 5). The exponential lifetimes 11 

evaluated under various O2+ROXS conditions (at the same excitation laser power) are 12 

summarized in Fig. 1c (number-counting photobleaching lifetime, which is virtually the 13 

same as the lifetime evaluated by the bulk intensity measurements). In the case of TMR 14 

(ST647), under the optimal conditions of 2%O2+TX (2%O2+TQ20), the photobleaching 15 

lifetime was prolonged up to 31.0 s (105.8 s), an increase in the lifetime by a factor of 6.1 16 

(6.5), at single-molecule localization precisions of 24.7 nm (control) and 25.8 nm 17 

(2%O2+TX) (23.0 nm [control] and 21.5 nm [2%O2+TQ20]) (Supplementary Fig. 6a; 18 

the signal intensities largely remained the same, Supplementary Fig. 6b,c). The 19 

photobleaching lifetime, fluorescence intensity, and single-molecule localization precisions 20 

obtained under the control and optimized conditions are summarized in Table 1 (extensive 21 

summary provided in Supplementary Table 1; Supplementary Fig. 7). Note that for 22 

the ease of the experiment, we kept the excitation laser intensity the same for the same dye 23 

molecule, and that when we report the photobleaching lifetime, we always specify the 24 

single-molecule localization precisions (21.5~32.5 nm depending on the dye). 25 

TMR attached to CD47-Halo, in which the Halo-tag protein is located in the cytoplasm, 26 

exhibited photobleaching lifetimes and signal intensities very similar to those of TMR bound 27 

to Halo-CD47 in the extracellular space (Supplementary Fig. 8). These results indicated 28 
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that the reductive conditions in the cytoplasm (due to the presence of glutathione) did not 1 

affect the photobleaching and the ROXS efficacy. They also suggested that trolox and 2 

troloxquinone are membrane permeable. 3 

The photobleaching lifetime of TMR-ACP-CD47 was shorter by a factor of ~3, as 4 

compared with that of TMR-Halo-CD47, and only a slight improvement was found with 5 

2%O2+TX. The reason for this difference is unknown. Meanwhile, when the membrane 6 

impermeable dyes ATTO594 (AT594) and ST647 were conjugated to ACP- and Halo-CD47, 7 

the photobleaching lifetimes of the dyes bound to the ACP and Halo proteins were about the 8 

same (Supplementary Table 1; Supplementary Fig. 9). 9 

 10 

Single ST647 molecules could be imaged for ~3,200 frames 11 

Among the 13 organic fluorescent compounds examined in this study (Fig. 1d), ST647 12 

under optimal conditions (2%O2+TQ20) exhibited the best photobleaching performance, 13 

with an exponential lifetime prolonged to 105.8 s (from 16.2 s, 6.5-fold; ~3,200 frames) at 14 

a single-molecule localization precision of 21.5 nm (Fig. 1d, Supplementary Fig. 6a). 15 

Note that, due to rapid photoblinking, the photobleaching lifetimes of ST647 could not be 16 

properly determined with 0%O2+TX or no ROXS. Rapid photoblinking was also observed 17 

with TMR under the same conditions (see Online Methods). These conditions might be 18 

useful for STORM-type observations. 19 

 20 

Low O2 + ROXS strongly suppressed photoblinking 21 

Photoblinking is another serious problem in SMT. To avoid erroneous intermixing of blinking 22 

with other tracking problems, the cells were fixed to immobilize CD47 on the cell surface. 23 

The fluorescence intensities of fixed single molecules as a function of time exhibited a 24 

single-step transition to a non-fluorescent state, due to either photobleaching or 25 

photoblinking (Supplementary Fig. 10). We measured the duration from the observation 26 

initiation by turning on the excitation laser until the first transition to the dark state for each 27 

molecule, and after observing many single molecules, we obtained the histogram for the 28 
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“bright” state durations (Fig. 2a). This histogram might be close to the on-time distributions, 1 

but it is more relevant to actual experiments conducted using live cells, as it provides the 2 

distribution of the lengths of single-molecule trajectories observed from time 0. 3 

We found that the distributions could operationally be fitted by single exponential 4 

functions (“single-molecule tracking lifetime”). Under the optimal conditions shown in Fig. 5 

1b, the decay lifetimes were 23.7 s for TMR under 2%O2+TX and 83.4 s for ST647 under 6 

2%O2+TQ20. These values are 10~20% shorter than the bulk photobleaching lifetimes (Fig. 7 

2b, c; Table 1), probably due to photoblinking. Nevertheless, under these conditions, 8 

single molecules of TMR and ST647 could be tracked longer than ever reported. 9 

When TMR-Halo-CD47 was observed at higher camera frame rates up to 10 kHz 10 

(Supplementary Fig. 11), with higher laser excitation conditions to provide similar 11 

single-molecule localization precisions, photoblinking was observed in the recordings at a 12 

10-kHz frame rate. However, the dark periods lasted for 0.22 and 0.26 ms, in contrast to the 13 

18 and 59 ms of the bright “ON” periods (exponential lifetimes; control and 2%O2+TX 14 

conditions, respectively), suggesting that such photoblinking will not strongly affect the 15 

observations at frame rates up to ~300 Hz (3.3-ms integration time > 10x 0.26 ms). 16 

In optimal cases, we found that single CD47 molecules could be tracked for 2 and 6.7 17 

min at video rate using TMR and ST647, respectively, under their optimal conditions (Fig. 18 

2d). Such long-term single-molecule observations would be extremely useful for the studies 19 

of molecular interactions. 20 

 21 

Strong cytotoxicity occurred at 0%O2 but not 2%O2 22 

First, under the conditions of 2%O2, T24, HeLa, CHO-K1, and NIH3T3 cells grew well. Their 23 

doubling times were comparable to those under 5 and 21%O2 conditions (Fig. 3a; 24 

Supplementary Fig. 12), consistent with previous observations12. 25 

Second, the effect of low oxygen concentrations on cell survival was examined in the 26 

microscope observation medium (Hanks’ balanced salt solution [HBSS] buffered with 2 mM 27 

N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid [TES, pH 7.4] called T-HBSS) at 28 
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37˚C (Fig. 3b, c; Supplementary Fig. 13). Under 2%O2, virtually all of the cells survived. 1 

Meanwhile, under 0%O2, the half-lives of the cells were only ~3.5 h. 2 

Third, the influence of low oxygen concentrations on cellular activities was investigated 3 

by monitoring cell spreading. The time-course of cell spreading was observed using the 4 

integrin β1-deficient mouse embryonic fibroblasts (β1-KO MEFs)13 and those transfected 5 

with the integrin β1 gene (β1-transfected MEFs; Fig. 3d; Supplementary Fig. 14a). The 6 

β1-transfected MEFs spread faster than the β1-KO MEFs, by a factor of ~2.5. The extent of 7 

cell spreading under 2%O2 was virtually the same as that under 21%O2. Meanwhile, under 8 

0%O2, it was diminished by 30~40% (statistically significantly), which was clear even at 15 9 

min (observed up to 90 min). 10 

Fourth, the diffusion coefficients of CD47-mGFP in T24 and HeLa cells remained the 11 

same under 2%O2, but under 0%O2 (even for 15 min), the diffusion coefficients in HeLa 12 

cells were greatly increased (although those in T24 cells were unaffected), consistent with 13 

the previous result14 (Fig. 3e; Supplementary Figs. 15 and 16). According to our 14 

proposed picket-fence model15, the increases in the diffusion coefficients found here are 15 

consistent with the subtle depolymerization of the actin membrane skeleton. 16 

Therefore, it is concluded that, for studies of living cells, 0%O2 should not be employed, 17 

but 2%O2 is quite suitable or even better than 21%O2, consistent with previous 18 

observations12,16. The cells still thrive at lower oxygen concentrations, perhaps due to less 19 

peroxidation and/or the expression of hypoxia-inducible factor17. Indeed, the oxygen 20 

concentrations in animal tissues are generally much lower than 21%O218-20.  21 

 22 

Cytotoxicity of ROXS 23 

Under the conditions of 2%O2+ROXS, unlike 0%O2, the reduction in the number of live T24 24 

and HeLa cells became detectable only after 5-, 6-, and 7-h incubations in the presence of 25 

TQ40, TQ20, and TX, respectively (Fig. 3b, c; Supplementary Fig. 13), and the diffusion 26 

coefficient of CD47-mGFP in the PM of these cells remained the same for 120 minutes (the 27 

longest incubation time employed; Fig. 3e and Supplementary Figs. 15 and 16), 28 
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indicating that ROXS did not change the physical properties of the PM during this period 1 

(however, see Ref. 21).  2 

Similarly, under the conditions of 2%O2+ROXS, unlike 0%O2, the spreading of β1-KO 3 

MEFs and β1-transfected MEFs remained basically the same as that under control conditions 4 

for 90 min (the longest incubation time employed) (Fig. 3d; Supplementary Fig. 14a). 5 

Since our fluorescence observations were finished mostly within 15 min after the addition of 6 

ROXS (under 2%O2), its toxic effect on our observations would be limited. 7 

 8 

Comparison with dye molecules directly conjugated to trolox 9 

Previously, other groups directly linked triplet-state quenchers (TSQ; cyclooctatetraene, 10 

4-nitrobenzyl alcohol, or trolox [TX]) to cyanine dyes, and found that their photostabilities 11 

were greatly improved as compared with those when the TSQs were added to the solution, 12 

particularly under 0%O21,2,4,6. Here, we performed similar experiments by synthesizing 13 

TMR-TX-Halo and AT594-TX-CoA, as well as Cy3-TX-Halo and Cy5-TX-Halo, employed 14 

previously (Supplementary Fig. 17; single-molecule localization precisions of 21.7~28.7 15 

nm in x and y directions). 16 

TMR-TX did not show any improved photostability under all of the O2 concentrations 17 

employed here, whereas AT594-TX exhibited better photostabilities at 0 and 2%O2 as 18 

compared with AT594 under 2%O2+TQ40 (optimized conditions for AT594), by a factor of 19 

~1.6 (Supplementary Figs. 18 and 19). The extents of TX-induced photostability were 20 

large for Cy5-TX and small for Cy3-TX, in general agreement with the data reported 21 

previously2. 22 

Among the dyes conjugated with TSQ, Cy5-TX exhibited the slowest photobleaching, 23 

with a lifetime of 44.8 s in 0%O2 (with a single-molecule localization precision of 26.7 nm; 24 

Supplementary Table 1; Supplementary Video 3). This indicates that ST647, under 25 

the optimized conditions of 2%O2+TQ20 (with a 21.5-nm localization precision), 26 

photobleaches more slowly than Cy5-TX under the optimized conditions of 0%O2 27 

(unfavorable conditions for live cells), by a factor of 2.2. 28 
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 1 

Super-long single-molecule tracking of integrins 2 

ACP-integrin β1 exhibited the ability to enhance cell spreading as much as the native 3 

integrin β1 (Supplementary Fig. 14), and thus it was considered to be functional. 4 

Therefore, ST647-ACP-integrin β1 was observed at the single-molecule level at video rate, 5 

together with the FA marker, mGFP-paxillin, under 2%O2+TQ20 (the optimal conditions for 6 

ST647). The mGFP-paxillin domains were classified by the area size: either smaller or larger 7 

than 0.25 µm2. The former might include those often called nascent adhesions or focal 8 

complexes22,23 (Supplementary Fig. 20).  9 

Single ACP-integrin β1 and β3 molecules entered and exited from FAs, and repeatedly 10 

exhibited temporary immobilizations, called the Temporary Arrest of LateraL diffusion (TALL), 11 

both inside and outside the FA (Fig. 4a, Supplementary Fig. 21; Supplementary 12 

Videos 4 and 5; also see Ref. 24). 13 

In the following, we mostly deal with the larger FAs, because the integrin behaviors 14 

can be observed much more clearly there. Every time integrin molecules exhibited TALL, the 15 

TALL duration was measured (here, the TALL durations included both the TALL events that 16 

ended by either the movement or the photobleaching of the molecule). The TALL time 17 

fractions against the entire trajectory length inside and outside the FA were, respectively, 78 18 

(83) and 51 (40) % for ACP-integrin β1 (β3). Namely, inside the FA, integrin molecules can 19 

diffuse, but are immobilized about ~80% of the time. Meanwhile, even outside the FA, they 20 

underwent TALL half of the time, suggesting that integrins probably have important 21 

functions even outside the FA (Fig. 4b). 22 

 23 

Theory for obtaining the correct TALL lifetime 24 

After observing many TALL events, we obtained the histogram of the TALL durations 25 

(Supplementary Fig. 22 and 23). To analyze the TALL duration distribution, we 26 

developed a theory to evaluate the correct TALL lifetime from the experimentally obtained 27 

TALL duration distributions, which are skewed by photobleaching of probe molecules and 28 
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limited observation (recording) durations (Trec). Note that, in single-molecule observations, 1 

the time window for observing a molecular event is not uniform, but each individual 2 

molecule provides a different time window by stochastically following a single-exponential 3 

photobleaching lifetime distribution (as shown earlier in this report). Furthermore, the 4 

limited length of the observation duration (Trec) affects the experimental raw data of the 5 

TALL duration distribution, because a TALL event can be truncated by the initial and final 6 

ends of the observation period (Supplementary Fig. 37 in Supplementary Note 1). 7 

Therefore, we developed a theory for obtaining the correct TALL duration distribution from 8 

the raw distribution directly obtained by experiments. This theory will be applicable for 9 

obtaining the lifetimes of many single-molecule events.  10 

The detailed theory is provided in Supplementary Note 1. In the present integrin 11 

experiments, we selected a Trec of 200 s, so that it would minimally affect the results, 12 

knowing that the optimized (minimized) photobleaching rate for ST647 is 1/83.5 (with 13 

2%O2+TQ20). Under these conditions, the duration distribution of TALL events corrected for 14 

photobleaching, in the presence of more than one independent immobile state, n = 1, 2, ..., 15 

nI, and a single mobile state, GfitnI(δ), would be given by 16 

 (1) 

where An represents a complex function of the rate constants for the state n, but can 17 

practically be determined as the fitting parameters, kM,n is the rate constant for the transition 18 

from the immobile state, n, to the mobile state (= 1/tn, where tn is the TALL lifetime for the 19 

immobile state n), and kB is the photobleaching lifetime common to all of the states (= 1/tB, 20 

where tB is the photobleaching lifetime). 21 

 22 

Three types of TALLs occur both inside and outside the FA 23 

The TALL duration histogram of integrin β1 could be fitted by the sum of three exponential 24 

decay functions (see Eq. 1), based on both Akaike’s and Bayesian information criteria 25 

(Supplementary Tables 2 and 3), with decay time constants (lifetimes) of t1=0.51 (6% 26 

( )[ ]å
=

×+-=
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time fraction in the total TALL duration and 68% in terms of the number fraction), t2=4.3 1 

(12% and 16%), and t3=43 s (82% and 16%) inside the FA, after the correction for 2 

photobleaching (Fig. 4b; Supplementary Figs. 22 and 24a; Supplementary Table 2). 3 

Integrin β3 exhibited similar TALL behaviors, except that the lifetime of the longest TALL 4 

fraction (t3 TALL fraction) was longer (79 s, rather than 43 s for integrin β1) (Fig. 4b; 5 

Supplementary Figs. 22 and 24a).  6 

The majority of TALLs, in terms of the number of events, occur with the shortest 7 

lifetime (t1 ≤ 0.51 and 0.66 s; 68% and 50% for integrin β1 and β3, respectively; 8 

Supplementary Fig. 24a). Meanwhile, the majority of TALLs in terms of the time fraction 9 

(against the sum of all TALL durations) were explained by the relatively small numbers of 10 

longest TALL (t3) events (Fig. 4b). Importantly, there were very few molecules that were 11 

immobile much longer than the t3 lifetimes of 43 and 79 s for integrins β1 and β3, 12 

respectively (Supplementary Table 4; for the evaluation method, see Supplementary 13 

Note 1), indicating that these three TALL components describe virtually all of the TALL 14 

events occurring in the FA region. Interestingly, the addition of Mn2+, an integrin activator25, 15 

only slightly affected the TALL behaviors of integrin β1, but its effect on the TALL behaviors 16 

of integrin β3 was much greater; the t3 lifetime was elongated and the time fraction of the 17 

longest t3 component was increased (Fig. 4b; Supplementary Fig. 22 and 24a). 18 

 19 

TALLs were induced by integrin’s binding to ECM/actin filaments 20 

The dynamic behaviors of three integrin β1 mutants, the D130A mutant (no RGD binding), 21 

the Y783A/Y795A cytoplasmic mutant (no binding to talin, tensin, filamin, and kindlin, and 22 

thus no linkage to actin filaments), and the combination of the two (D130A/Y783A/Y795A), 23 

were investigated (see the cell spreading results in Supplementary Fig. 2526,27). The 24 

D130A and Y783A/Y795A mutants exhibited no longest-lifetime (t3) TALL component, but 25 

they exhibited the middle-lifetime (t2) component (Fig. 4b; Supplementary Figs. 22 and 26 

24a). The D130A/Y783A/Y795A mutant hardly exhibited even the t2 component, and the 27 

overall TALL time fraction was decreased to ~15% (Fig. 4b). These results indicate that the 28 
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middle-length TALL was induced by integrin β1 binding to either the ECM or the cytoplasmic 1 

FA components bound to actin filaments, whereas the longest TALL component was induced 2 

by integrin β1 binding to both the ECM and cytoplasmic FA components. 3 

These results were further confirmed by using the cover slip coated with vitronectin, 4 

which integrin β1 does not bind to28. The longest t3 component disappeared, supporting the 5 

conclusion that this component is due to the binding of integrin β1 to both the ECM and the 6 

actin filament (Supplementary Fig. 26). Integrin β3 binds to both fibronectin and 7 

vitronectin28. The time fraction of the t3 component of integrin β3 was unchanged, but due 8 

to the combination of the elongated t3 lifetime and the reduced number fraction of the t3 9 

component (Supplementary Fig. 26). 10 

Furthermore, the treatment of cells with an inhibitor of Rho-associated coiled-coil 11 

forming kinase (ROCK) Y2763229 (Supplementary Fig. 26) greatly reduced the t3 12 

component, in a concentration-dependent manner (Fig. 4c; Supplementary Figs. 23 13 

and 24b). Together, these results indicate that integrin molecules link the ECM and the 14 

cytoplasmic actin filaments for the t3 periods (exponential distribution) only when the 15 

traction force by myosin II was applied to the actin filaments30-32. Meanwhile, the N305T 16 

hybrid domain swing-out mutant of integrin β333-35, in which the integrin conformation is 17 

locked in the fully extended conformation, exhibited a slightly elongated t3 and an increased 18 

time fraction for the t3 component as compared to those of the wild-type integrin β333-36 19 

(Fig. 4b; Supplementary Figs. 22 and 24a; Supplementary Table 2). 20 

Even outside the FA, integrin molecules exhibited TALL, characterized by three lifetime 21 

components, although the three TALL lifetimes were reduced as compared to those within 22 

the FA (Fig. 4; Supplementary Figs. 21-24; Supplementary Table 2). Integrins might 23 

perform force-related functions both inside and outside the FA37. 24 

It is not clear how the shortest t1 TALL component is induced. Perhaps, before an 25 

integrin molecule binds to the ECM and/or actin filaments (by way of other proteins), which 26 

will induce the t2 and t3 type TALLs, it might undergo weak interactions with (very transient 27 

binding to) the molecules in the ECM and/or actin filaments, which might induce the t1-type 28 
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TALLs31,38. 1 

 This concept is consistent with another finding, in which four out of five TALLs were 2 

the t1 and t2 types (~80% for both integrin β1 and β3; Supplementary Fig. 24a). This 3 

implies that only one of the five shorter TALLs turned into the t3 type, which represents 80% 4 

of TALLs in terms of the time fraction (Fig. 4b). In summary, we propose that integrin 5 

molecules continually reach their sites for binding to the ECM and/or actin filaments one 6 

after another, and that once out of ~five times, an integrin molecule becomes bound to both 7 

the ECM and actin filament, thus initiating the longest t3-type TALLs. 8 

 9 

Integrins’ longer TALLs tend to occur at distal FA sites 10 

Since the t3-type TALLs were implicated in integrin function, we investigated where they 11 

occur in the FA. For this purpose, TALL events lasting longer than 2 x t2 (8.6 s and 18.8 s for 12 

integrin β1 and β3, respectively), representing most of the t3 component (86 and 78% for 13 

integrins β1 and β3, respectively) and the longer ~15 percentile of the t2 component (for 14 

both integrins β1 and β3), were examined, using shorter TALLs lasting for <2 x t2 as 15 

controls). Longer TALLs of both integrin β1 and β3 occurred most often at two-thirds of the 16 

distance away from the FA center toward the distal end (also in the presence of Mn2+) in a 17 

myosin II-dependent manner, and thus in a traction-force-dependent manner, whereas 18 

shorter TALLs occurred uniformly along the FA long axis (Fig. 5a, b; Supplementary Figs. 19 

28-32). 20 

The actual location where the longer TALLs occurred most often was about 0.7 µm 21 

away from the FA center toward the distal end, although the length of the FA long axis 22 

varied greatly (2.4 ± 1.3, mean ± standard deviation; Supplementary Fig. 28c). This 23 

location is in good agreement with the location where the traction force is highest in the 24 

FA39-41. Since traction force is required to induce the longer TALLs, it is concluded that the 25 

longer TALLs are responsible for the integrin function, by mechanically connecting the ECM 26 

and actin filaments in the FA. 27 

 28 
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Traction force induces integrins’ longer TALLs and FA integrity 1 

After the cell treatment with 10 µM Y27632, the time fraction of integrins’ longer TALLs 2 

decreased rapidly during the initial 1.5 min for integrin β1 and 5.5 min for integrin β3. 3 

Meanwhile, the mean FA area, as visualized with GFP-paxillin, was decreased by only ~20% 4 

during the initial 5 min of the Y27632 treatment, and then further decreased more rapidly 5 

between 5 and 15 min (Fig. 5c; Supplementary Fig. 33; Supplementary Video 6). 6 

This result suggests that the integrins’ longer TALLs might be important for maintaining the 7 

FA architecture. 8 

 9 

Integrins β1 and β3 exhibited distinct functions 10 

The occurrence of TALL events in the process of FA maturation and disintegration (in four 11 

phases; see Supplementary Fig. 34) was observed (Fig. 5d; Supplementary Fig. 34; 12 

Supplementary Video 7). In the growing phase, integrin β1 first exhibited large fractions 13 

of longer TALLs (Fig. 5d), while integrin β3 exhibited longer TALLs when FA was in the 14 

mature steady phase. In the process of disintegration, the longer TALLs of integrin β1 were 15 

reduced first, whereas integrin β3 kept displaying longer TALLs for some time (for detailed 16 

explanations, see the legend to Supplementary Fig. 34), showing the distinct functions of 17 

integrin β1 and β3 in the formation, maintenance, and disintegration of FAs36,42,43.  18 

Furthermore, integrin β1 exhibited a larger fraction of longer TALLs in growing FAs, but 19 

~50% less fractions in immaturely disintegrating FAs (Fig. 5d), whereas integrin β3 20 

exhibited similar fractions of longer TALLs in both types of FAs. These results indicate that 21 

integrin β1 is responsible for regulating the formation and disintegration of FAs, while 22 

integrin β3 is critical for maintaining FAs. 23 

 24 

Discussion 25 

In the present research, we found that ST647 (2%O2+TQ20) is most useful as a membrane 26 

impermeable dye, allowing for observations up to 12,000 frames (400 s at video rate). To 27 
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the best of our knowledge, this is the longest single fluorescent-molecule tracking ever 1 

reported. There are only a few membrane-permeable dyes, but TMR (2%O2+TX) was found 2 

to be the most useful among them, allowing for observations up to 3,600 frames (120 s at 3 

video rate). Under these optimal conditions, the cellular spreading (ECM-binding) functions 4 

were unaffected at least up to 90 min, and the dark state (when the single dye molecule 5 

blinks) lasting for longer than 1 ms was undetectable. 6 

Super-long SMT analyses of integrin β1 and β3 revealed that they are frequently, but 7 

temporarily, immobilized in various locations within the FA with durations less than 43 and 8 

79 s, respectively. Taken together with previous results34,44,45, it is concluded that the longer 9 

TALLs, which most frequently occur two-thirds of the distance away from the FA center 10 

toward the distal end, are responsible for the mechanical linkage of the actin cytoskeleton to 11 

the ECM, in a manner dependent on the traction force generated by myosin II (which would 12 

induce important conformational changes in the hybrid domain of integrin34,35,44, 13 

Supplementary Fig. 35).  14 

  15 
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Figure Legends 1 

 2 

Figure 1 | Photobleaching lifetimes in single fluorescent-molecule imaging are prolonged 3 

under the conditions of low O2 + ROXS. 4 

(a) Representative (among six independent experiments) time series of TIRF images of 5 

TMR bound to Halo-CD47 and ST647 bound to ACP-CD47 (fluorophores located on the outer 6 

surface of a T24 epithelial cell). Note that the time scale for ST647 is lengthened by a factor 7 

of four from that for TMR. 8 

(b) The time-dependent reductions of the numbers of fluorescent spots found in each 9 

33-ms frame for TMR and ST647 on the extracellular surface (see a). Orange and black 10 

curves represent the best-fit single exponential functions for TMR and ST647, respectively. 11 

The exponential decay time constants are shown in the figure. 12 

(c) The photobleaching lifetime (exponential decay time constant [= mean] ± the 13 

standard error) obtained by fitting with a single exponential function (see Online 14 

Methods) under various %O2 and ROXS conditions for TMR (top) and ST647 (bottom) 15 

located outside the cell. †Unable to determine due to extensive blinking, providing 16 

trajectories mostly as short as 1-2 frames (33 and 66 ms), which could not be distinguished 17 

from the noise signal. N.D., not done. For the number of points, n, see Supplementary 18 

Table 1. 19 

(d) Summary of photobleaching lifetimes (exponential decay time constants [= means] ± 20 

the standard errors) under control conditions and conditions for the slowest photobleaching 21 

(see Supplementary Table 1 for a comprehensive list, including the numbers of examined 22 

fluorescent spots and the degree of freedom for curve fitting; also see Supplementary Fig. 23 

7). Most dyes exhibited the longest photobleaching time under 2%O2, but some dyes did so 24 

under 0%O2, and only the R110 dye exhibited the best performance under the control 25 

(21%O2) conditions, with various ROXS conditions. All dyes were located on the outer 26 

surface of the cell. 27 
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 1 

Figure 2 | Single fluorescent-molecule tracking at video rate, showing that photoblinking, 2 

in addition to photobleaching, can be suppressed under the optimal conditions of low 3 

oxygen concentrations + ROXS. 4 

(a) The distributions of bright-state durations of single TMR bound to Halo-CD47 (left) and 5 

ST647 bound to ACP-CD47 (right) molecules in fixed cells, observed at video rate, 6 

registered from time 0 of laser excitation and recording. Since single-molecule tracking ends 7 

at the moment the photoblinking (transition to the dark state) occurs, the lifetimes found by 8 

this method are shorter than those determined by counting the number of spots in each 9 

frame (Fig. 1a. b). The best-fit single exponential curves are shown. The numbers of 10 

molecules examined are summarized in note b of Table 1. 11 

(b, c) Summary of photobleaching lifetimes obtained either by counting the number of 12 

fluorescent spots (counting lifetime) or from the duration distributions of single-molecule 13 

trajectories (tracking lifetime) (Exponential decay time constant [= mean] ± the standard 14 

error for both determinations), as well as the fluorescence intensities (the mode values ± 15 

the standard errors obtained by log-normal fitting; see Supplementary Fig. 6b). †Unable 16 

to measure due to extensive blinking. For n, see the note b of Table 1 and 17 

Supplementary Table 1. 18 

(d) A few % of TMR and ST647 molecules linked to CD47 in the live-cell PM could be 19 

tracked without photoblinking and photobleaching for periods longer than 120 and 400 s 20 

(~4x lifetimes shown in Table 1). Their typical trajectories are shown. Compare the lengths 21 

of the trajectories obtained in the ambient atmosphere (control) and the optimized 22 

conditions. 23 

 24 

Figure 3 | No cytotoxicity was found under 2%O2 conditions, in marked contrast to the 25 

toxicity of 0%O2, whereas the presence of ROXS became toxic after several hours of 26 

incubation.  27 
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(a) Cellular doubling times under 2, 5, and 21%O2 conditions (mean ± SEM, n = 6), 1 

determined for T24, HeLa, CHO-K1, and NIH3T3 cells. No significant differences were found 2 

at low-oxygen concentrations using two-sided Welch’s T test: [P for 21% vs 5%, P for 21% 3 

vs 2%] = [0.51, 0.59] for T24, [0.51, 0.59] for HeLa, [0.78, 0.42] for CHO-K1, and [0.91, 4 

0.63] for NIH3T3. For raw data, see Supplementary Fig. 12. 5 

(b) Representative (among six independent experiments) phase-contrast micrographs of 6 

HeLa cells superimposed by their propidium-iodide (PI)-stained fluorescence images, 7 

recorded for 8 h under various conditions. 8 

(c) Percentages of surviving HeLa cells, under various low-oxygen + ROXS conditions, 9 

determined by the trypan-blue exclusion assay (mean ± SEM, n = 6). 10 

(d) Spreading of integrin β1-KO MEFs (± integrin β1 expression) after plating on FN-coated 11 

glass-base dishes (see Supplementary Fig. 14a; mean cell area ± SEM, n = 20). 12 

2%O2+ROXS did not significantly alter the results up to 90 min (two-sided Mann-Whitney U 13 

test; P < 0.05; for the actual P values, see Supplementary Table 5).  14 

(e) Mean diffusion coefficients of CD47-mGFP in HeLa cells, plotted against the incubation 15 

times under various conditions (distributions shown in Supplementary Fig. 16). 16 

2%O2+ROXS did not significantly alter the diffusion coefficients up to 120 min (two-sided 17 

Mann-Whitney U test; P < 0.05; for the actual values for P and n, see Supplementary Fig. 18 

16). In both (d) and (e), statistically significant changes were found only under 0%O2 19 

conditions (compared with the control conditions), even for an incubation time of 15 min 20 

under 0%O2. 21 

 22 

Figure 4 | Super-long single-molecule tracking revealed that both integrin β1 and β3 23 

undergo repeated TALLs often lasting for 43 and 79 s, respectively, due to binding to both 24 

the extracellular matrix and actin filaments. 25 

(a) Typical trajectories of ST647-ACP-integrin β1 (left) and ACP-integrin β3 (right) under 26 

2%O2+TQ20 (among 1729 and 2714 trajectories). The FA zone is visualized by 27 
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mGFP-paxillin (the binarized gray areas). TALLs are shown in color; the integer indicates the 1 

order of occurrences and the real number indicates the TALL duration (s). 2 

(b, c) The time fractions of the periods of integrin’s mobile state, and the short, middle, and 3 

long TALL events, inside and outside the FA (mean ± SEM; for the numbers of observed 4 

cells and observed TALL events, see Supplementary Table 2). Apparently-all-time 5 

immobile fractions were omitted for clarity (see Supplementary Note 1 and 6 

Supplementary Tables 2-4). In (b), the results are shown for the wild-type (± its 7 

activator Mn2+) and mutant integrins β1s and β3s. In (c), the results of the Y27632 8 

treatment are displayed. 9 

 10 

Figure 5 | Longer TALLs of integrin β1 and β3 both occurred most frequently where the 11 

traction force was proposed to be largest (two-thirds of the distance [often ~0.7 µm] away 12 

from the FA center toward the distal end), whereas in the course of the generation and 13 

disintegration of the FAs, integrin β1 arrived at and departed from the FA, respectively, 14 

earlier than integrin β3. 15 

(a) Schematic drawing of the FA zone. 16 

(b) Frequencies of longer and shorter TALLs of integrins (per unit area, after area 17 

normalization), plotted as a function of the location along the FA long axis (distance relative 18 

to the half-length of the long axis). For the frequency before the area normalization and the 19 

data plotted against the real distance, see Supplementary Fig. 30. For the numbers of 20 

inspected TALLs and cells, see Supplementary Table 2. 21 

(c) After the addition of the ROCK inhibitor Y27632, the time fraction of longer TALLs of 22 

integrin β1 was reduced quickly (~60% within 1.5 min), followed by that of integrin β3. The 23 

mean FA area was also reduced, but much more slowly as compared with the loss of the 24 

longer TALLs of integrins (y-axis on the right). Mean ± SEM (n = 32 cells for mean FA area, 25 

n = 10 cells for TALL time fraction; for clarity, error bars were plotted in only one direction). 26 

(d) The time fractions of longer TALLs, shorter TALLs, and mobile periods (mean ± SEM, n 27 

= 10 cells; against the entire trajectory length in time) during the four phases of FA growth 28 
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and disintegration; growing FAs (orange), steady FAs (red), disintegrating FAs (green), and 1 

immaturely disintegrating FAs (blue). For the definition of these phases, see 2 

Supplementary Fig. 34. Time fractions outside the FAs are shown in black. 3 

   4 
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Table 1 | Photobleaching lifetimes obtained by counting the number of fluorescent spots in 1 

each image (number-counting lifetime) and those obtained by tracking each individual 2 

molecule (tracking lifetime, which is affected by photoblinking) of TMR and ST647 under 3 

representative oxygen and ROXS conditions using single-molecule imaging. For the number 4 

of points for the estimation of the photobleaching lifetime by number counting, see 5 

Supplementary Table 1.  6 

 7 

Tag-Dye 
Outside/ 
Inside 

the cell 

Live/ 
Fixed 
cells 

O2 
(%) ROXS 

Photobleaching 
lifetime 

  (by number 
counting, s)a 

Relative 
prolongation 

(fold)a 

Tracking 
lifetime 

(s)b 

Relative 
intensity 
(fold)c 

Localization 
precision  

(nm) 

Halo-TMR Outside Live 21 -   5.1 ± 0.03 1.0 ± 0.01 - 1.0 ± 0.02 24.7 
   21 TX 12.7 ± 0.04 2.5 ± 0.02 - 1.0 ± 0.01 - 
   2 TX 31.0 ± 0.47 6.1 ± 0.10 - 0.9 ± 0.01 25.8 
   0 TX N.A.d  -    N.A.d - 
            

Halo-TMR Outside Fixed 21 - 4.6 ± 0.11 1.0 ± 0.03 4.3 ± 0.1 1.0 ± 0.01 24.7 
   21 TX  12.2 ± 0.27 2.6 ± 0.05 10.7 ± 0.3 1.0 ± 0.01 - 
   2 TX 29.1 ± 0.50 6.3 ± 0.19 23.7 ± 0.7 0.9 ± 0.01 25.8 
   0 TX N.A.d   0.9 ± 0.1    N.A.d - 
           

Halo-TMR Inside Live 21 - 5.3 ± 0.02 1.0 ± 0.01 - 1.0 ± 0.01 24.7 
   21 TX 6.5 ± 0.09 1.4 ± 0.02  1.0 ± 0.01 - 
   2 TX 32.4 ± 0.37 7.0 ± 0.08 - 0.9 ± 0.02 27.0 
   0 TX N.A.d  -    N.A.d - 
            

ACP-ST647 Outside Live 21 - 16.2 ± 0.06 1.0 ± 0.01 - 1.0 ± 0.02 23.0 
   21 TQ20 39.6 ± 0.69 2.4 ± 0.04 - 1.1 ± 0.03 - 
   2 TQ20 105.8 ± 0.78 6.5 ± 0.05 - 1.4 ± 0.01 21.5 
   0 TQ20 33.5 ± 0.12 2.1 ± 0.01 - 1.3 ± 0.01 - 
          

ACP-ST647 Outside Fixed 21 - 15.5 ± 0.11 1.0 ± 0.01 10.9 ± 0.2 1.0 ± 0.01 23.0 
   21 TQ20 42.1 ± 0.66 2.7 ± 0.05 38.4 ± 1.3 1.1 ± 0.01 - 
   2 TQ20 99.0 ± 1.57 6.4 ± 0.11 83.4 ± 2.1 1.4 ± 0.01 21.5 
   0 TQ20 47.2 ± 1.30 3.0 ± 0.09 30.9 ± 0.8 1.3 ± 0.02 - 
          

 8 
aExponential decay time constant [= mean] ± its standard error (see Online Methods). 9 
bExponential decay time constant [= mean] ± its standard error. Single molecules blink, 10 

and therefore the duration from the initiation of the observation until the beginning of the 11 

first dark period for each molecule was measured. The determination of the single-molecule 12 
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tracking lifetime was performed only for fixed cells where CD47 was immobilized on the cell 1 

surface, to avoid possible complexity due to intermixing of blinking with other tracking 2 

problems. The numbers of molecules examined (in fixed cells, for the estimation of 3 

single-molecule tracking lifetimes) were: 1,209, 988, 2,446, and 313 for TMR under control, 4 

21%O2+TX, 2%O2+TX, and 0%O2+TX conditions, and 750, 1,603, 1,884, and 1,741 for 5 

ST647 under the conditions of control, 21%O2+TQ20, 2%O2+TQ20, and 0%O2+TQ20 6 

conditions, respectively. 7 
cThe mode ± the standard error obtained from the log-normal fitting (see the legend to 8 

Supplementary Fig. 6b). 9 
dNot analyzed due to extensive blinking (“bright” periods generally lasting less than 66 ms; 10 

see Online methods). 11 

  12 
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Online Methods 1 

Cell culture and transfection 2 

T24 cells, a kind gift from Masahiro Sokabe of Nagoya University46, HeLa cells (purchased 3 

from RIKEN cell bank, RCB0007) and CHO-K1 cells (purchased from Dainippon Pharma Co., 4 

Ltd., Osaka, 03-402) were cultured in Ham’s Nutrient Mixture F12 (Sigma-Aldrich), 5 

supplemented with 10% (v/v) fetal bovine serum (FBS, Life Technologies). NIH3T3 cells (a 6 

kind gift from Makoto Kinoshita of Nagoya University47) were cultured in Dulbecco’s modified 7 

Eagle’s medium (DMEM, Sigma-Aldrich), supplemented with 10% (v/v) FBS. The integrin β1 8 

knock-out mouse embryonic fibroblast cell line (integrin β1-KO MEFs) was a kind gift from 9 

Martin Humphries of the University of Manchester13. The cells were cultured in DMEM 10 

supplemented with 10% (v/v) FBS and 20 U/ml interferon g (Sigma-Aldrich), at 33˚C. About 11 

24 h before use, the culture medium was replaced by DMEM supplemented with 10% (v/v) 12 

FBS without interferon g at 37˚C. All cell lines were tested for mycoplasma contamination 13 

with MycoAlert (Lonza). The identities of the T24 and HeLa cell lines were authenticated by 14 

PowerPlex16 STR (contract to Promega). 15 

For fluorescence microscopy of the cells, the cells were always plated in 16 

12-mmf-glass-bottom dishes (Iwaki, Tokyo), pre-coated with fibronectin (FN, 17 

Sigma-Aldrich) by placing 10 µg/ml FN on the glass for 1 h at room temperature. The cells 18 

were cultured in the growth medium for 24-48 h. Before observation, the culture medium 19 

was replaced by the observation medium, T-HBSS. For the experiments observing the effect 20 

of integrin activation with Mn2+, the cells were cultured in the presence of 1 mM MnCl2 for 1 21 

h before microscope observations. 22 

T24 cells were transfected with the cDNAs encoding CD47 linked to various tag 23 

proteins using Lipofectamine LTX (Life Technologies), according to the manufacturer’s 24 

recommendations. HeLa cells, MEFs, and integrin β1-KO MEFs were transfected with the 25 

cDNAs encoding wild-type integrin β1 and β3 and their various mutants, using an 26 

electroporator (Nucleofector 2, Lonza; CLB solution and program I-13 for HeLa cells; CLB 27 
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solution and program A-23 for MEFs), according to the manufacturer’s recommendations. 1 

 2 

cDNA construction 3 

The human CD47 isoform 2 cDNA was a kind gift from Eric Brown of Genentech (NCBI 4 

Reference Sequence: NM_198793.2)48. The human integrin β1 isoform Beta-1A cDNA was 5 

purchased from the NITE biological resource center (NRBC, Tokyo, accession number: 6 

AK291697; NCBI Reference Sequence: NM_002211.3). The human integrin β3 cDNA was a 7 

kind gift from Jonathan C. Jones of Northwestern University (NCBI Reference Sequence: 8 

NM_000212.2)49. The human paxillin isoform alpha cDNA was cloned from the WI38 cell line 9 

(NCBI Reference Sequence: NM_002859.3). The cDNAs encoding acyl-carrier protein (ACP), 10 

Halo7, and mGFP (A206K) were obtained from New England Biolabs, Promega, and Clontech, 11 

respectively. A linker sequence of five amino acids (SGGGG) was inserted between the 12 

target protein and ACP or mGFP, whereas a 15 amino acid linker (SGGGG x3) was inserted 13 

between the target protein and Halo7. When a tag protein was attached to the N-terminus 14 

of a transmembrane protein, an additional signal sequence was attached to the N-terminus 15 

of the tag protein; i.e., the signal peptide (SP) of CD47 for ACP-CD47, the SP of interleukin 6 16 

for Halo7-CD47, and the SP of CD8 for ACP-integrins β1 and β3. For the generation of the 17 

integrin β1 mutants D130A, Y783A/Y795A, and D130A/Y783AY795A, site directed 18 

mutagenesis was performed, using an Agilent Technologies QuickChange site-directed 19 

mutagenesis kit. The constructs for ACP-CD47, Halo7-CD47, CD47-Halo7, and CD47-mGFP 20 

were subcloned into the pOStet15T3 vector (the Epstein-Barr-virus-based episomal vector, 21 

which carries the tetracycline-regulated expression units, the transactivator [rtTA2-M2], and 22 

the TetO sequence [a Tet-on vector]). The constructs for mGFP-paxillin, integrin β1, 23 

ACP-integrin β1 (wild-type and mutant), integrin β1-mGFP, and ACP-integrin β3 (wild-type 24 

and mutant) were subcloned into the pEGFP vector (Clontech). For the details of the cDNA 25 

constructs including the linker sequences, see Supplementary Fig. 36. 26 

 27 

Fluorescent dyes and fluorescent labeling 28 
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AT488-, DY547-, and DY647-CoA were purchased from New England Biolabs. TMR-, AL488-, 1 

and R110-Halo ligands were purchased from Promega. The syntheses of CoA ligands 2 

conjugated with fluorescent dye molecules, TMR, AT594, AT647N, and ST647 (TMR-, 3 

AT594-, AT647N-, and ST647-CoA, respectively), and those of Halo ligands conjugated with 4 

AT594 and ST647 (AT594- and ST647-Halo ligands, respectively), as well as those of the 5 

CoA and Halo ligands that are linked to fluorescent compounds, Cy3, Cy5, TMR, and AT594, 6 

by way of TX (Cy3-, Cy5-, and TMR-TX-Halo ligands and AT594-TX-CoA, respectively), are 7 

described in Supplementary Note 2. The chemical syntheses of fluorescently-conjugated 8 

Halo-ligands and CoA compounds were performed by Shinsei Chemical Co., Ltd. (Osaka, 9 

Japan). 10 

ACP-tagged CD47 and integrin wild-type and mutants expressed on the cell surface 11 

(ACP tag in the extracellular N-terminus) were covalently labeled with the fluorescent dye 12 

compounds by incubating the cells with 50 nM dye-conjugated CoA and 2 µM ACP synthase 13 

(New England Biolabs) in the complete growth medium (containing 10 mM MgCl2, sufficient 14 

for activating synthase) at 37˚C for 15 min. Halo7-tagged proteins expressed in the PM 15 

(both inside and outside the cell) were covalently conjugated with fluorescent organic 16 

molecules by incubating the cells with 5 nM Halo ligands linked to TMR or AL488 in the 17 

complete growth medium at 37˚C for 15 min, or 5 nM R110-Halo ligand in the complete 18 

growth medium at 37˚C overnight. Under these conditions, 10~20% of expressed proteins 19 

were fluorescently labeled. 20 

 21 

Microscopy observations of the cells at various O2 concentrations 22 

To maintain the cells at 37˚C during the microscopy observation, the entire microscope, 23 

except for the excitation arm and the detection arms, was placed in a microscope 24 

environment chamber made with thermo- and electric-field-insulating plastic, and three 25 

heating circulators (SKH0-112-OT, Kokensya, Tokyo, Japan) were placed in the box to supply 26 

warmed air and slow air circulation within the box (Supplementary Fig. 3a). A stage-top 27 

incubator (Tokai hit, Tokyo, Japan) was placed on the microscope stage, for further 28 
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stabilization of the temperature and for varying the partial pressure of molecular oxygen in 1 

the gas environment (Supplementary Fig. 3a). The bottom plane of the chamber has a 2 

hole in which a glass-base dish can be placed snugly, to let the gas in the chamber escape 3 

from the chamber only slowly. On the lid of this chamber, two small holes were made for the 4 

tubing for injecting the humidified gas mixture and for placing the micro-electrode for 5 

monitoring dissolved oxygen concentrations. 6 

The N2 gas and air (79% N2 + 21%O2) were supplied from each tank and mixed with a 7 

multi gas mixer (Log MIX, FRONT Co., Ltd., Tokyo, Japan) with flow meters. The gas mixture 8 

was humidified by passage through a bottle filled with ultrapure water, and then 9 

continuously supplied to the surface of the solution covering the cells attached to the 10 

glass-base dish, at a flow-rate of 200 ml/min. The dissolved O2 concentration in the 11 

cell-culture medium was directly monitored with a micro-dissolved oxygen electrode, 12 

DO-166MT (Lazer Research Laboratories, Los Angeles, CA, USA) or a fluorescence-based 13 

micro-oxygen probe, MicroTX3 (PreSens Precision Sensing GmbH, Regensburg, Germany). 14 

The dissolved O2 concentration in the medium was adjusted by varying the air fraction of the 15 

equilibrating gas mixture. When the concentration of the O2 in the gas mixture was changed, 16 

the dissolved O2 concentration in the specimen was stabilized at the new concentration 17 

within 4 min (Supplementary Fig. 3b). In this gas-environment chamber, probably due to 18 

the leakage of atmospheric oxygen, oxygen concentrations less than 0.5% were difficult to 19 

attain. 20 

To further reduce the dissolved oxygen concentrations below the sensor’s detection 21 

limit of 0.05%O2, an enzymatic method was employed. The culture medium was replaced 22 

with TES-HBSS buffer containing 0.5 mg/ml glucose oxidase and 40 µg/ml catalase, with or 23 

without ROXS, supplemented with 2% glucose, instead of the normal 0.1% glucose, for a 24 

sufficient supply of glucose, and 20 mM TES, instead of 2 mM TES, for pH stabilization 25 

against pH decreases due to the generation of gluconic acid by the enzymatic reactions to 26 

reduce the dissolved oxygen concentration (GLOX buffer). When the surface of the GLOX 27 

buffer in the glass-base dish was left uncovered, due to the newly dissolved O2 from the 28 
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atmosphere in the GLOX buffer, the glucose oxidase-catalase system continually generated 1 

gluconic acid (thus lowering the pH), which might affect the live cells. To suppress the 2 

further influx of molecular oxygen into the GLOX buffer, a round cover made of aluminum 3 

foil was placed on the surface of the GLOX buffer. This effectively blocked the pH changes of 4 

the GLOX buffer, and the dissolved O2 concentration was maintained below the detection 5 

limit for at least for 2 h (< 0.05%, Supplementary Fig. 3b). For longer-term incubations, 6 

the GLOX buffer was replaced every 2 h to prevent acidification. 7 

 8 

ROXS solution preparation 9 

Trolox was first dissolved in dry DMSO at a concentration of 0.5 M, and then diluted in 10 

T-HBSS. Troloxquinone was generated by UV (UVP, 302 nm, 15 W)-induced oxidation of 1.5 11 

mM trolox in ultrapure water with air bubbling (to supply O2) until the troloxquinone/trolox 12 

ratio reached 0.6:0.4 (typically in 10-20 min), as described previously11 (Supplementary 13 

Fig. 4). The troloxquinone/trolox ratio in the solution was determined by the optical density 14 

at 255 nm, as described previously11, using an optical absorption spectrometer (U-3900H, 15 

Hitachi). A stock solution containing trolox and troloxquinone, at a molar ratio of 4:6, was 16 

produced by mixing this solution (prepared by UV-induced oxidation) with the TX solution, 17 

stored at 4˚C in the dark, and used within a week. In the present research, the final 18 

concentration of trolox + troloxquinone was always 1 mM (in T-HBSS). 19 

 20 

Assays for cell growth, cytotoxicity, and cell spreading 21 

To examine the cell growth, cells were seeded in complete growth medium in six-well tissue 22 

culture dishes (35-mm diameter; Iwaki) and cultured under a gas mixture containing 21, 5, 23 

or 2%O2 and 5% CO2 (+74, 90, and 93% N2, respectively), using a multi-gas incubator 24 

MG-70M (Taitec, Tokyo), at 37˚C. Cells were removed from the culture dish by the standard 25 

trypsin solution used in the present research (0.25% trypsin, 1 mM 26 

ethylenediaminetetraacetic acid in 10 mM phosphate-buffered saline, pH 7.4) every ~12 h, 27 

and mixed with a trypan blue solution, and the live cells, which were not stained with trypan 28 
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blue, were counted with a hemocytometer. The experiments were repeated for six 1 

independent specimens, and then the mean ± SEM was determined. 2 

To quantitatively examine cell survival in the presence of ROXS reagents under 21 3 

and 2%O2 atmospheres in the time course up to 8 h, cells were plated on FN-coated 35-mm 4 

tissue culture dishes and cultured in the complete growth medium for ~24 h. The medium 5 

was then replaced by T-HBSS with or without ROXS reagents, prewarmed to 37˚C. For 6 

experiments under < 0.05% dissolved oxygen (which is the detection limit of the sensor 7 

employed here), the GLOX buffer was employed. Cells were removed from the culture dish 8 

by the standard trypsin solution every ~1 h. The number of live cells was evaluated as 9 

described for the cell growth assay.  10 

For examining cell survival by imaging, cells cultured on FN-coated glass-base dishes 11 

were stained with 10 ng/ml propidium iodide (PI) in T-HBSS for 5 min, and then fixed with 12 

4% paraformaldehyde for 15 min. After fixation, phase-contrast and fluorescence 13 

microscopic images of the cells were obtained with an Olympus IX70 inverted 14 

epifluorescence microscope equipped with a 60× 1.25 NA Plan Apo objective lens and an 15 

Andor-Clara cooled charge-coupled device (CCD) camera. 16 

The influences of low-oxygen concentrations and/or the presence of ROXS reagents 17 

on the spreading of integrin β1-KO MEFs and the KO MEFs transfected with wild-type and 18 

modified integrin β1 molecules on FN-coated glass-bottom dishes were examined. Integrin 19 

β1-KO MEFs were transfected with the cDNAs encoding various integrin β1 proteins by 20 

electroporation, as described in the subsection “Cell culture and transfection”, cultured for 21 

18 h, removed from the cell culture dish by trypsinization for 3 min, allowed to recover in the 22 

complete growth medium for 1 h, and then re-plated on FN-coated glass-bottom dishes in 23 

T-HBSS with or without ROXS, or in the GLOX buffer with or without ROXS. At selected time 24 

points after plating, the cells were fixed with 4% paraformaldehyde for 1 h, incubated with 25 

100 mM glycine for 15 min, permeabilized with 0.1% Triton X-100 for 5 min, and then 26 

further incubated with 1% BSA for 1 h. The cells were then immunostained with 20 µM 27 

anti-integrin β1 monoclonal antibody IgG (K20 called “neutral mAb”, which recognizes both 28 
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active and inactive integrin β1, Santa Cruz) for 1 h and then with 5 µM rhodamine red 1 

X-labeled anti-mouse IgG secondary antibody (Jackson Immuno Research 715-295-151) for 2 

1 h. Microscopic observations were conducted as described in the previous paragraph. The 3 

cell area (parameter for evaluating cell spreading) was measured in the phase-contrast 4 

images, using the ImageJ software. Results are described as means ± SEM, for 20 cells. 5 

 6 

Confocal imaging of mGFP-paxillin and Alexa647-phalloidin in cells before and 7 

after the treatment with the ROCK inhibitor Y27632 8 

HeLa cells expressing mGFP-paxillin, plated on FN-coated glass-base dishes, were incubated 9 

with 1 – 10 µM Y27632 in T-HBSS for 1 h. The cells were then fixed with 4% 10 

paraformaldehyde for 1 h, incubated with 100 mM glycine for 15 min, 0.1% Triton X-100 for 11 

5 min, 1% BSA for 1 h, and then 500 nM Alexa647-phalloidin (Life Technologies) for 30 min, 12 

followed by embedding in Permafluor (Thermo Scientific) for confocal fluorescence 13 

microscopy (Olympus, FV1000) (Supplementary Fig. 27a). 14 

 15 

Single fluorescent-molecule imaging 16 

Fluorescently-labeled molecules located in the basal PM (the ventral PM; i.e., the PM facing 17 

the coverslip) and those attached to the coverslip were illuminated with an evanescent field 18 

and observed at 37˚C, using home-built objective lens–type total internal reflection 19 

fluorescence (TIRF) microscopes, constructed on Olympus inverted microscopes (IX-81 and 20 

70 for video-rate and high-speed observations, respectively) equipped with Olympus 100× 21 

1.49 NA objective lenses. The fluorescent images were projected onto a two-stage 22 

microchannel plate intensifier (C8600-03; Hamamatsu Photonics), lens-coupled to an 23 

electron bombardment charge-coupled device camera (C7190-23; Hamamatsu Photonics) 24 

operated at video rate, or optical-fiber-bundle-coupled to a high-speed complementary 25 

metal oxide semiconductor sensor camera (Focuscope SV-10k; Photron) operated at 1 and 26 

10 kHz (256 x 256 pixels)50. 27 

The incident excitation laser power at the exit of the objective lens was 1.98 mW for 28 
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the 488-nm line (for AT488, AL488, and R110), 2.31 mW or 4.60 mW for the 561-nm line 1 

(for TMR or DY547 and Cy3-TX, respectively), 1.17 mW for the 594-nm line (for AT594), and 2 

1.06 mW or 3.18 mW for the 642-nm line (for DY647, AT674N, and ST647 or Cy5-TX, 3 

respectively). For high-speed observations of TMR (561-nm line), 10.8 and 108 mW were 4 

employed for the observation frame rates of 1 and 10 kHz, respectively. 5 

Each individual fluorescent spot in the image was identified and tracked by using a 6 

home-made computer program, as described previously51. The superimposition of images in 7 

different colors obtained by two separate cameras was conducted, as described 8 

previously50. 9 

 10 

Methods to measure photobleaching lifetimes and durations in which single 11 

molecules could be tracked, and the mean signal intensity of single fluorescent 12 

spots 13 

As a convenient measure for the photobleaching lifetime, the “number-counting lifetime” 14 

was employed. In this method, after obtaining image sequences at video rate, the number 15 

of fluorescence spots detected in each video frame was obtained and plotted against time, 16 

and then, the numbers of spots in each frame (time bin) obtained in all the image sequences 17 

were added. We found that these plots of the (total) number of fluorescent spots vs. time 18 

for all the dye molecules under all the ROXS conditions employed here could be fitted by 19 

single exponential functions. Therefore, the exponential decay constants (mean ± SEM) 20 

were defined as the number-counting lifetime. The number-counting photobleaching 21 

lifetime would virtually be the same as the lifetime evaluated by the bulk intensity 22 

measurements. 23 

As another method, the “single-molecule tracking lifetime” was employed. In this 24 

method, we measured the duration in which each fluorescent spot is detectable, starting 25 

from the observation initiation by turning on the excitation laser (time 0; until the first 26 

transition to the dark state; this way, we only observed the molecules that were visible at 27 

time 0). After observing many single molecules, we obtained the histogram for the “bright” 28 
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state durations. This histogram might resemble the on-time distributions, but since it was 1 

observed from the start of excitation laser illumination, rather than the onset of fluorescence 2 

emission during steady-state illumination, the actual values would be different. However, we 3 

employed this method, because it would provide the lifetime more relevant to actual 4 

experiments conducted using live cells, as it provides the distribution of the lengths of 5 

single-molecule trajectories observed from time 0 (starting of laser excitation). We found 6 

that the distributions for all the molecules under all the ROXS conditions employed here 7 

could operationally be fitted by single exponential functions, the exponential decay 8 

constants (means ± SEMs) were employed as “single-molecule tracking lifetimes”. 9 

The mean (± SEM) fluorescence intensity of single fluorescent spots was obtained in 10 

the following way. After measuring the fluorescence signal intensities of all the fluorescence 11 

spots, the distribution of the intensities was fitted by a log-normal function, and the mean 12 

intensity was obtained as the value of the mode of the log-normal function. 13 

Note that in these determinations, the SEM is provided as the fitting error of the 68.3% 14 

confidence limit. In such determinations, the number of independent experiments is given 15 

as the degree of freedom for fitting (n), which equals [the number of bins used for the 16 

fitting] minus [the number of free parameters used for the fitting]. However, since the 17 

number of total fluorescent spots and the number of events (various events observed in the 18 

present research, such as the TALL events) would also be useful for clarifying the conducted 19 

experiments, in addition to the degree of freedom, we describe the numbers of independent 20 

experiments and the numbers of observed molecules/events/cells wherever is appropriate. 21 

 22 

Long-term tracking of single individual integrin molecules inside and outside the 23 

FA 24 

HeLa cells transfected with ACP-integrins (wild-type and mutant integrin β1 and β3) and 25 

mGFP-paxillin were cultured for 24-48 h on FN-coated glass-bottom dishes, and the 26 

ACP-integrins were labeled with ST647-CoA by the same method used for labeling 27 

ACP-CD47. For the long-term tracking of single individual integrin molecules inside and 28 
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outside the FA, the stage drift was corrected by using 100-nmø fluorescent tetraspeck beads 1 

(Life Technologies), attached to the glass surface in the specimen as fiducial markers. 2 

Single ST647 molecules attached to the coverglass of the glass-base dish were 3 

observed at video rate for 6,000 frames (200 s), and after the correction for the long-term 4 

drift using the fiducial markers, the localization precisions of single ST647 molecules (31 5 

molecules) were found to be 26 nm for both the X and Y coordinates. These values should 6 

be compared with the localization precision for short-term observations (100 frames ~ 3 s) 7 

of 22 nm. This result shows that long-term tracking, such as 6,000 frames, can be 8 

performed at localization precisions comparable to those attainable for much shorter 9 

trajectories, such as 100 frames, after correction for the stage drift. 10 

Transient-immobilization or TALL events were detected in single-molecule tracking 11 

trajectories, by using the algorithm developed by Sahl et al.52 and modified by Shibata et 12 

al.53. The detection circle (magnifying-glass) radius and the threshold residency time were 13 

set at 200 nm and 20 frames (0.67 s), respectively. Using these parameter values, the TALL 14 

time fractions in Monte-Carlo-generated simple-Brownian trajectories with diffusion 15 

coefficients of 0.16 and 0.27 µm2/s, which are the mean diffusion coefficients for integrin β1 16 

inside and outside the FA region, respectively, were found to be only 1.42 ± 0.02 % and 17 

0.26 ± 0.01 %, respectively. 18 

To identify and define the FA areas, mGFP-paxillin was expressed in cells and used as 19 

an FA marker. The cells that expressed both mGFP-paxillin and ACP-integrin were selected, 20 

and first, the mGFP-paxillin images were recorded for 3.3 s (100 video frames, not at the 21 

level of single molecules), and subsequently, the ST647-labeled ACP-integrin was observed 22 

for 6,000 frames (200 s) at the level of single molecules. Consistent with the results 23 

described by Shibata et al.53, the changes in the FA morphology during ~200 s were limited, 24 

and therefore, the mGFP-paxillin image sequence obtained before the single-molecule 25 

observations of integrins was used to define the FA areas. The entire image sequence of 100 26 

frames was averaged, and the resulting image was binarized to determine the boundaries 27 

between the FA regions and the bulk PM domain. The threshold pixel value used for 28 
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binarization was found by using an adaptive thresholding algorithm. For the successful 1 

binarization of both the larger and smaller FAs, the images before and after Laplacian 2 

filtering were binarized, and then the binarized images were compared. For further details, 3 

see Supplementary Fig. 20 and its caption. All integrin trajectories were subdivided into 4 

those inside and outside the FA zones, and then analyzed.  5 

 6 

Software and statistical analysis 7 

TIRF images of FAs were processed and analyzed using the Image J for Windows or MatLab 8 

2012a for Windows. Superimposition of image sequences obtained in two colors and single 9 

molecule tracking were performed using C++-based computer programs produced in house, 10 

as described previously50,51. Statistical analysis was preformed by two-sided Welch’s T test 11 

or two-sided Mann-Whitney U test using OriginPro 2015 for Windows. P values less than 12 

0.05 were considered to be statistically significant. The curve fitting and its examination 13 

using Akaike’s and Bayesian information criteria were performed using OriginPro 2015 for 14 

Windows. 15 

 16 

Data and code availability 17 

All data generated or analyzed for this study are available within the paper and its 18 

associated supplementary information files. All other data presented and codes written are 19 

available upon request from the corresponding author. A Life Sciences Reporting 20 

Summary for this paper is available. 21 
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Supplementary Tables 
 

Supplementary Table 1 | Summary of photobleaching lifetimes, fluorescence intensities, 

single-molecule localization precisions, the numbers of inspected fluorescent spots, and the 

degrees of freedom for fitting, for all fluorophores observed under all of the conditions 

employed in this study. Grey shading: control. Orange shading: optimal conditions. See Fig. 

1d and Supplementary Fig. 7 for graphical summaries.  

To be continued 

Tag protein-Dye 

Outside/ 

Inside 

the cell 

Live/ 

Fixed 

cells 

O2 

(%) 
ROXS 

Photobleaching 

lifetime 

  (s)a 

Relative 

prolongation 

(fold)a 

Relative 

intensity 

(fold)b 

Precision  

(nm) 

N 

(x104)c 
nd 

Halo-R110 Outside Live 21 - 5.2 ± 0.07 1.0 ± 0.02 1.0 ± 0.02 32.5 14.8 897 

    TX 8.4 ± 0.06 1.6 ± 0.03 1.1 ± 0.01 - 20.1 897 

    TQ20 4.0 ± 0.02 0.8 ± 0.02 1.1 ± 0.01 - 6.0 897 

    TQ40 1.1 ± 0.01 0.2 ± 0.01 1.0 ± 0.01 - 2.9 897 

   2 - 5.1 ± 0.08 1.0 ± 0.02 0.9 ± 0.01 - 6.2 897 

    TX 7.4 ± 0.06 1.4 ± 0.02 1.2 ± 0.01 - 17.5 1497 

    TQ20 3.9 ± 0.03 0.8 ± 0.01 1.0 ± 0.02 - 6.1 1497 

    TQ40 1.9 ± 0.01 0.4 ± 0.01 0.9 ± 0.01 - 3.1 897 

   0 -    N. A.e     N. A.e -   

    TX    N. A.e     N. A.e -   

    TQ20 5.2 ± 0.06 1.0 ± 0.02 0.9 ± 0.01 - 10.3 897 

    TQ40 6.5 ± 0.05 1.3 ± 0.02 0.9 ± 0.01 - 9.9 897 

           

Halo-R110 Inside Live 21 - 4.8 ± 0.03 1.0 ± 0.01 1.0 ± 0.04 32.5 11.2 897 

    TX 7.5 ± 0.05 1.5 ± 0.01 0.9 ± 0.01 - 9.0 897 

    TQ20 3.7 ± 0.02 0.8 ± 0.02 1.0 ± 0.01 - 9.4 897 

    TQ40 1.7 ± 0.01 0.4 ± 0.01 0.9 ± 0.02 - 4.1 897 

   2 - 4.9 ± 0.01 1.0 ± 0.01 0.9 ± 0.02 - 10.0 897 

    TX 6.9 ± 0.12 1.4 ± 0.03 0.9 ± 0.02 - 15.4 1497 

    TQ20 1.9 ± 0.02 0.4 ± 0.01 1.1 ± 0.01 - 3.1 1497 

    TQ40 1.6 ± 0.05 0.3 ± 0.01 1.1 ± 0.01 - 2.6 897 

   0 -    N. A.e     N. A.e -   

    TX    N. A.e     N. A.e -   

    TQ20 5.8 ± 0.10 1.2 ± 0.02 1.0 ± 0.01 - 4.7 897 

    TQ40 5.7 ± 0.06 1.2 ± 0.01 1.1 ± 0.02 - 5.8 897 
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Continued (2/6) 

Tag protein-Dye 

Outside/ 

Inside 

the cell 

Live/ 

Fixed 

cells 

O2 

(%) 
ROXS 

Photobleaching 

lifetime 

  (s)a 

Relative 

prolongation 

(fold)a 

Relative 

intensity 

(fold)b 

Precision  

(nm) 

N 

(x104) 
nd 

Halo-AL488 Outside Live 21 - 2.4 ± 0.01 1.0 ± 0.02 1.0 ± 0.01 26.7 6.7 897 

    TX 4.2 ± 0.04 1.8 ± 0.02 1.1 ± 0.02 - 8.7 897 

    TQ20    N. A.e     N. A.e -   

    TQ40    N. A.e     N. A.e -   

   2 - 2.3 ± 0.08 0.9 ± 0.03 0.9 ± 0.01 - 1.6 897 

    TX 4.9 ± 0.09 2.1 ± 0.04 1.2 ± 0.01 - 9.8 897 

    TQ20      N. A.e     N. A.e -   

    TQ40      N. A.e     N. A.e -   

   0 -      N. A.e     N. A.e -   

    TX      N. A.e     N. A.e -   

    TQ20      N. A.e     N. A.e -   

    TQ40      N. A.e     N. A.e -   

           

ACP-AT488 Outside Live 21 - 2.8 ± 0.02 1.0 ± 0.01 1.0 ± 0.01 27.6 4.7 1497 

    TX 2.9 ± 0.02 1.0 ± 0.01 1.1 ± 0.01 - 9.9 1497 

    TQ20 4.5 ± 0.06 1.6 ± 0.03 1.2 ± 0.01 - 6.5 1497 

    TQ40 2.4 ± 0.05 0.9 ± 0.02 1.0 ± 0.01 - 4.6 1497 

   2 - 2.0 ± 0.03 0.7 ± 0.01 1.0 ± 0.01 - 2.8 1497 

    TX 2.9 ± 0.03 1.0 ± 0.01 0.9 ± 0.01 - 5.4 1497 

    TQ20 12.4 ± 0.35 4.4 ± 0.13 0.9 ± 0.01 - 19.1 1497 

    TQ40 4.8 ± 0.05 1.7 ± 0.02 0.9 ± 0.01 - 3.8 1497 

   0 -      N. A.e     N. A.e -   

    TX      N. A.e     N. A.e -   

    TQ20 5.7 ± 0.14 2.0 ± 0.05 1.0 ± 0.01 - 11.7 1497 

    TQ40 6.3 ± 0.06 2.2 ± 0.03 1.1 ± 0.01 - 11.5 1497 

           

Halo-TMR Outside Live 21 -   5.1 ± 0.03 1.0 ± 0.01 1.0 ± 0.02 24.7 7.5 1497 

    TX 12.7 ± 0.04 2.5 ± 0.02 1.0 ± 0.01 - 19.5 1497 

    TQ20   7.1 ± 0.10 1.4 ± 0.02 1.0 ± 0.01 - 13.3 1497 

    TQ40   5.0 ± 0.14 1.0 ± 0.03 0.9 ± 0.01 - 6.5 1497 

   10 -   3.7 ± 0.03 0.7 ± 0.01 0.9 ± 0.01 - 7.5 1497 

    TX 13.4 ± 0.09 2.6 ± 0.02 1.0 ± 0.01 - 19.2 1497 

    TQ20   9.1 ± 0.15 1.8 ± 0.03 1.0 ± 0.01 - 15.4 1497 

    TQ40   7.6 ± 0.01 1.5 ± 0.01 0.9 ± 0.01 - 7.7 1497 

   5 -   4.4 ± 0.11 0.9 ± 0.02 0.8 ± 0.01 - 9.3 1497 

    TX 18.2 ± 0.11 3.6 ± 0.03 0.9 ± 0.01 - 34.4 1497 

    TQ20 9.6 ± 0.35 1.9 ± 0.07 1.0 ± 0.01 - 23.8 1497 

    TQ40   7.8 ± 0.21 1.5 ± 0.04 0.9 ± 0.01 - 16.8 1497 

           

To be continued 
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Continued (3/6) 

Tag protein-Dye 

Outside/ 

Inside 

the cell 

Live/ 

Fixed 

cells 

O2 

(%) 
ROXS 

Photobleaching 

lifetime 

  (s)a 

Relative 

prolongation 

(fold)a 

Relative 

intensity 

(fold)b 

Precision  

(nm) 

N 

(x104) 
nd 

Halo-TMR Outside Live 2 -   3.8 ± 0.02 0.5 ± 0.01 

1111 

0.7 ± 0.02 - 3.8 1497 

    TX 31.0 ± 0.47 6.1 ± 0.10 0.9 ± 0.01 25.8 40.3 1497 

    TQ20 17.4 ± 0.27 3.4 ± 0.06 1.0 ± 0.01 - 21.1 1497 

    TQ40 11.6 ± 0.21 2.3 ± 0.04 1.0 ± 0.01 - 20.4 1497 

   0 -      N. A.e     N. A.e -   

    TX      N. A.e     N. A.e -   

    TQ20 9.5 ± 0.21 1.9 ± 0.04 0.8 ± 0.01 - 20.0 1497 

    TQ40 17.3 ± 0.10 3.4 ± 0.03 0.8 ± 0.01 - 34.4 1497 

           

Halo-TMR Outside Fixed 21 -   4.6 ± 0.11 1.0 ± 0.03 1.0 ± 0.01 24.7 7.7 1497 

   21 TX 12.2 ± 0.27 2.6 ± 0.05 1.0 ± 0.01  24.1 1497 

   2 TX 29.1 ± 0.50 6.3 ± 0.19 0.9 ± 0.01 25.8 53.5 1497 

   0 TX      N. A.e  N. A.e    

           

Halo-TMR Inside Live 21 - 5.3 ± 0.02 1.0 ± 0.01 1.0 ± 0.01 24.7 9.4 1497 

    TX 6.5 ± 0.09 1.4 ± 0.02 1.0 ± 0.01 - 10.2 1497 

    TQ20 7.3 ± 0.03 1.6 ± 0.01 1.0 ± 0.01 - 8.7 1497 

    TQ40 3.4 ± 0.07 0.7 ± 0.01 1.0 ± 0.01 - 5.2 1497 

   10 -   4.0 ± 0.04 0.9 ± 0.01 0.9 ± 0.01 - 8.9 1497 

    TX 13.6 ± 0.18 2.9 ± 0.04 0.9 ± 0.02 - 23.5 1497 

    TQ20 13.7 ± 0.35 3.0 ± 0.07 0.9 ± 0.01 - 25.2 1497 

    TQ40 7.2 ± 0.04 1.6 ± 0.01 0.8 ± 0.01 - 15.0 1497 

   5 -   4.5 ± 0.05 1.0 ± 0.01 0.9 ± 0.01 - 8.2 1497 

    TX 12.0 ± 0.13 2.6 ± 0.03 0.9 ± 0.01 - 14.4 1497 

    TQ20 13.7 ± 0.16 3.0 ± 0.03 1.0 ± 0.01 - 23.4 1497 

    TQ40 10.6 ± 0.11 2.3 ± 0.01 1.1 ± 0.02 - 19.3 1497 

   2 -   3.6 ± 0.04 0.8 ± 0.02 0.9 ± 0.01 - 6.9 1497 

    TX 32.4 ± 0.37 7.0 ± 0.08 0.9 ± 0.02 25.8 55.6 1497 

    TQ20 26.1 ± 0.65 5.7 ± 0.12 0.9 ± 0.01 - 51.2 1497 

    TQ40 16.1 ± 0.34 3.5 ± 0.07 0.9 ± 0.01 - 25.2 1497 

   0 -      N. A.e     N. A.e -   

    TX      N. A.e     N. A.e -   

    TQ20 13.5 ± 0.27 2.9 ± 0.01 0.9 ± 0.02 - 36.0 1497 

    TQ40 18.3 ± 0.29 4.0 ± 0.01 0.9 ± 0.01 - 33.7 1497 

           

ACP-TMR Outside Live 21 -   1.8 ± 0.04 1.0 ± 0.05 1.0 ± 0.02 - 5.0 497 

   2 TX 4.1 ± 0.05 2.3 ± 0.06 1.0 ± 0.01 - 10.4 497 

           

To be continued 
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Continued (4/6) 

Tag protein-Dye 

Outside/ 

Inside 

the cell 

Live/ 

Fixed 

cells 

O2 

(%) 
ROXS 

Photobleaching 

lifetime 

  (s)a 

Relative 

prolongation 

(fold)a 

Relative 

intensity 

(fold)b 

Precision  

(nm) 

N 

(x104) 
nd 

ACP-DY547 Outside Live 21 -   1.5 ± 0.01 1.0 ± 0.04 1.0 ± 0.01 30.0 4.4 597 

    TX   1.1 ± 0.01 0.7 ± 0.04 1.1 ± 0.01 - 1.7 597 

    TQ20 1.3 ± 0.04 0.9 ± 0.05 1.2 ± 0.01 - 2.1 597 

    TQ40   1.5 ± 0.03 1.0 ± 0.04 1.2 ± 0.01 - 3.9 597 

   2 -   1.8 ± 0.04 1.2 ± 0.04 1.1 ± 0.01 - 5.2 597 

    TX   3.2 ± 0.01 2.1 ± 0.06 1.3 ± 0.01 - 3.2 597 

    TQ20   1.8 ± 0.01 1.2 ± 0.05 1.1 ± 0.01 - 3.4 597 

    TQ40 2.2 ± 0.01 1.5 ± 0.05 1.1 ± 0.01 - 2.4 597 

   0 -      N. A.e     N. A.e -   

    TX      N. A.e     N. A.e -   

    TQ20      N. A.e     N. A.e -   

    TQ40      N. A.e     N. A.e -   

           

ACP-AT594 Outside Live 21 -   9.2 ± 0.01 1.0 ± 0.01 1.0 ± 0.02 26.1 14.0 1497 

    TX   7.7 ± 0.17 0.8 ± 0.02 0.8 ± 0.01 - 13.4 1497 

    TQ20 12.8 ± 0.16 1.4 ± 0.02 1.2 ± 0.01 - 32.5 1497 

    TQ40   6.7 ± 0.25 0.7 ± 0.03 1.2 ± 0.02 - 12.5 1497 

   10 -   8.4 ± 0.17 0.9 ± 0.02 1.1 ± 0.01 - 7.1 1497 

    TX   8.8 ± 0.23 1.0 ± 0.03 1.0 ± 0.01 - 14.0 1497 

    TQ20   8.8 ± 0.38 1.0 ± 0.04 1.1 ± 0.02 - 27.7 1497 

    TQ40 19.0 ± 0.31 2.1 ± 0.03 1.0 ± 0.01 - 35.5 1497 

   5 -   7.7 ± 0.09 0.8 ± 0.01 1.0 ± 0.01 - 18.6 1497 

    TX   7.9 ± 0.05 0.9 ± 0.01 0.9 ± 0.02 - 9.4 1497 

    TQ20 13.7 ± 0.08 1.5 ± 0.02 1.0 ± 0.01 - 31.2 1497 

    TQ40 15.8 ± 0.17 1.7 ± 0.01 1.1 ± 0.01 - 44.0 1497 

   2 -   6.7 ± 0.06 0.7 ± 0.01 0.9 ± 0.02 - 11.9 1497 

    TX   6.1 ± 0.11 0.7 ± 0.01 0.8 ± 0.01 - 18.2 1497 

    TQ20 14.9 ± 0.39 1.6 ± 0.04 1.2 ± 0.02 - 17.6 1497 

    TQ40 25.3 ± 0.25 2.8 ± 0.03 1.2 ± 0.02 - 53.8 1497 

   0 -      N. A.e     N. A.e -   

    TX      N. A.e     N. A.e -   

    TQ20 18.6 ± 0.20 2.0 ± 0.02 1.0 ± 0.01 -   

    TQ40 20.8 ± 0.30 2.3 ± 0.03 1.0 ± 0.01 -   

           

Halo-AT594 Outside Live 21 -   8.6 ± 0.21 1.0 ± 0.03 1.0 ± 0.01 - 37 1497 

   2 TQ40  24.8 ± 0.46 2.9 ± 0.09 1.2 ± 0.02 - 64 1497 

           

To be continued 
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 Continued (5/6) 

Tag protein-Dye 

Outside/ 

Inside 

the cell 

Live/ 

Fixed 

cells 

O2 

(%) 
ROXS 

Photobleaching 

lifetime 

  (s)a 

Relative 

prolongation 

(fold)a 

Relative 

intensity 

(fold)b 

Precision  

(nm) 

N 

(x104) 
nd 

ACP-DY647 Outside Live 21 - 1.9 ± 0.02 1.0 ± 0.02 1.0 ± 0.01 30.0 4.5 597 

    TX 0.7 ± 0.03 0.4 ± 0.02 1.1 ± 0.01 - 1.1 597 

    TQ20 1.1 ± 0.01 0.6 ± 0.01 1.1 ± 0.02 - 1.9 597 

    TQ40 1.2 ± 0.03 0.6 ± 0.02 1.1 ± 0.01 - 1.3 597 

   2 - 1.8 ± 0.03 1.0 ± 0.02 1.0 ± 0.02 - 2.8 597 

    TX 2.2 ± 0.03 1.2 ± 0.02 1.1 ± 0.02 - 5.6 597 

    TQ20 7.0 ± 0.17 3.8 ± 0.11 1.1 ± 0.02 - 14.2 597 

    TQ40 6.6 ± 0.23 3.6 ± 0.13 1.2 ± 0.02 - 10.3 597 

   0 -      N. A.e     N. A.e -   

    TX      N. A.e     N. A.e -   

    TQ20 31.7 ± 0.46 17.1 ± 0.34 0.9 ± 0.01 -  1497 

    TQ40 33.6 ± 0.40 18.1 ± 0.32 0.7 ± 0.02 - 64.9 1497 

         52.9  

ACP-AT647N Outside Live 21 - 9.5 ± 0.17 1.0 ± 0.03 1.0 ± 0.02 30.1 22.1 1497 

    TX 6.7 ± 0.05 0.7 ± 0.01 1.0 ± 0.01 - 19.6 1497 

    TQ20 8.8 ± 0.21 0.9 ± 0.03 1.0 ± 0.01 - 20.3 1497 

    TQ40 8.9 ± 0.07 0.9 ± 0.02 1.1 ± 0.02 - 11.0 1497 

   2 - 10.8 ± 0.16 1.1 ± 0.03 1.0 ± 0.01 - 26.3 1497 

    TX   5.8 ± 0.04 0.6 ± 0.01 0.8 ± 0.01 - 15.1 1497 

    TQ20 51.5 ± 1.37 5.4 ± 0.17 1.3 ± 0.01 - 73.1 2997 

    TQ40 27.3 ± 0.90 2.9 ± 0.11 1.2 ± 0.01 - 41.7 2997 

   0 -      N. A.e     N. A.e -   

    TX      N. A.e     N. A.e -   

    TQ20 35.1 ± 0.89 3.7 ± 0.11 1.3 ± 0.04 - 76.8 2997 

    TQ40 13.8 ± 0.28 1.5 ± 0.04 1.1 ± 0.01 - 31.9 2997 

           

ACP-ST647 Outside Live 21 - 16.2 ± 0.06 1.0 ± 0.01 1.0 ± 0.02 23.0 25.2 5997 

    TX 26.0 ± 0.03 1.6 ± 0.01 1.0 ± 0.01 - 34.4 5997 

    TQ20 39.6 ± 0.69 2.4 ± 0.04 1.1 ± 0.03 - 29.5 5997 

    TQ40 41.7 ± 0.62 2.6 ± 0.04 1.0 ± 0.01 - 52.3 5997 

   2 - 23.4 ± 0.09 1.4 ± 0.01 1.1 ± 0.02 - 56.1 5997 

    TX 61.1 ± 1.01 3.8 ± 0.06 1.0 ± 0.02 - 63.1 5997 

    TQ20 105.8 ± 0.78 6.5 ± 0.05 1.4 ± 0.01 21.5 269.8 5997 

    TQ40 72.1 ± 0.70 4.5 ± 0.05 1.2 ± 0.01 - 139.4 5997 

   0 -      N. A.e     N. A.e -   

    TX      N. A.e     N. A.e -   

    TQ20 33.5 ± 0.12 2.1 ± 0.01 1.3 ± 0.01 - 74.6 5997 

    TQ40 38.5 ± 0.18 2.4 ± 0.01 1.1 ± 0.01 - 56.8 5997 

           

To be continued 
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Continued (6/6) 

Tag protein-Dye 

Outside/ 

Inside 

the cell 

Live/ 

Fixed 

cells 

O2 

(%) 
ROXS 

Photobleaching 

lifetime 

  (s)a 

Relative 

prolongation 

(fold)a 

Relative 

intensity 

(fold)b 

Precision  

(nm) 

N 

(x104) 
nd 

Halo-ST647 Outside Live 21 - 17.8 ± 0.09 1.0 ± 0.01 1.0 ± 0.01 - 25.4 5997 

   2 TQ20 107.1 ± 0.59 6.0 ± 0.05 1.3 ± 0.02 - 178.3 5997 

           

ACP-ST647 Outside Fixed 21 - 15.5 ± 0.11 1.0 ± 0.01 1.0 ± 0.01 23.0 33.6 5997 

   21 TQ20 42.1 ± 0.66 2.7 ± 0.05 1.1 ± 0.01 - 106.8 5997 

   2 TQ20  99.0 ± 1.57 6.4 ± 0.11 1.4 ± 0.01 21.5 120.8 5997 

   0 TQ20 47.2 ± 1.30 3.0 ± 0.09 1.3 ± 0.02 - 91.7 5997 

           

Halo-TMR-TX Outside Live 21 - 4.0 ± 0.08 1.0 ± 0.01 0.9 ± 0.01 26.5 4.9 997 

   10 - 4.4 ± 0.11 1.1 ± 0.02 0.9 ± 0.01 - 10.1 997 

   5 - 3.5 ± 0.05 0.9 ± 0.01 0.9 ± 0.01 - 5.6 997 

   2 - 3.4 ± 0.05 0.8 ± 0.01 0.9 ± 0.01 27.3 3.9 997 

   0 - 6.5 ± 0.10 1.6 ± 0.02 0.8 ± 0.01 28.4 17.3 997 

           

ACP-AT594-TX Outside Live 21 - 13.1 ± 0.07 1.0 ± 0.01 0.9 ± 0.01 27.4 28.1 1497 

   10 - 13.8 ± 0.21 1.0 ± 0.02 0.8 ± 0.01 - 19.1 1497 

   5 - 18.8 ± 0.18 1.4 ± 0.02 0.8 ± 0.01 - 42.1 1497 

   2 - 39.3 ± 0.70 3.0 ± 0.06 0.7 ± 0.01 28.7 25.4 1497 

   0 - 30.4 ± 0.57 2.3 ± 0.04 0.9 ± 0.01 - 50.1 1497 

           

Halo-Cy3-TX Outside Live 21 - 1.7 ± 0.02 1.0 ± 0.02 1.0 ± 0.01 22.2 3.1 997 

   10 - 2.6 ± 0.06 1.5 ± 0.04 1.0 ± 0.01 - 3.4 997 

   5 - 2.7 ± 0.05 1.6 ± 0.04 1.1 ± 0.01 - 6.9 997 

   2 - 4.1 ± 0.08 2.4 ± 0.06 0.9 ± 0.01 23.8 11.4 997 

   0 - 3.0 ± 0.02 1.7 ± 0.03 0.9 ± 0.01 - 3.1 997 

           

Halo-Cy5-TX Outside Live 21 - 0.7 ± 0.01 1.0 ± 0.01 1.0 ± 0.02 25.1 0.8 5997 

   10 - 2.5 ± 0.07 3.6 ± 0.11 1.0 ± 0.01 - 3.8 5997 

   5 - 17.2 ± 0.52 25.4 ± 0.78 0.9 ± 0.01 - 28 5997 

   2 - 40.3 ± 0.44 59.5 ± 0.69 0.9 ± 0.01 26.3 101.6 5997 

   0 - 42.8 ± 0.36 63.2 ± 0.59 0.9 ± 0.01 26.7 68.5 5997 

           
 

aThe photobleaching lifetime (exponential decay time constant [= mean] ± the standard 

error) obtained by counting the number of fluorescent spots in each frame followed by the 

fitting with a single exponential function (see Online Methods). 
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bThe fluorescence intensities (the mode values ± the standard errors) obtained by the 

log-normal curve fitting (see Supplementary Fig. 6b and its caption for the detailed 

method). 
cThe total numbers of fluorescent spots detected in all video frames in six independent 

movies. 
dThe degree of freedom for curve fitting ([the number of bins] – [the number of free 

parameters for fitting]). 
dNot analyzed due to extensive blinking (“ON” times mostly less than 66 ms; see Online 

Methods). 
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Supplementary Table 2 | Summary of TALL lifetimes (t1=1/kM,1, t2=1/kM,2, and t3=1/kM,3 

with a 1/kB of 83.5 s), time fractions against the total TALL period, and total numbers of cells 
and TALL events examined. The cover glasses used for culturing/observing cells were 
coated with fibronectin except for the specimens shown as “+ VN” (vitronectin coating). 

a. Inside FA       
 TALL lifetime (s) (time fraction [%])a # of 

observed 
cells 

 

# of 
observed 

TALLs 

# of 
shorter 
TALLs 

# of 
longer 
TALLs 

nb 
 t1 t2 t3 
Itg β1 (WT) 0.51 ± 0.0130 (06) 4.3 ± 0.460 (12) 43.0 ± 05.1 (82) 22 1155  785 370 294 

Itg β1 (WT) + Mn2+ 0.79 ± 0.0210 (08) 5.2 ± 0.820 (16) 40.0 ± 06.4 (76) 21 1250  918 332 294 

Itg β1 (D130A) 0.65 ± 0.0060 (27) 5.7 ± 0.150 (73) 00.0 − 00.0 (00) 25 1192 1025 169 296 

Itg β1 (Y783A/Y795A) 0.48 ± 0.0800 (33) 4.7 ± 0.210 (67) 00.0 − 00.0 (00) 30  587  521  66 296 

Itg β1 (D130AY783A/Y795A) 0.24 ± 0.0120 (81) 1.3 ± 0.073 (19) 00.0 − 00.0 (00) 25  452  430  22 296 

Itg β1 (WT) +  2 μM Y27632 0.40 ± 0.0190 (08) 2.3 ± 0.160 (15) 19.0 ± 02.0 (77) 28 1145  865 280 294 

Itg β1 (WT) + 10 μM Y27632 0.52 ± 0.0070 (25) 4.3 ± 0.100 (75) 00.0 − 00.0 (00) 26 1437 1245 192 296 

Itg β1 (WT) + VN 0.38 ± 0.0150 (19) 6.0 ± 0.330 (81) 00.0 − 00.0 (00) 33  606  488  118 296 

Itg β3 (WT) 0.66 ± 0.0160 (02) 9.4 ± 1.500 (13) 79.0 ± 10.0 (85) 33 1376  909 467 294 

Itg β3 (WT) + Mn2+ 0.61 ± 0.0220 (02) 6.2 ± 1.700 (04) 87.0 ± 10.0 (94) 47 921  529 309 294 

Itg β3 (N305T) 0.66 ± 0.1600 (06) 8.4 ± 1.100 (11) 99.0 ± 11.1 (88) 39 1093  724 369 294 

Itg β3 (WT) +  2 μM Y27632 0.67 ± 0.0150 (06) 7.7 ± 1.50.0 (16) 67.0 ± 12.0 (78) 45 1052  831 221 294 

Itg β3 (WT) + 10 μM Y27632 0.46 ± 0.0100 (17) 6.7 ± 0.260 (83) 00.0 − 00.0 (00) 39  998  880 118 296 

Itg β3 (WT) + VN 0.68 ± 0.0098 (08) 6.3 ± 1.100 (11) 50.0 ± 06.7 (81) 41 1415  1154 261 294 

         

b. Outside FA         

 TALL lifetime (s) (time fraction [%])a # of 
observed 

cells 

# of 
observed 

TALLs 

# of 
shorter 
TALLs 

# of 
longer 
TALLs 

nb 
 t1 t2 t3 

Itg β1 (WT) 0.35 ± 0.0051 (26) 2.0 ± 0.095 (16) 20.0 ± 2.30 (58) 22 4595 N.D.c N.D. 294 

Itg β1 (WT) + Mn2+ 0.36 ± 0.0066 (23) 1.6 ± 0.060 (17) 15.0 ± 1.00 (60) 21 3986 N.D. N.D. 294 

Itg β1 (D130A) 0.38 ± 0.0041 (45) 2.4 ± 0.039 (55) 00.0 − 00.0 (00) 25 4115 N.D. N.D. 296 

Itg β1 (Y783A/Y795A) 0.33 ± 0.0026 (51) 2.6 ± 0.033 (49) 00.0 − 00.0 (00) 30 2831 N.D. N.D. 296 

Itg β1 (D130AY783A/Y795A) 0.40 ± 0.0030 (61) 3.0 ± 0.087 (39) 00.0 − 00.0 (00) 25 1815 N.D. N.D. 296 

Itg β1 (WT) +  2 μM Y27632 0.36 ± 0.0066 (26) 1.3 ± 0.040 (23) 08.0 ± 0.39 (51) 28 5451 N.D. N.D. 294 

Itg β1 (WT) + 10 μM Y27632 0.48 ± 0.0035 (46) 2.8 ± 0.050 (54) 00.0 − 00.0 (00) 26 5267 N.D. N.D. 296 

Itg β1 (WT) + VN 0.47 ± 0.0080 (34) 4.3 ± 0.180 (49) 00.0 − 00.0 (00) 33 2260 N.D. N.D. 296 

Itg β3 (WT) 0.76 ± 0.015 (10) 3.4 ± 0.590 (08) 21.0 ± 1.90 (82) 33 2656 N.D. N.D. 294 

Itg β3 (WT) + Mn2+ 0.43 ± 0.010 (06) 2.6 ± 0.110 (09) 61.0 ± 4.20 (85) 47 2471 N.D. N.D. 294 

Itg β3 (N305T) 0.35 ± 0.0074 (09) 2.1 ± 0.100 (07) 31.0 ± 2.00 (84) 39 2548 N.D. N.D. 294 

Itg β3 (WT) +  2 μM Y27632 0.47 ± 0.0060 (18) 2.3 ± 0.130 (13) 20.0 ± 1.60 (69) 45 3505 N.D. N.D. 294 

Itg β3 (WT) + 10 μM Y27632 0.35 ± 0.0053 (23) 1.8 ± 0.061 (19) 14.0 ± 0.91 (58) 39 4072 N.D. N.D. 294 

Itg β3 (WT) + VN 0.55 ± 0.0049 (23) 3.6 ± 0.340 (17) 21.0 ± 3.70 (66) 41 2194 N.D. N.D. 294 
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aExponential decay time constant (= mean ± the standard error). 
bThe degree of freedom for curve fitting ([the number of bins] – [the number of free 

parameters for fitting]). 
cN.D. : Not determined. 
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Supplementary Table 3 | Summary of Akaike’s and Baysian information criteria (AIC and 
BIC, respectively) for the fitting of TALL lifetimes (Supplementary Table 2), using a sum 
of 1, 2, 3, and 4 exponential functions (single, double, triple, and quadruple expo.). For n, 
see Supplementary Table 2.  

  

a. Inside FA  
 Information criteria (AIC, BIC) 
 single expo. double expo. triple expo. quadruple expo. 
Itg β1 (WT) 128 139 –374 –356 –448 –415 –415 –448 

Itg β1 (WT) + Mn2+ 165 176 –421 –402 –534 –501 –511 –485 

Itg β1 (D130A) –54 –43 –1018 –989 –1005 –972 –999 –973 

Itg β1 (Y783A/Y795A) –49 –38 –671 –633 –644 –618 –644 –617 

Itg β1 (D130AY783A/Y795A) –523 –511 –1020 –998 –943 –971 –379 –346 

Itg β1 (WT) +  2 μM Y27632 208 220 –411 –392 –611 –585 –607 –574 

Itg β1 (WT) + 10 μM Y27632 50 61 –846 –828 –924 –898 –919 –886 

Itg β1 (WT) + VN –307 –318 –185 –167 –194 –162 –181 –155 

Itg β3 (WT) 453 464 –211 –192 –265 –239 –261 –228 

Itg β3 (WT) + Mn2+ 344 355 –90 –71 –121 –95 –152 –119 

Itg β3 (N305T) 395 407 –217 –199 –291 –265 –303 –271 

Itg β3 (WT) +  2 μM Y27632 126 137 –335 –317 –356 –330 –411 –378 

Itg β3 (WT) + 10 μM Y27632 222 233 –621 –599 –607 –581 –603 –570 

Itg β3 (WT) + VN –27 –16 –606 –588 –650 –624 –650 –617 

         

b. Outside FA         
 Information criteria (AIC, BIC) 
 single expo. double expo. triple expo. quadruple expo. 
Itg β1 (WT) –246 –236 –1004 –985 –1228 –1202 –1223 –1190 

Itg β1 (WT) + Mn2+ –196 –185 –964 –945 –1377 –1344 –1314 –1288 

Itg β1 (D130A) –187 –176 –1321 –1299 –1295 –1262 –1268 –1242 

Itg β1 (Y783A/Y795A) –173 –161 –1445 –1421 –1436 –1409 –1431 –1398 

Itg β1 (D130AY783A/Y795A) –472 –460 –1335 –1316 –1312 –1286 –1291 –1258 

Itg β1 (WT) +  2 μM Y27632 –193 –182 –1122 –1103 –1610 –1584 –1675 –1642 

Itg β1 (WT) + 10 μM Y27632 –292 –281 –1362 –1344 –1543 –1510 –1533 –1507 

Itg β1 (WT) + VN –72 –60 –675 –656 –886 –860 –882 –849 

Itg β3 (WT) 66 77 –758 –740 –837 –812 –833 –800 

Itg β3 (WT) + Mn2+ 19 31 –553 –535 –864 –838 –859 –826 

Itg β3 (N305T) 24 35 –605 –586 –1025 –991 –1007 –974 

Itg β3 (WT) +  2 μM Y27632 –187 –176 –972 –954 –1350 –1317 –1229 –1203 

Itg β3 (WT) + 10 μM Y27632 –136 –125 –987 –968 –1382 –1349 –1363 –1337 

Itg β3 (WT) + VN –305 –294 –1094 –1076 –1192 –1166 –1187 –1154 
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Supplementary Table 4 | Summary of % time fractions (against the sum of the 

observation periods for all of the molecules, Ttotal; Mean ± SEM. For n, see Supplementary 

Table 2). The cover glasses used for culturing/observing cells were coated with fibronectin 

except for the specimens shown as “+ VN” (vitronectin coating).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a. Inside FA     
 fExpAATI (%)a fAATI (%)b fMLI (%)c True TALL (%)d 

Itg β1 (WT) 09.60 ± 1.7 08.60000 ± 2.8 0.99 ± 03.30 78 ± 04.9 

Itg β1 (WT) + Mn2+ 10.80 ± 1.7 08.30000 ± 3.9 2.60 ± 04.30 89 ± 02.6 

Itg β1 (D130A) 01.50 ± 1.9 00.14000 ± 0.022 1.40 ± 01.90 39 ± 05.9 

Itg β1 (Y783A/Y795A) 00.53 ± 2.0 00.07700 ± 0.017 0.45 ± 02.00 32 ± 06.3 

Itg β1 (D130AY783A/Y795A) 01.50 ± 1.5 00.00170 ± 0.00060 1.50 ± 01.40 13 ± 04.6 

Itg β1 (WT) +  2 μM Y27632 00.72 ± 1.6 02.30000 ± 0.43 −1.60 ± 01.60 76 ± 04.9 

Itg β1 (WT) + 10 μM Y27632 02.50 ± 1.2 00.12000 ± 0.0098 2.40 ± 01.20 54 ± 03.8 

Itg β1 (WT) + VN 00.74 ± 3.3 00.25000 ± 0.037 0.500 ± 03.30 56 ± 05.6 

Itg β3 (WT) 20.00 ± 4.0 18.00000 ± 7.6 2.00 ± 08.60 83 ± 09.3 

Itg β3 (WT) + Mn2+ 26.00 ± 1.7 25.00000 ± 9.3 1.10 ± 09.40 95 ± 100 

Itg β3 (N305T) 26.00 ± 2.3 27.00000 ± 11.000 -1.200 ± 12.00 95 ± 130 

Itg β3 (WT) +  2 μM Y27632 12.00 ± 4.3 13.00000 ± 9.5 −0.72 ± 10.40 75 ± 110 

Itg β3 (WT) + 10 μM Y27632 01.10 ± 1.5 00.32000 ± 0.036 0.74 ± 01.50 58 ± 04.9 

Itg β3 (WT) + VN 15.00 ± 1.8 11.00000 ± 4.4 3.40  ± 04.70 88 ± 06.6 

     

b. Outside FA     

 fExpAATI (%)a fAATI (%)b fMLI (%)c True TALL (%)d 

Itg β1 (WT) 03.20 ± 1.4 1.4000 ± 0.34 1.80 ± 01.40 51 ± 4.4 
Itg β1 (WT) + Mn2+ 02.00 ± 1.1 1.2000 ± 0.16 0.87 ± 01.10 64 ± 3.3 

Itg β1 (D130A) 00.86 ± 1.3 0.0130 ± 0.0025 0.85 ± 01.30 21 ± 4.0 

Itg β1 (Y783A/Y795A) 00.36 ± 1.5 0.0180 ± 0.0034 0.34 ± 01.50 25 ± 4.7 

Itg β1 (D130AY783A/Y795A) 01.20 ± 1.0 0.0091 ± 0.0025 1.20 ± 01.00 13 ± 3.3 

Itg β1 (WT) +  2 μM Y27632 00.99 ± 0.94 0.2700 ± 0.024 0.72 ± 00.90 51 ± 3.0 

Itg β1 (WT) + 10 μM Y27632 00.81 ± 1.3 0.0330 ± 0.0034 0.77 ± 01.30 42 ± 4.1 

Itg β1 (WT) + VN 03.00 ± 0.94 0.0610 ± 0.0071 3.00 ± 01.30 30 ± 2.4 

Itg β3 (WT) 04.00 ± 1.3 1.5000 ± 0.27 2.50 ± 01.30 40 ± 4.1 

Itg β3 (WT) + Mn2+ 015.0 ± 0.98    13.0000 ± 2.600 1.90 ± 02.80 76 ± 3.4 

Itg β3 (N305T) 07.20 ± 0.49 4.1000 ± 0.490 3.10 ± 00.70 56 ± 3.1 

Itg β3 (WT) +  2 μM Y27632 01.50 ± 1.1 1.2000 ± 0.20 0.34 ± 01.10 40 ± 3.5 

Itg β3 (WT) + 10 μM Y27632 02.20 ± 1.4 0.5300 ± 0.096 1.60 ± 01.40 34 ± 4.5 

Itg β3 (WT) + VN 03.00 ± 1.3 0.0610 ± 0.0071 3.00 ± 01.30 38 ± 3.2 



-12- 
 

 
aTime fractions of molecules (in %) that were experimentally and directly determined to be 

immobile at time 0 and photobleached before starting motion (% Time fraction of 

experimentally-observed apparent all-time immobile periods). See Eq. 39 in 

Supplementary Note 1. 
bTime fractions (in %) in which the observed molecules are expected to exhibit the AATI 

behavior (fAATI) in the absence of “alternative molecules” undergoing immobilization for 

periods much longer than Trec (Eq. 44 in Supplementary Note 1), i.e., the time fraction 

calculated using the parameters determined by GTALL(δ) (Eq. 29 in Supplementary Note 

1).  
cfExpATI - fAATI, representing the time fraction (in %) of “alternative molecules” exhibiting 

Much Longer Immobilization (molecules that are immobilized for periods much longer than 

Trec). See Eq. 39 in Supplementary Note 1. Note that this time fraction is much less than 

the immobile time fraction previously determined by FRAP54-56, which was 55~67% in the 

time scale between 20-200 s. Since the longest t3 TALLs found here were 43 s (~15% time 

fraction) for integrin β1 and 79 s (~30% time fraction) for integrin β3 (Supplementary 

Figs. 23 and 24), they might have been counted as immobile fractions in FRAP 

observations. In addition, since three types of immobilization durations existed, the FRAP 

evaluation of immobile components might have been quite difficult. 
dThe time fraction of “True TALL” periods (against Ttotal), calculated as 100 – %Mobile – 

fMLII. 
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 Supplementary Table 5 | Summary of P values (two-sided Mann-Whitney U test) for 

the cell area (n = 20 cells) shown in Supplementary Fig. 14.  

  
 aN.D. : Not determined because no data were obtained. 

 

  

Integrin 
expression 

ROXS 
conditions 

Time after plating (min) 

15 30 60 90 
None Control - - - - 

 2%O2 0.95 0.56 0.12 0.97 

 2%O2+TX 0.93 0.30 0.22 0.13 

 2%O2+TQ20 0.70 0.66 0.29 0.36 

 2%O2+TQ40 0.78 0.24 0.60 0.84 

 0%O2 1.6 x 10-4 6.7 x 10-4 6.0 x 10-4 0.028 

Itgβ1 Control - - - - 

 2%O2 0.14 0.19 0.31 0.54 

 2%O2+TX 0.93 0.71 0.12 0.70 

 2%O2+TQ20 0.73 0.97 0.086 0.56 

 2%O2+TQ40 0.056 0.64 0.82 0.86 

 0%O2 3.3 x 10-4 1.0 x 10-4 1.0 x 10-6 4.1 x 10-6 

ACP-Itgβ1 Control 0.76 0.41 0.053 0.068 

 2%O2 0.90 0.51 0.22 0.12 

 2%O2+TX 0.064 0.44 0.95 0.81 

 2%O2+TQ20 0.37 0.25 0.84 0.80 

 2%O2+TQ40 0.80 0.68 0.46 0.98 

ACP-Itgβ1(D130A) Control N.D.a 3.3 x 10-7 3.9 x 10-8 1.0 x 10-4 

ACP-Itgβ1(Y783A/Y795A) Control N.D.a 5.2 x 10-7 3.9 x 10-8 6.6 x 10-7 

ACP-Itgβ1(D130A/Y783A/Y795A) Control N.D.a 1.1 x 10-8 6.8 x 10-10 6.9 x 10-8 
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Supplementary Figures 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure 1 | The effects of molecular oxygen and ROXS on the 
probabilities of transitions among various energy states of fluorescent molecules, 
schematically shown based on a Jablonski diagram. 
 

Vibration-induced sublevels are omitted for clarity. The triplet state T1 is considered 
to be most relevant to photobleaching. Fluorophores in the T1 state often react with other 
compounds such as molecular oxygen to form non-fluorescent compounds, due to its higher 
energy and longer lifetime. This is the major cause of photobleaching.  

During the continuous excitation of a fluorophore, it undergoes the 
excitation-deexcitation cycle, moving back and forth between the ground state S0 and the 
excited singlet state S1, and thus a single fluorescent molecule becomes observable because 
it emits many fluorescent photons during the integration time of the detector. 

However, a fluorescent molecule in the excited state S1 sometimes (with certain 
probabilities) transitions to the T1 state and then to the ion states, F*- and F*+57-59. Since the 
lifetimes of these states are longer than that of S1, often by a factor of a million or more, 
once a fluorescent molecule enters these states, it cannot be excited for long periods of time 
(and thus cannot emit any photons) until it relaxes to the ground state S0. Therefore, these 
states are called dark states. When the fluorescent molecule finally returns back to the 
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ground state S0, it can be excited again and resume the excitation-emission cycle. Namely, 
when a fluorescent dye molecule cycles between bright and dark periods, it blinks, and this 
phenomenon is called photoblinking60-62. 

In ROXS, both reducing and oxidizing reagents are included in the specimen, and the 
molecules in the T1 state react with either the reducing or oxidizing reagent to transition to 
the ion states (F*- or F*+, respectively) and then are further oxidized or reduced, 
respectively, by the added reagent to return to the ground state S0. In the ROXS 
experiments, there was generally no dissolved molecular oxygen present in the specimen9. 

In its ground state, molecular oxygen is in the triplet spin state. Therefore, it 
undergoes spin exchange reactions with the dye molecules in the T1 state, bringing the dye 
molecules back to the ground state S0 directly or indirectly by way of the excited singlet 
state S1, but the reactive singlet molecular oxygen produced by the exchange reaction might 
in turn react with the dye molecule, inducing photobleaching of the dye molecule. Thus, the 
presence of molecular oxygen in the specimen could induce photobleaching of the dye 
molecule, but at the same time could reduce photobleaching by reducing the lifetime of T1. 
Furthermore, molecular oxygen could participate in the oxidizing reactions of the dye 
(working as an oxidizing reagent in a ROX system). Therefore, if a good compromise of the 
dual functions of molecular oxygen (inducing and reducing photobleaching) by varying its 
concentrations (used together with the separately added ROXS), it would be desirable. 
Furthermore, for the research using living cells, because the cell, for its proper function, 
requires environmental molecular oxygen concentrations in the range between 1 and 
13%18-20 (for cells in culture, 2% is better than 21%12), molecular oxygen should be present 
in the medium for fluorescence observations. Therefore, we set out to find the dyes and the 
observation conditions (ROXS + proper oxygen concentrations) that can allow us to observe 
fluorescence molecules in living cells as long as possible.  
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Supplementary Figure 2| Schematic diagram showing the equilibrium of mobile 
(non-bleached), immobile (TALL; non-bleached), and bleached (mobile and TALL) states, 
with the kinetic rate constants for the transitions between these states. The final objective is 
to develop a theory to evaluate kM (and kI) from the results obtained by single 
fluorescent-molecule imaging.  
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Supplementary Figure 3 | The set up to control the dissolved oxygen concentrations in 
the cell culture medium in the glass-base dish (the cells were cultured on the cover-glass 
bottom of this dish) placed on the microscope stage in the gas-environment chamber (a), 
and the time course of the decrease of the dissolved O2 concentration in the cell culture 
medium when the injected gas mixture was changed from normal air to an air-nitrogen 
mixture (b). 0% O2 (below the sensor’s detection limit of 0.05% O2) was achieved 
enzymatically, using the GLOX buffer. 
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(a) Schematic figure showing the set up to control the gas-environment and the 
temperature of cells cultured in the glass-base dish during the microscope observations. In 
a home-built microscope environment chamber made of thermo- and 
electric-field-insulating plastic, which covers the entire microscope except for the excitation 
arm and the detection arms, and contains three heating circulators, an additional smaller 
chamber was placed on the microscope stage, for further stabilization of the specimen 
temperature and for varying the partial pressure of molecular oxygen in the gas surrounding 
the specimen. The bottom plane of the chamber has a hole in which a glass-base dish can 
be placed snugly, so air escapes from there only slowly. On the lid of this chamber, two 
small holes allow access for the tubing for injecting the humidified gas mixture and for 
placing the micro-electrode for monitoring the dissolved oxygen concentrations. The N2 gas 
and air (79% N2 + 21% O2) were supplied from each tank and mixed with a multi gas mixer 
with flow meters. The gas mixture was humidified by passage through a bottle filled with 
ultrapure water, and then continuously supplied onto the surface of the solution covering 
the cells attached to the glass-base dish, at a flow-rate of 200 ml/min. 
(b) Time courses of the decrease of dissolved O2 concentration in the cell culture medium 
when the injected gas mixture was changed from normal air to an air-nitrogen mixture at 
time 0. To reach 0% O2; i.e., below the sensor’s detection limit of 0.05% O2, an enzymatic 
method was employed using the GLOX buffer. For the details of the method, see Online 

Methods. 
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Supplementary Figure 4 | Troloxquinone preparation from trolox by UV irradiation. 
 
(a) Troloxquinone was generated from trolox by UV (lmax~302 nm)-induced oxidation. 
(b) Time-dependent changes of the absorption spectrum of the trolox solution (lmax~290 
nm) induced by UV irradiation, showing the formation of troloxquinone (lmax~270 nm), with 
an isosbestic point of ~285 nm. The optical density (O.D.) refers to that of the UV-irradiated 
solution before dilution for the absorption measurement (among 10 independent 
experiments.). Absorption at 255 nm was used for determining the concentrations of trolox 
and troloxquinone11. No difference was found between the spectra obtained at 18 and 21 
min. The total amount of TX and TQ was 1 mM. Representative spectra among 10 totally 
independent experiments. 
(c) The time-dependent increase of the troloxquinone fraction (vs. trolox + troloxquinone, 
mean ± SEM values, n = 10 independent experiments) after UV irradiation, reaching 
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quasi-photoequilibrium at ~60% troloxquinone (vs. 40% trolox) after 20 min UV irradiation 
under the conditions employed here. For details, see Online Methods.   
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Supplementary Figure 5 | Schematic figure showing the selection of the PM area for 
counting the number of fluorescent spots to evaluate the photobleaching rate, without the 
influence of fluorescent molecules diffusing into the counting area from the PM domains 
where the exciting laser intensity was lower or nearly none (mostly from the apical PM).  
 

Schematic drawing of the TIRF illuminated spot on the focal plane at the basal PM of 
T24 cells used in this study (HWHM~ 47 µm; the field stop limited the illumination area to a 
circular area with a 59 µm radius). The typical basal PM area of T24 cells (40~60% 
confluency; see blue hand-drawn curves) was a circle with a ~30 µm radius (inscribed 
dashed circle). The laser power was reduced gradually over the cell, and near the cell 
peripheries, which were ~30 µm away from the cell center (the center of the laser spot was 
placed near the cell center), the laser intensity was decreased to 75% of that at the center 
of the illuminated area.  

To evaluate the photobleaching rates by counting the number of fluorescent spots in 
each image in an image sequence, the measurements must be made in an area where the 
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influx of fluorescently-labeled CD47 molecules into the illumination area from the outside by 
diffusion is negligible and the laser illumination was rather uniform.  

As shown in the figure, in the case of T24 cells, since almost the entire basal PM was 
illuminated at the intensity close to the center of the spot (>75%), the major problem for 
evaluating photobleaching by counting the spot numbers was caused by the influx of 
fluorescently-labeled CD47 molecules, diffusing into the counting area from the apical PM. 
Since the effective macroscopic diffusion coefficient of CD47 was 0.25 ± 0.14 µm2/s (mean 
± SD), CD47 can diffuse within areas with radii of ~10 and 20 µm during 50 and 200 s, 
respectively (using mean diffusion coefficient + SD x2, ~95.5% of CD47 molecules). 
Therefore, the area used for counting fluorescent CD47 spots was limited to a small square 
region of 17.5 x 17.5 µm (half the diagonal length = 12.4 µm, which is smaller than 20 µm 
[the cell radius of 30 µm minus 10 µm of the CD47 diffusion radius during 50 s]) for 50-s 
observations or 10.0 x 10.0 µm (half the diagonal length = 7.1 µm, which is smaller than 10 
µm [the cell radius of 30 µm minus 20 µm of the CD47 diffusion radius during 200 s]) for 
200-s observations in the center of the laser-illuminated area. 

With regard to the uniformity of laser illumination, in these square areas for counting 
the number of fluorescent spots, the laser intensity was likely reduced from the laser center 
by only 4.8% or less. Therefore, the illumination is considered to be rather uniform in the 
area used for counting the number of fluorescent spots. 
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Supplementary Figure 6 | Single-molecule localization precisions and fluorescence 
signal intensities of single TMR and ST647 molecules (located on the outer cell surface) 
were either unchanged or only slightly affected when the observation conditions were 
changed from the control conditions to the optimized low oxygen + ROXS conditions. 
 

(a) The locations (x and y coordinates) of single TMR (top) and ST647 (bottom) molecules 
attached to the glass-base dish in T-HBSS, determined for 128 and 151 molecules (TMR and 
ST647, respectively; after 30 coordinate determinations for each molecule, their mean value 
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was subtracted from each of the 30 determined coordinates). The standard deviations 
determined by best-fit Gaussian functions (black curves for the control specimens; the 
curves for the 2%O2+ROXS specimens were close to the black curves and are not shown 
here) provided the single-molecule localization precision. 
(b) The distributions of the fluorescence signal intensities (after background subtraction for 
individual spots) of TMR bound to Halo-CD47 (top) and ST647 bound to ACP-CD47 
(bottom), located on the outer surface of living cells. Distributions could be fitted by 
log-normal functions63,64, providing the mode values (triangles; the mode is the signal 
intensity value at which the log-normal probability distribution function has its maximal 
value). The intensities were normalized by the mode value determined under control 
conditions. 

(c) The mode values and standard errors of fluorescence intensities obtained by the 

log-normal fitting of TMR (top) and ST647 (bottom) located outside the cell, under 

various %O2 + ROXS conditions. †Unable to determine due to extensive blinking, providing 

trajectories mostly as short as 1-2 frames (33 and 66 ms), which could not be distinguished 

from the noise signal. N.D., not done. For n, see Supplementary Table 1. 
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Supplementary Figure 7 | Summary of photobleaching lifetimes (obtained by counting 

the number of fluorescent spots in each video frame in live cells; exponential decay time 

constant [= mean] ± the standard error) and fluorescence intensities of organic 

fluorophores (the mode values ± the standard errors obtained by log-normal fitting) 

Tsunoyama et al. Supplementary Fig. 7 
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examined in this study, under various dissolved oxygen concentrations and ROXS conditions. 

Also see Supplementary Table 1. For n, see Supplementary Table 1. 

 

(Top row) Blue-excitable dyes: Rhodamine 110 (R110), Alexa488 (AL488), and ATTO488 
(AT488). 
(Middle row) Green-excitable dyes: TMR and DY547. 
(Bottom row) Orange-red-excitable dyes: AT594, DY647, ATTO647, and ST647. 

The top box in each row shows photobleaching lifetimes, whereas the bottom box in each 

row shows fluorescence intensities. For the dependence on tag proteins (Halo and ACP), see 

Supplementary Fig. 9. †Unable to determine due to extensive blinking, providing 

trajectories mostly as short as 1-2 frames (33 and 66 ms), which could not be distinguished 

from the noise signal.  

To examine fluorophores located outside the cell, R110-, AL488-, TMR-, TMR-TX-, Cy3-TX-, 
and Cy5-TX-Halo ligands were conjugated to Halo-CD47, and AT488-, DY547-, AT594-, 
AT594-TX-, DY647-, AT647N-, and ST647-CoA were linked to ACP-CD47. To examine 
fluorophores located in the cytoplasm, R110 and TMR were attached to CD47-Halo. 
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Supplementary Figure 8 | TMR (Halo ligand conjugated with TMR) is a membrane 
permeable dye useful to label the Halo-tag protein inside the cell (CD47-Halo). Its 
photobleaching inside the living cells (in the cytoplasm) can be suppressed by low O2 
concentrations + ROXS, as effectively as that of TMR located outside the cell. 
 

(a) Representative (among six independent experiments) time series of TIRF images of 
TMR bound to CD47-Halo (TMR located inside the cell) in a single cell. 
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(b) The time-dependent decreases of the numbers of fluorescent-spots of TMR inside the 
cell counted in each frame, observed in a single cell. Orange curves represent the best-fit 
single exponential functions. 
(c) The distributions of the fluorescence signal intensities (after background subtraction for 
individual spots) of TMR bound to CD47-Halo located in the cytoplasm of a single living cell. 
Distributions could be fitted by log-normal functions, providing the mode values (triangles). 
The intensities were normalized by the mode value determined under control conditions. 

(d) The photobleaching lifetimes (single-molecule tracking lifetime; exponential decay time 

constant [= mean] ± the standard error) (top) and the fluorescence intensities (the mode 

values ± the standard errors obtained by log-normal fitting) (bottom) of TMR bound to 

CD47-Halo, under various %O2 + ROXS conditions. Photobleaching lifetimes inside the living 

cells were prolonged to about the same extent as those located outside the cells. †Unable to 

determine due to extensive blinking, providing trajectories mostly as short as 1-2 frames (33 

and 66 ms), which could not be distinguished from the noise signal. For n, see 

Supplementary Table 1. 
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Supplementary Figure 9 | Comparison between Halo and ACP tags, in terms of the 
photostabilization effect by 2%O2+ROXS on TMR, AT594, and ST647 bound to these protein 
tags (linked to the N-terminus of CD47, located outside the cell).  
 
Six independent experiments were performed for each dye under a given ROXS condition. 
For each experiment, the photobleaching lifetime (exponential decay time constant, top) 
and the mode of the signal intensity of single spots (obtained by the log-normal fitting; see 
Supplementary Fig. 6b, bottom) were obtained. These values were averaged to obtain 
the mean ± SEM of the six independent experiments. ROXS conditions were those optimized 
for the Halo (for TMR) or ACP (for AT594 and ST647)-tag protein and its fluorescent ligands 
(Fig. 1d).  

The photobleaching lifetime of TMR bound to the Halo-tag protein was significantly 
longer than that bound to the ACP-tag protein under both the control and 2%O2+ROXS 
conditions. Meanwhile, no statistically significant differences were detectable between Halo- 
and ACP-tag proteins for the dyes of AT594 and ST647. Two-sided Welch’s T test: [P for ACP 
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vs. Halo (control), P for ACP vs. Halo (optimized conditions)] = [4.5 x 10-5, 2.6 x 10-5] for 
TMR, [0.33, 0.76] for AT594, and [0.49, 0.70] for ST647).  

For the fluorescent intensities, significant difference was found only between 
ACP-TMR and Halo-TMR under the control conditions (two-sided Welch’s T test: [P for ACP 
vs Halo (control), P for ACP vs Halo (optimized conditions)] = [0.017, 0.065] for TMR, [0.81, 
0.61] for AT594, and [0.84, 0.25] for ST647). For number of fluorescent spots, n, see 
Supplementary Table 1. **: P < 0.01, *: P < 0.05, n.s.: P > 0.05 
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Supplementary Figure 10 |TMR (bound to Halo-CD47) and ST647 (bound to ACP-CD47) 
hardly exhibited blinking at a time resolution of 33 ms under either the control or 2%O2+ 
optimized ROXS conditions. To avoid other difficulties of tracking moving molecules, the 
cells were chemically fixed65. 
 
Typical (for n, see Table 1) time traces of fluorescence intensities of single molecules of 
TMR (two top boxes) and ST647 (two bottom boxes). Trajectories with durations of 
~4x lifetimes (Table 1) were selected arbitrarily. Note that blinking (temporary transition to 
the dark state) is undetectable even in these long traces. 
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Supplementary Figure 11 | Ultrafast single fluorescent-molecule tracking at a 0.1-ms 
resolution revealed TMR blinking, with alternating dark-and-bright states with lifetimes of 
0.22 and 18 ms (0.26 and 59 ms), respectively, under the control (optimized; 2%O2+TX) 
conditions. TMR bound to Halo-CD47 in the live-cell PM (outside the cell) (a, c, d) or TMR 
attached to the coverslip surface (b) was observed. 
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(a) Typical trajectories (among 331, 585, 401 and 583 trajectories from left to right) of TMR 
bound to Halo-CD47 in the live-cell PM (outside the cell) at observation frame rates of 1 

(left) and 10 kHz (right) (integration times of 1 and 0.1 ms, respectively) under the 
control and optimized (2%O2+TX) conditions. A few % of TMR molecules could be tracked 
without photoblinking and photobleaching for periods of ~1,000 and ~3,000 frames under 
the control and optimized conditions, respectively, under single-molecule tracking 
conditions at both 1 and 10 kHz (in terms of the number of frames, the observable length 
remained the same for both 1 and 10 kHz when the laser intensity was increased by a factor 
of ~10 at 10 kHz). This way, the number of emitted photons from a single molecule per 
frame would remain about the same. No non-linear effects were observed at the laser 
powers employed here. The integrated laser intensity during a single frame was adjusted to 
become about the same for the observations at both frame rates. Note that the trajectory 
lengths in terms of the actual time are different by a factor of ~10 for the two frame rates, 
and therefore, the trajectories are shown in different scales. Here, the integrated laser 
intensities during a single frame are ~60% of those employed at video rate. The actual laser 
intensities employed are described in the Online Methods section “Single 
fluorescent-molecule imaging”. 
(b) Single-molecule localization precisions (on the x and y axes, representing the horizontal 
and vertical axes of the camera) for TMR attached to the glass observed at frame rates of 1 
and 10 kHz, determined for 140 and 131 molecules (1 and 10 kHz, respectively; after 30 
coordinate determinations for each molecule, their mean value was subtracted from each of 
the 30 determined coordinates. Grey closed bars (green best-fit Gaussian curves) and red 
open bars are for the control and optimized conditions. The curves for the 2%O2+ROXS 
specimens were close to the black curves and are not shown here. The precision is given as 
the standard deviation of the best-fit Gaussian functions. By varying the excitation laser 
intensity by a factor of ~10, the single-molecule localization precisions at 1 and 10 kHz were 
largely equalized. 
(c) Typical (among the same number of trajectories shown in a) time traces of fluorescence 
intensities of single molecules of TMR bound to Halo-CD47 in the live-cell PM under the 
control and optimized conditions (top and bottom boxes, respectively), observed at 
frame rates of 1 and 10 kHz (left and right boxes, respectively). At an observation 
frame rate of 10 kHz, blinking (temporary transition to the state of no signal intensity) of 
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TMR was detected (triangles). The x-axis is given as the frame number. The actual time is 1 
ms/frame for 1 kHz and 0.1 ms/frame for 10 kHz. 
(d) Distributions of the dark (left) and bright (right) periods detected at 10 kHz. Red and 
green curves are best-fit single exponential functions, providing the lifetimes of the dark and 
bright states of 0.22 ± 0.0050 and 18 ± 0.33 ms, respectively, under the control conditions, 
and 0.26 ± 0.011 and 59 ± 3.5 ms, respectively, under the optimized (2%O2+TX) 
conditions (exponential decay time constant [= mean] ± its standard error; n for dark and 
bright events = 115 and 585 for control, and 140 and 583 for 2%O2+TX conditions). These 
results suggest that blinking was rarely detectable at lower frame rates, such as 1 kHz and 
30 Hz, due to averaging over 1 and 33 ms (much longer than the dark periods).  
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Supplementary Figure 12 | Cells grew at about the same rate under 2, 5, and 21% 
oxygen atmospheres. 
 

Tsunoyama et al. Supplementary Fig. 12 

T24 HeLa

CHO-K1 NIH3T3

21
%

O
2

24 h 96 h

2%
O

2

21
%

O
2

24 h 96 h

2%
O

2

21
%

O
2

24 h 96 h

2%
O

2

21
%

O
2

24 h 96 h

2%
O

2

a

b

200 μm

0 24 48 72 96 120
102

103

104

105

106

102

103

104

105

106

0 24 48 72 96 120

CHO-K1

Lo
g 

ce
ll 

de
ns

ity
 (

/c
m

2 )

Time (h)

T24 HeLa

NIH3T3

21%O2

5%O2

2%O2

(fit curve:     )



-36- 
 

(a) The number densities of T24, HeLa, CHO-K1, and NIH3T3 cells cultured with complete 
growth medium under 5% CO2 in the presence of 2, 5, and 21% oxygen atmospheres, 
plotted as a function of time after inoculation (mean ± SEM, n = 6). The doubling time was 
obtained by fitting the cell density between 24 and 96 h with a single exponential growth 
curve, and shown in Fig. 3a (note that the y-axis is in the log scale). The data at ~126 h 
were not used for the evaluation of the doubling time, because the cell confluencies were 
high at this time point, which might have already induced contact inhibition of growth. Note 
that the results obtained under the conditions of 2, 5, and 21%O2 were similar to each other 
for each cell line. 
(b) Typical (among 6 fields for each picture) phase-contrast images of cells cultured under 
21 or 2%O2 conditions for 24 or 96 h after plating. 
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Supplementary Figure 13 | Percentages of surviving T24 cells, under various 
low-oxygen + ROXS conditions, determined by the trypan-blue exclusion assay (mean ± 
SEM, n = 6 independent experiments).  
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Supplementary Figure 14 | Spreading of integrin β1-KO MEF cells before and after 
transfection of the integrin β1 or ACP-integrin β1 cDNA was inspected under 0, 2, and 
21%O2 conditions as well as those with 2%O2+ROXS (TX, TQ20, and TQ40). Differences in 
cell spreading were undetectable between the 21%O2 and 2%O2+ROXS (TX, TQ20, and 
TQ40) conditions for at least 90 min. 
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(a) Representative (among 20 cells inspected closely) phase-contrast (top) and 
anti-integrin β1 immunofluorescence (epi-fluorescence, bottom) images of integrin β1-KO 
MEFs with or without transfection-expression of integrin β1 (no tag) or ACP-integrin β1, at 0, 
15, 30, 60, and 90 min after plating on FN-coated glass-base dishes. The anti-integrin β1 
monoclonal antibody used here (K20) can bind to both active and inactive integrin β1. The 
cells with similar integrin β1 expression levels were selected for comparing cells cultured 
under different oxygen concentrations. Cyan lines in the phase-contrast images indicate cell 
peripheries, and by measuring the area within the cyan line, the cell area attached to the 
glass was evaluated (see b). Non-transfected integrin β1-KO MEF cells spread more slowly 
than transfected cells. Cells under 2% oxygen appeared to spread as well as those under 
21% oxygen, whereas cells under 0% oxygen spread much more slowly. 
(b) The time course of cell spreading after plating, as measured by the cell area attached to 
the glass observed by phase-contrast microscopy (mean cell area ± SEM, n = 20). 
(left) Expression of integrin β1 or ACP-integrin β1 at similar levels enhanced cell spreading 
after plating to similar extents. This result suggests that ACP attached to the N-terminus of 
integrin β1 does not strongly inhibit integrin β1 function. As plotted in Fig. 3d (based on the 
data shown in a), under 0%O2, cell spreading was greatly suppressed in cells with and 
without integrin β1 expression. No significant difference was found between integrin β1 and 
ACP-integrin β1 up to 90 min (two-sided Mann-Whitney U test; for the actual P values, see 
Supplementary Table 5). 
(right) The time course of spreading of integrin β1-KO MEFs expressing ACP-integrin β1 
was not affected for at least 90 min under the conditions of 2%O2+ROXS (TX, TQ20, and 
TQ40). The statistical significance was evaluated by the two-sided Mann-Whitney U test (for 
the actual P values, see Supplementary Table 5). 
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Supplementary Figure 15 | The diffusion of CD47-mGFP in the PM of T24 cells did not 
significantly change under various O2 and ROXS conditions. The mGFP probe was employed 
here, because the photo-properties of GFP were hardly affected by the O2 concentration and 
the ROXS conditions. 
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(a) The distributions of the diffusion coefficients (in the time scale of 100 ms, D100ms) of 
CD47-mGFP when T24 cells were incubated in 21, 2, and 0% oxygen for various time 
periods up to 120 min. The mean value, the P value (compared with the distribution under 
control conditions [21%O2], using the two-sided Mann–Whitney U-test), and the N value 
(total number of trajectories inspected here) are shown in each box. 
(b) The distributions of the diffusion coefficients of CD47-mGFP when T24 cells were 
incubated under various ROXS conditions (TX, TQ20, and TQ40; all in the presence of 2% 
O2) for various time periods up to 120 min. The results were compared with the D100ms 
distributions under 21%O2 conditions after the given treatment periods. The mean value, 
the P value (compared with the distribution under control conditions [21%O2], using the 
two-sided Mann–Whitney U-test), and the N value (total number of trajectories inspected 
here) are shown in each box.  
(c) Mean diffusion coefficients of CD47-mGFP in T24 cells plotted as a function of time under 
various conditions. As shown in (a) and (b), under all conditions examined here, the 
diffusion coefficient of CD47-mGFP was not statistically significantly affected, at least for 
120 min, in T24-cell PM. This result suggests that the T24-cell PM (with its associated actin 
meshwork) is less sensitive to 0%O2 as compared with the HeLa-cell PM. 
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Supplementary Figure 16 | The diffusion of CD47-mGFP in the PM of HeLa cells was 
enhanced even 15 min after the cells were placed under 0% oxygen, at variance with the 
diffusion of CD47-mGFP in T24 cells. The figure arrangements, keys, and the numbers 
related to statistics are the same as those of Supplementary Fig. 15a and b.  
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Supplementary Figure 17 | Chemical structures of the trolox-conjugated fluorophores 
examined in the present study.  
 
Trolox-conjugated fluorophores for avoiding photobleaching were independently developed 

by two groups1,2,4,6. However, TX-conjugated TMR (TMR-TX-Halo ligand, a) and AT594 
(AT594-TX-CoA, b) have never been synthesized or examined. In addition, in the present 
study, we employed the Halo ligand and CoA (for conjugation to ACP), rather than the SNAP 
ligand, because the Halo ligand and the CoA compound worked better for single-molecule 

Tsunoyama et al. Supplementary Fig. 16 
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tracking of CD47, due to lower non-specific binding to the PM (Cy3-TX-Halo ligand, c, and 
Cy5-TX-Halo ligand, d). The fluorescent dye moiety (magenta shading) was conjugated to 
trolox (purple shading) and either the halo ligand or the ACP ligand (coenzyme A) (green 
shading).  
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Supplementary Figure 18 | Photobleaching time courses of trolox-conjugated 
fluorescent dyes (TMR-TX-, Cy3-TX-, and Cy5-TX-Halo-ligands and AT594-TX-CoA) under 
single fluorescent-molecule imaging conditions at localization precisions in the range of 
21.7~28.7 nm, under 21 and 2%O2 conditions (no ROXS here because TX is already 
covalently linked to the dye moiety), observed in T24 cells. 
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(a) Representative (among six independent experiments) time series of TIRF images (left) 
of TMR-TX, AT594-TX, Cy3-TX, and Cy5-TX bound to Halo-CD47 (probes located outside the 
cell) and single-molecule localization precisions of those dyes attached to the glass, 
determined for 137, 151, 143 and 135 molecules of TMR-TX, AT594-TX, Cy3-TX, and 
Cy5-TX, respectively (see Supplementary Fig. 6a for details) (right). The results were 
compared between 21 and 2%O2. Grey closed bars (black best-fit Gaussian curves) are for 
21%O2 and red open bars are for 2%O2 conditions. The best-fit Gaussian curves for the 
2%O2 conditions are not shown here, as they almost entirely overlapped with the black 
best-fit Gaussian curves. The precision is given as the standard deviation of the best-fit 
Gaussian functions. 
(b) The time-dependent decreases of the numbers of fluorescent spots found in each frame. 
Black curves represent the best-fit single exponential functions. Note that the x-axes for 
Cy3-TX and Cy5-TX are different from those for TMR-TX and Atto594-TX, due to the much 
shorter and much longer photobleaching lifetimes, respectively. Among the four 
trolox-conjugated dye molecules, Cy5-TX exhibited the best performance. Under the 2%O2 
conditions, the Cy5-TX photobleaching lifetime was extended to 39 s with a localization 
precision of ~25 nm. 
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Supplementary Figure 19 | Photobleaching lifetimes (number-counting lifetimes) 
of trolox-conjugated fluorescent dyes, TMR-, AT594-, Cy3-, and Cy5-TX bound to 
Halo-CD47 (+ TMR and AT594 without TX conjugation under the control and optimized 
2%O2 + ROXs conditions, for comparison) in the T24-cell-PM under 21, 10, 5, 2, and 0%O2 
atmospheres and single fluorescent-molecule imaging conditions, with localization 
precisions in the range of 21.7~28.7 nm. The photobleaching lifetime (exponential decay 
time constant [= mean] ± the standard error), its fold-increase as compared with that under 
control conditions (21% O2) (top and middle, respectively), and the fluorescence Tsunoyama et al. Supplementary Fig. 19 
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intensity (mode ± the standard error obtained from the log-normal fitting; bottom) are 
shown. For n, see Supplementary Table 1. 

The AT594- and Cy5-TX photobleaching lifetimes could be extended to 35~47 s, 
respectively, under 2 and 0%O2 conditions. Nevertheless, it should be noted that ST647 
under optimized conditions (2%O2+TQ20) exhibited lifetimes about two-fold longer than 
the best TX-conjugated dyes employed here. TMR under the optimal 2%O2 + TX conditions 
exhibited a longer photobleaching time than TMR-TX, whereas AT594-TX performed better 
than AT594 under the optimal 2%O2 + TQ40 conditions. 
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Supplementary Figure 20 |The method for defining the FA region using a binarization 
method developed for identifying both larger and smaller FAs (larger and smaller than 0.25 
µm2, respectively). 
 
(a) The process of binarization for defining larger and smaller FA regions, employed in the 
present research. It is shown by using a typical raw image. (Top, left) A raw image of 

Tsunoyama et al. Supplementary Fig. 20 
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mGFP-paxillin. (Top, middle) The binarized image from the raw image (1: “Direct 
binarization”; see Online methods for details). However, the binarized images tended to 
lose smaller FAs. To circumvent this problem, we first applied a Laplacian filter (5x5 matrix 
with a value of 24 at the center pixel and -1 in other pixels; total =0) and then a 5x5 pixel 
median filter to the raw image, and then binarized the image (2: “Binarization after 
Laplacian filtering”, bottom left). This procedure enhanced the images of smaller FAs 
(quantitative results shown in b). However, it caused the fragmentation of larger FAs, which 
we assumed to be artifactual, considering the spatial resolution of normal TIRF microscopy 
(240 nm). Therefore, to identify only the smaller FAs, in image 2, we removed the FAs that 
colocalized with the FAs in image 1, to obtain image 3 (“Smaller FAs”, bottom middle). 
Finally, to show all of the FAs, we combined (superimposed) image 1 and image 3 (4: “All 
FAs”). The FAs in image 4 are shown in two colors; those larger and smaller than 0.25 µm2 
are shown in green and magenta, respectively. The basis for this is clarified in b.  
 
(b) The distributions of the FA area sizes. These distributions could operationally be fitted by 
an exponential function or the sum of two or three exponential functions. The best number 
of exponentials for each distribution was determined by both Akaike’s and Baysean 
information criteria. The exponential decay constants (in terms of the area size) are shown 
in each box (A1, A2, and A3), together with the number of FAs examined (N). The number 
fractions of each exponential component are shown in parentheses. The boxes are arranged 
in the same manner as in a. The size distribution for image 3 (“Smaller FAs”, bottom, 
middle) could be fitted by a single exponential function with an A1 of 0.064 µm2, which is 
very similar to the A1 of image 2 (0.069 µm2). This result supports the idea that the image 
processing method developed here works well for identifying FAs. Note that the distributions 
for image 1 (“Direct binarization”) and image 3 (“Binarization after Laplacian filtering”) lack 
the smallest (A1) and largest (A3) components, respectively. The distribution for image 4 
could be fitted by the sum of three exponential functions, with the A1 value close to that for 
images 2 and 3, the A2 value somewhat close to those for images 1 and 2, and the A3 value 
close to that for image 1, quantitatively supporting the image processing conducted in a. 
The threshold value between the smaller and larger FAs (magenta and green, respectively, 
in distribution 5) employed was 0.25 µm2, which was ~3x A1 determined in the distribution 
for image 4. Smaller FAs might include those often called nascent adhesions or focal 
complexes22,23.   
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Supplementary Figure 21 |Typical trajectories (additional examples, among 1729 and 
2714 trajectories for integrins β1 and β3, respectively) of ST647 bound to ACP-integrin β1 
and ACP-integrin β3 using super-long single-molecule tracking under the conditions of 
2%O2+TQ20 in HeLa cells, showing that integrins move in and out of the FA zones, 
frequently exhibiting temporary immobilization (TALL) events both inside and outside the FA 
zone. 
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FA zones (grey areas) are shown as the binarized images of mGFP-paxillin. Trajectories 
shown in (a and c) and (b and d) represent those located mostly inside and outside the FA, 
respectively. The colored parts of the trajectories indicate TALL events, occurring in the 
order of purple, cyan, green, orange, magenta, and then back to purple. The sequence of 
TALL occurrences is also shown by the integer, and the number that follows the semicolon 
indicates the TALL duration in seconds. 
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Supplementary Figure 22 | The distributions of the TALL durations of integrin β1 (WT, 
D130A exoplasmic mutant [no RGD binding], the Y783A/Y795A cytoplasmic mutant [no 
linkage to actin filaments], and the combination of the two [D130A/ Y783A/Y795A], as well 
as WT with the addition of Mn2+) and integrin β3 (WT with the addition of Mn2+, and the 
extracellular hybrid domain N305T constitutively active mutant). 
 

Tsunoyama et al. Supplementary Fig. 22 
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(Solid gray bars and red curves) TALLs that occurred inside the FA. 
(Open black bars and green curves) TALLs that occurred outside the FA. 

The WT-integrin β1 and β3 histograms indicate that virtually all TALL durations last for 
less than 100 s, and could operationally be fitted by the sum of three exponential functions, 
providing three lifetimes for the TALLs that occurred in the FA areas, of (1) < 1 s (<10% of 
the entire TALL time), (2) several seconds (< 10 s; ~15% of the entire TALL time), and (3) 
~40 s for integrin β1 and ~80 s for β3 (~80% of the entire TALL time). To avoid over-fitting, 
the number of exponential functions for the fitting was optimized with Bayesian and Akaike’s 
information criteria (Supplementary Table 3). These data were obtained in the 
HeLa-cell-PM. 

The time constant of each exponential component for the TALLs that occurred inside 
the FA (mean) with the SEM (estimated as the fitting error of the 68.3% confidence limit) is 
shown in each box (after correction for the photobleaching lifetime). %Time fraction against 
the total TALL duration is shown in the parenthesis (for the data of outside the FA, the total 
number of TALL events and the total number of cells, see Supplementary Table 2). The 
reduction of the bin size from 20 frames to 2 frames only slightly increased the t3 lifetime, 
but hardly affected t1 and t2 as well as the time fractions of individual components. 

The addition of Mn2+, an integrin activator, only slightly affected the TALL behaviors of 
integrin β1, but its effect on the TALL behaviors of integrin β3 was much greater. 

The integrin β1 D130A exoplasmic mutant (no RGD binding) and the Y783A/Y795A 
cytoplasmic mutant (no linkage to actin filaments due to the lack of binding to talin, tensin, 
filamin, or kindling) exhibited no t3-component. The double mutant combining these two 
mutations (D130A/Y783A/Y795A) exhibited no t3-component and only a small fraction of 
the t2-component. These results suggest that the longest t3-component was mainly induced 
by integrin β1’s binding to both the extracellular matrix and actin filaments (via cytoplasmic 
FA components). The integrin β3 (N305T), the N305T hybrid domain swing-out mutant of 
integrin β3, exhibited a slightly elongated t3, (and an increased time fraction for the t3 
component, as shown in Fig. 4b; Supplementary Fig. 24; Supplementary Table 2), 
suggesting that the hybrid domain swing-out conformational change is important for 
inducing the longest TALL events of integrin β3.  
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Supplementary Figure 23 | The distributions of the TALL durations of integrin β1 and β3 
before and after the addition of the ROCK inhibitor Y27632. 
 
The figure arrangements and keys are the same as those of Supplementary Fig. 22. The 
treatment of cells with the ROCK inhibitor Y27632 greatly reduced the t3 component of 
integrin β3 in a concentration-dependent manner, just as it did to the t3 component of 
integrin β1 (Fig. 4c), suggesting the necessity of the myosin II-induced traction force by 
way of the actin filament for inducing integrin-based long-term (t3 periods) links between 
the extracellular matrix and the cytoplasmic actin filaments. 
  Tsunoyama et al. Supplementary Fig. 23 
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Supplementary Figure 24 | The number fractions (in contrast to the time fractions 
shown in Fig. 4b, c) of TALL occurrences (rather than TALL periods), of the short, middle, 
and long TALL events (t1, t2, and t3, components, respectively), determined from the fitting 
of three exponential functions (Supplementary Figs. 22 and 23), showing that shorter 
TALLs occur very frequently, whereas the time fraction of the entire TALL time is dominated 
by the t3-component (see Fig. 4b, c). Mean ± SEM, n = 21-45 cells (for n for each condition, 
see Supplementary Table 2). Based on these observations, we propose that single 
integrin molecules are continually brought to their working sites (i.e., their binding sites on 
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actin filaments and the ECM) one after another and work as a component for both the force 
sensor and clutch (partially consistent with previous proposals38,66-70); during the 
short-periods of integrin binding which occurs very often, the integrin-containing molecular 
complexes work as a sensor for the myosin II-induced tension (as shown later) and when 
the integrin-containing molecular complexes sense the tension, they start working as a 
clutch by letting integrin undergo long-term binding to both the ECM and actin filaments for 
periods on the order of several 10s of seconds. The reason why many integrin molecules 
must be brought to the binding sites one after another is probably because keeping a single 
or a few molecules of unbound integrin in small areas proximal to the binding sites would be 
difficult.  
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Supplementary Figure 25 | Time courses of the spreading of integrin β1-KO MEF cells 
after transfection-expression of ACP-integrin β1 and its mutants that fail to bind to the 
extracellular RGD domain (D130A) and the cytoplasmic FA components, talin, tensin, filamin, 
and kindling (and thus no binding to actin filaments) (Y783A/Y795A), or that binding to 
neither of the two (D130A/Y783A/Y795A), showing that none of these mutants aided cell 
spreading. 
 
(a) Representative (among 20 examined cells) phase-contrast (top) and anti-integrin β1 
immunofluorescence (epi-fluorescence, bottom) images of integrin β1-KO MEFs with or 

Tsunoyama et al. Supplementary Fig. 24 
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without transfection-expression of ACP-integrin β1, at 0, 15, 30, 60 and 90 min after plating 
on FN-coated glass-base dishes. The anti-integrin β1 monoclonal antibody used here (K20) 
can bind to both active and inactive integrin β1. The cells with similar ACP-integrin β1 (or its 
mutant) expression levels were selected for comparing the effects of expressing these 
molecules. Cyan lines in the phase-contrast images indicate cell peripheries, and by 
measuring the area within the cyan line, the cell area attached to the glass was evaluated 
(see b). Non-transfected integrin β1-KO MEF cells spread more slowly than transfected cells 
(see Supplementary Fig. 14). 
(b) Time courses of cell spreading after plating, as measured by the cell area attached to 
the glass observed by phase-contrast microscopy (mean cell area ± SEM, n = 20 cells). 
Expression of integrin β1 or ACP-integrin β1 at similar levels enhanced cell spreading after 
plating, to similar extents (Supplementary Fig. 14). Meanwhile, the mutant ACP-integrin 
β1 molecules failed to aid cell spreading (like the integrin β1 mutants without ACP). **P < 
0.01 (two-sided Mann–Whitney U-test; for the actual P values, see Supplementary Table 

5). Integrin β1-KO MEF cells (control) without additional expression of integrin β1-related 
molecules can still spread (although slowly) probably due to the presence of other integrins, 
such as integrin β343). 
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Supplementary Figure 26 | Differences between fibronectin and vitronectin coating for 
the TALL behaviors of integrins β1 and β3, in terms of (a) the distributions of the TALL 
durations, (b) the time fractions and (c) the number fractions of mobile periods and the 
three TALL periods (mean ± SEM, n = 21-45 cells (for n for each experiment, see 
Supplementary Table 2). For detailed data, see Supplementary Note 1 and 

Supplementary Tables 2-4. 
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Supplementary Figure 27 | Treatments with Y27632, the ROCK inhibitor, leading to the 
blockage of myosin II function. Y27632 reduced the number density and the size of larger 
FAs (> 0.25 µm2) and modified the actin organization. 
 

Tsunoyama et al. Supplementary Fig. 26 

a

b c

d
10 μm

Control + Mn2+ +2 μM Y27632
(1 h)

+10 μM Y27632
(1 h)

FA
 n

um
be

r d
en

si
ty

 (/
 1

00
 μ

m
2 )

0

2

4

6

8

Con
tro

l

+ M
n2

+

+2 
μM

 Y276
32 

(1 h
)

+10
 μM

 Y276
32 

(1 h
)

n.s.

0

2

4

6

8

FA
 a

re
a 

(μ
m

2 )

n.s.

Con
tro

l

+ M
n2

+

+2 
μM

 Y276
32 

(1 h
)

+10
 μM

 Y276
32 

(1 h
)

0

2

FA
 s

ho
rt 

ax
is

 le
ng

th
 (μ

m
)

0

2

4

6

8

FA
 lo

ng
 a

xi
s 

le
ng

th
 (μ

m
)

n.s.

n.s.

Con
tro

l

+ M
n2

+

+2 
μM

 Y276
32 

(1 h
)

+10
 μM

 Y276
32 

(1 h
)

e

f

FA area (μm2)
0 1 2 3 4 5 6 7 8

%
 F

re
qu

en
cy

0

10

20

30

40

Mean: 2.02 μm2 

Mean: 0.78 μm2 

Control
+10 μM Y27632 (1 h)

0 1 2 5 10 20

mGFP-
paxillin

Alexa647-
phalloidin

Merge

Y27632 concentration (μM)

50 μm



-62- 
 

(a) Representative (among 15 images) confocal images of HeLa cells expressing 
mGFP-paxillin (as an FA marker) incubated in T-HBSS containing 0, 1, 2, 5, and 10 µM 
Y27632 for 1 h, followed by 4%-paraformaldehyde fixation, permeabilization, and staining 
with Alexa647-phalloidin (labeling actin stress fibers). 
(b) Representative (among 30 images) TIRF images of mGFP-paxillin in HeLa cells 
incubated with 1 mM Mn2+, or 2 or 10 µM Y27632 for 1 h. 
(c) The number density of larger FAs (> 0.25 µm2) evaluated from the TIRF images of 
mGFP-paxillin (Mean ± SEM, n = 30 cells). Incubation with Mn2+ slightly increased the FA 
density, whereas incubation with Y27632 slightly decreased it. The statistical tests were 
performed using the two-sided Welch’s T test: [P for control vs. +Mn2+, 2 µM Y27632, and 
10 µM Y27632, respectively] = 0.048, 0.34, and 1.3 x 10-4. *: P < 0.05, **: P < 0.01, n.s.: 
P > 0.05 (the same for d and e). 
(d) Box plots of the FA long-axis (top) and short-axis (bottom) of the FAs larger than 0.25 
µm2 (Mean ± SEM: n = 828, 926, 659, and 665 FAs for control, +Mn2+, 2 µM Y27632, and 
10 µM Y27632, respectively). Boxes extend from the 25th to 75th percentiles, with a line at 
the median and an internal box at the mean. Whiskers extend from the 5th to 95th 
percentiles. The incubation with 10 µM Y27632 for 1 h significantly decreased both the long 
and short axes of the FA. The statistical tests were performed using the two-sided Mann–
Whitney U test: P for control vs. [+Mn2+, 2 µM Y27632, 10 µM Y27632] = [0.75, 0.018, 4.8 
x 10-10] for the long-axis, and [0.96, 0.011, 9.0 x 10-15] for the short-axis. 
(e) Box plots of the areas of larger FAs (> 0.25 µm2) after 1-h incubations with 1 mM Mn2+, 
or 2 or 10 µM Y27632 for 1 h (the keys and the numbers of inspected FAs are the same as 
those in (d)). The statistical tests were performed using the two-sided Mann–Whitney U 
test: P for control vs. [+Mn2+, 2 µM Y27632, 10 µM Y27632] = [0.96, 1.4 x 10-12, 3.6 x 
10-18]. 
(f) Distributions of individual FA areas (FAs with areas > 0.25 µm2) with (grey bars) and 
without (open blue bars) an incubation with 10 µM Y27632 for 1 h. 
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Supplementary Figure 28 | The method to describe the spatial distributions of the TALL 
locations along the FA long axis (relative to the half-axis length). 
 
(a) A representative TIRF image of FA marked by mGFP-paxillin. The cyan curve represents 
the cell edge.  
(b) Schematic drawing of the FA zone (the grey area surrounded by the black dashed 
curve) modeled as an ellipse with the short and long axes, shown together with the cell 
periphery (cyan curve). In the following analysis of TALL locations in FAs, each FA region 
was modeled as an ellipse. For this purpose, the binarized images of FAs (Supplementary 

Fig. 20) were imported into Matlab. Ellipses were fit to each isolated FA region using the 
“BWLABEL and REGIONPROPS” functions of Matlab, and the major and minor axes were 
determined71,72. 
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The position where an integrin molecule undergoes TALL is shown by a magenta cross, 
and its distance to the short axis (along the long axis) is shown by the smaller black arrow. 
The positive (negative) sign before the distance indicates that the TALL location is on the 
distal (proximal) side in the FA. 
(c) Distributions of the half-lengths of FAs’ long and short axes. Triangles indicate mean 
values. n = 821. 
(d) (top) The spatial distribution of TALL frequency plotted as a function of the % distance 
along the long axis (relative to the half-length of the long axis, from the FA center line). 
Another useful display of the spatial TALL distribution employed here was the frequency per 
unit area in the FA (bottom), which was obtained by normalizing the original distribution 
(top) with the area size distributions (i.e., against the spatially random TALL occurrences in 
the FA region modeled as in b; right).  

In the present report, we show the histograms both before normalization (proportional 
to the actual TALL frequency at a given distance from the center line) and after 
normalization (proportional to the TALL frequency in a unit area at a given distance). 
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Tsunoyama et al. Supplementary Fig. 27 
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Supplementary Figure 29 | Longer TALLs of integrin β1 most frequently occurred two-thirds of the distance away from the FA 

center toward the distal end, whereas three integrin β1 mutants (no RGD binding and/or no linkage to actin filaments) rarely exhibited 

longer TALLs. 

 

Frequency of TALLs of integrins in the FA, plotted as a function of the location along the FA long axis. The distributions without area 

normalization are shown in a and c, whereas b and d show the distributions after area normalization (the frequency per unit area). 

The x-axes in a and b indicate the distance relative to the half-length of the long axis, whereas those in c and d indicate the actual 

distances (with positive and negative signs) from the short axes. For the total number of TALLs examined for each molecule, see 

Supplementary Table 2.  

 

The spatial distributions of longer TALLs of WT integrin β1 (also after the addition of Mn2+) showed a clear peak around two-thirds of 

the distance away from the FA center toward the distal end (or ~0.7 µm away from the FA center toward the distal end). Note that 

these peaks were found even in the distributions without area normalization. For integrin β1’s D130A, Y783A/Y795A, and 

D130A/Y783A/Y795A mutants, data of longer TALLs could not be plotted, because they hardly exhibited longer TALLs. 

 

  



-67- 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Supplementary Figure 30 | The effect of the Y27632 addition on the spatial distributions of TALLs in the FA for integrin β1 and β3. 

 

Tsunoyama et al. Supplementary Fig. 28 
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Frequencies of TALLs of integrins in the FA are plotted as a function of the location along the FA long axis. For four displays a - d, see 

the descriptions in the caption to Supplementary Fig. 29. For the total number of TALLs examined for each molecule, see 
Supplementary Table 2. The spatial distributions of longer TALLs of integrin β3 showed peaks similar to those of integrin β1. The 

addition of 10 µM Y27632 almost entirely eliminated the longer TALLs.  
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Supplementary Figure 31 | Differences between fibronectin and vitronectin coating for 
the TALL behaviors of integrins β1 and β3, in terms of the spatial distribution of integrin’s 
longer and shorter TALLs in the FA. For four displays a - d, see the descriptions in the 
caption to Supplementary Fig. 29. For the total number of TALLs examined for each 
molecule, see Supplementary Table 2. 
 
   

Tsunoyama et al. Supplementary Fig. 30 

a TALL spatial distribution (relative location) 
without area normalization

b TALL spatial distribution (relative location)
after area normalization
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Supplementary Figure 32 | The effect of the Mn2+ addition and the constitutively active 
N305T mutation on the spatial distributions of longer and shorter TALLs in the FA for 
integrin β3. For four displays a - d, see the descriptions in the caption to Supplementary 
Fig. 29. For the total number of TALLs examined for each molecule, see Supplementary 
Table 2.   
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Supplementary Figure 33 | The cell treatment with 10 µM Y27632 induced a prompt and 
large reduction in the time fraction of integrin’s longer TALLs (against the entire trajectory 
length), followed by a decrease of the mean FA area (visualized with mGFP-paxillin). These 
results suggest that integrins’ longer TALLs might be important for maintaining the FA 
architecture. 
 
(a) Representative time series of TIRF images of FAs visualized with mGFP-paxillin after the 
addition of 10 µM Y27632 (representative among 32 independent experiments). White 
curves represent the cell edges. See also Supplementary Video 6. 
(b) The time courses of the time fractions of integrins’ longer TALLs and total TALLs 
(against the entire trajectory length; see the y-axis on the left), as well as the mean FA area 
after the addition of 10 µM Y27632 (see the y-axis on the right). FA images were obtained 
every 1 min. Individual FA areas were first averaged within one cell, and then further 

Tsunoyama et al. Supplementary Fig. 29 
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averaged over the results obtained from all of the observed cells (mean ± SEM, number of 
cells = 32). Integrin’s trajectories were obtained during 3 min, starting from time 0, 4, 8, 12, 
16, 20, 24 and 59.5 min after Y27632 addition, and the TALL time fractions were evaluated 
(mean ± SEM, n = 10 cells). For clarity, error bars (SEMs) are shown in only one direction.  
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Supplementary Figure 34 | FA turnover and dynamics. 
 

Tsunoyama et al. Supplementary Fig. 30 

a

b

5 μm

0 min 20 min 40 min Merge

Immaturely disintegrating FAs Growing FAs

Steady FAs Disintegrating FAs

mGFP-paxillin

30 6 9

12 15 18 21

24 27 30

Time (min)

mGFP-paxillin
intensity

5 μm

Immaturely disintegrating FAsGrowing FAs

Integrin observation



-74- 
 

(a) Representative (among 10 independent experiments) time-dependent changes of FAs 
on the basal PM visualized with mGFP-paxillin, showing that FAs form, disassemble, and 
slowly migrate continually in a matter of 30 min. White curves represent the cell edges. The 
original video is shown in Supplementary Video 7. 
(b) Representative (among 10 independent experiments) time-lapse images of 
mGFP-paxillin-marked FAs. FAs were classified into larger or smaller ones, based on sizes 
larger or smaller than 0.25 µm2, respectively (Supplementary Fig. 20). The four phases 
from the formation to the disintegration of FAs were defined as follows, based on the 
observations of FAs for 40 min: (1) growing FA, the FA that grew from a smaller FA to a 
larger FA (orange); (2) steady FA, the FA that was a larger FA at time 0, and remained as a 
larger FA (red); (3) disintegrating FA, FA that was a larger FA at time 0, and became a 
smaller FA or disappeared later (green); and (4) immaturely disintegrating FA, the FA that 
was a smaller FA at time 0, and disappeared later (blue). FAs that were smaller FAs at time 
0 and remained as smaller FAs for 40 min scarcely existed, and therefore these FAs were 
ignored in this definition of the four phases of FA formation and disintegration.  
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Supplementary Figure 35 | Schematic figure showing how integrin heterodimers (α + β 
subunit; red and orange, respectively) link the ECM and the intracellular actin filaments. 
 
(a) Integrins undergo diffusion in the PM, both outside and inside the FA, when they do not 
bind to the ECM or actin filaments (AF). (b) When integrins bind to either the ECM or AF, 
shorter TALLs of integrins (with lifetimes on the order of 0.5 - 5 s) take place. (c) Even when 
integrins bind to both the ECM and AF, the TALL lifetime do not change appreciably (the 
experiments employing a ROCK inhibitor Y27632). (d) When integrins bind to both the ECM 
and AF and traction force is exerted on the bound integrins, longer TALLs (with a lifetime of 
~1 min) are induced. Namely, when each integrin dimer enters the FA region and binds to 
both the ECM and AF, and if it senses the force generated by myosin II, it mechanically 
couples the ECM and AF for ~1 min, and then departs from the binding site. These results 
indicate that the longer TALLs found in this study are the key molecular events for cell 
binding to the ECM.  

We found that longer TALLs occur most often two-thirds of the distance away from the 
FA center toward the distal end. Larger traction forces would involve more frequent 
recruitment of integrin dimers; they would arrive one after another, each linking the ECM 
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and AF for periods on the order of 1 min. Since many integrin molecules would participate in 
crosslinking the ECM and AF, overall, the long-term linking of the ECM and AF could be 
achieved. This way, regulating the cell’s binding to the ECM would be regulated more readily, 
rather than depending on long-term binding of much smaller numbers of integrin molecules. 
The spatial variations within the FA, in terms of the biochemical activation levels and the 
dynamics of vinculin and paxillin, as well as vinculin’s z-axis distribution (spread toward the 
cytoplasm), have been reported73-75.  

In this figure, note the three major conformations of an integrin molecule (dimers). 
(a) When integrin is not bound by ECM or AF and non-activated, the integrin dimer takes 
the “bent” conformation. (b, c) The ECM binding76,77, cytoplasmic FA-protein binding 
(leading to the binding to AF78), or Mn2+ addition76,79 induces conformational changes to the 
“stand (extended)” conformation. (d) When traction force is exerted on integrin, integrin 
further undergoes conformational changes in the hybrid head domain, from “closed” to 
“open” conformational changes, due to the swing out of the β subunit33-35,44. Namely, two 
major conformational changes are required to fully activate integrins; from the inactive 
“bent-closed” conformation to the semi-active “stand-closed” conformation, and then to the 
fully active “stand-open” conformation33-35,44,80-82.  
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Supplementary Figure 36 | Schematic structures of the parts of the cDNA constructs used in this study, showing the multiple 
cloning sites, inserted tag proteins, linkers, and the target proteins. See Online Methods.   
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Supplementary Video Legends 

 

 
Supplementary Video 1 | Photobleaching of single TMR molecules attached to 
Halo-CD47 on the live-cell surface: control vs. 2%O2+TX. Recorded at video rate (30 Hz) 
and replayed at 4x real time (the raw data for Fig. 1a top). 
 
 

 
Supplementary Video 2 | Photobleaching of single ST647 molecules attached to 
ACP-CD47 on the live-cell surface: control vs. 2%O2+TQ20. Recorded at video rate (30 Hz) 
and replayed at 4x real time (the raw data for Fig. 1a bottom). 
 
 

 
Supplementary Video 3 | Photobleaching of single Cy5-TX molecules attached to 
Halo-CD47 on the live-cell surface under control, 2%O2, and 0%O2 conditions. Recorded at 
video rate (30 Hz) and replayed at 4x real time (the raw data for Supplementary Fig. 18a 
bottom).   
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Supplementary Video 4 | Single molecules of ST647-labeled ACP-integrin β1 (green 
spots) moved in and out of several FAs (blue binarized images of mGFP-paxillin), exhibiting 
alternating periods of TALL and thermal diffusion, both inside and outside the FAs (the raw 
data for Fig. 4a left), under 2%O2+TQ20. A trajectory is overlaid for one of the 
ACP-integrin β1 molecules. 
 
 

 

Supplementary Video 5 | Single molecules of ST647-labeled ACP-integrin β3, exhibiting 
intermittent TALLs similar to those of ACP-integrin β1 (the raw data for Fig. 4a right). 
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Supplementary Video 6 | Time-course of FA diminution (visualized by mGFP-paxillin with 
color coding) after the addition of 10 µM ROCK inhibitor Y26732 (see Supplementary Fig. 
32a for the color scale). 
 
 

 
Supplementary Video 7 | Time-lapse observation of FA formation and its termination 
near the cell periphery. FAs were labeled by mGFP-paxillin, and its signal intensity is 
color-coded (see Supplementary Fig. 33a for the color scale).   
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— Supplementary Note 1 — 
Theory for obtaining the correct distributions for the durations 

of single-molecule events and the kinetic rate constants 

in the presence of photobleaching and  

under the conditions of limited recording durations 
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In experiments using single fluorescent-molecule imaging and tracking, we often 
encounter interesting single molecule events, such as temporary arrest of lateral diffusion 
(TALL). To clarify and simplify the idea, in this theory part, we deal with the case where all 
molecules repeatedly undergo temporary simple-Brownian diffusion and TALL in the PM of 
living cells. 

When we encounter TALL events, we often hope to evaluate the TALL lifetime or the 

distributions of the TALL durations by single-molecule tracking. Since we can see the 

behaviors of each single molecule, this evaluation might appear to be simple. However, the 

TALL-duration distribution measurements are often hampered by two problems: the 

photobleaching lifetime of the probe dye molecules and the limited durations of the image 

sequence recordings (from the initiation of the observation until the end of the recording of 

the image of the same view field, Trec). In this Supplementary Note 1 section, we develop 

a theory for obtaining the correct duration distributions of TALL events, by correcting the 

direct experimental results for photobleaching lifetimes and Trec durations. 

Consider many single fluorescent molecules in the PM undergoing repeated TALL 

events; i.e., the molecules of interest are either mobile (undergoing simple-Brownian 

diffusion) or immobile (undergoing TALL), and they go back and forth between the mobile 

and immobile states. A molecule in the mobile (immobile) state can either transit to the 

immobile (mobile) state or become photobleached, as shown in the scheme in 

Supplementary Fig. 2. To simplify the theory, we assume that the rate of every transition 

between any two states is described by a single kinetic rate constant (single exponential 

lifetime). This was shown to be correct for the photobleaching rates (kB), for all of the 

fluorescent organic dye molecules examined in this study. Simply put, the aim of this theory 

is to obtain the rate constant for the transition from the immobile state to the mobile state, 

kM, using single-molecule tracking. For this scheme to be adequate, we assume that the 

immobilizing domain is very small and all molecules in the immobilizing domain can face the 

PM bulk region within the image integration time (camera frame time). Under these 

conditions, we can also assume that a single rate constant for the transition from the mobile 

state to the immobile state (kI) can be defined, which depends on the average time until the 
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molecules encounter the immobilizing small domains (and thus depends on the diffusion 

coefficient during the mobile period). 

If no photobleaching of the fluorescent probes occurred and if the observation periods 

were much longer than the TALL durations, then the experimentally obtained TALL duration 

distribution would require no corrections. However, under the normal single-molecule 

observation conditions employed for live cells, photobleaching commonly occurs on the 

orders of 1-10 s, and the total duration of single-molecule observations on a single view field, 

Trec, is quite limited, and normally less than a few 100 s. 

First, we will explain how photobleaching affects the experimentally-observed 

distribution of individual TALL durations. The photobleaching of an ensemble of molecules 

quite often follows an exponential time course, as shown for all of the molecules employed 

in this study. Therefore, the photobleaching of each single molecule occurs stochastically, 

following the exponential time course. This means that in single-molecule tracking, the time 

window provided by each molecule will have a single exponential distribution, and thus 

when molecular events are observed by single-molecule tracking, it means that the events 

are observed through various time windows with single-exponential lifetime distributions. 

Therefore, to obtain the correct duration distribution of TALL events, this skewed lifetime 

distribution viewed through the looking glass of single molecules must be corrected. 

Second, we will explain how the limited recording (observation) period, Trec, influences 

the experimentally-observed distribution of individual TALL durations (Supplementary Fig. 

37). This is because a large fraction of observed molecules might already be undergoing 

TALL at time 0, and those that start undergoing TALL during the observation period might 

still be undergoing TALL at the end of the observation period. Namely, the observed TALL 

events would include those with truncations at the beginning and ending portions of the 

TALL events, and this would prevent us from directly evaluating the TALL periods from the 

single-molecule tracking data.  

In the following, we consider how these two effects can be taken into account for 

correctly obtaining the TALL duration distributions and the rate constants for the transition 
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from the immobile state to the mobile state, kM. We also show that this evaluation is 

possible in the presence of an additional long-term immobilized component, with a lifetime 

much longer than Trec. 

Experimentally, we evaluate the TALL durations in the following way. First, we 

choose the field of view of the cell, using minimum irradiation to avoid photobleaching. Then, 

we start (time 0) recording a single-molecule movie, which often includes ~100 fluorescent 

spots. The observation lasts for a period called Trec, which we simply call the “observation 

duration”. In this definition, Trec represents the time at which a single observation (a 

recording of consecutive images) ends.  

Second, these recordings are repeated many times (M times), and each time, we 

select a different view field (in the same cell culture dish or in a different cell culture dish), 

but we assume that the recording (observation) duration Trec is the same for all of the 

recording sets. The observed duration for each molecule could be much shorter due to 

photobleaching, but Trec simply represents the period in which a series of consecutive 

images (a movie) on a single view field is recorded. Therefore, the total time spent to finish 

a series of experiments will be M x Trec. 

Third, we track all of the observed fluorescent spots and obtain their trajectories 

(neglecting fluorescent spots observed for periods shorter than 21 frames, this value is 

represented as Tmin [in the case of video-rate observations, this time is 0.70 s]) and extract 

all of the TALL events found in all of the trajectories. This minimal length of the trajectory 

(21 frames) is required to define a TALL event. Here, we define another parameter, Ttotal, as 

“the sum of the time lengths of all of the trajectories (in time)” in an entire set of 

experiments. Note that M x Trec should not be confused with Ttotal, as the former simply 

represents the total time of observations spent for a set of experiments, whereas the latter 

represents the length of all single-molecule trajectories obtained in an entire set of 

experiments (in the unit of seconds). 
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Fourth, we measure the duration of every TALL event and obtain the experimental 

histogram of TALL durations, without correction for photobleaching and the limited Trec 

effect. 

In this theory, we describe a method for correcting this raw distribution skewed by 

the limited photobleaching lifetime and Trec, and for obtaining kM, following the scheme 

shown in Supplementary Fig. 2. 

 

(1) The equilibrium between mobile molecules and molecules undergoing TALL 

 In the scheme shown in Supplementary Fig. 2, a molecule in the mobile (immobile) 

state can either transit to the immobile (mobile) state or become photobleached. The 

time-dependent changes of the numbers of molecules in the immobile and mobile states,  

NI(t) and NM(t), respectively, are described by using the rate constants for the transition to 

the mobile and immobile states and photobleaching, kM (= 1/t, where t is the TALL lifetime), 

kI, and kB (= 1/tB, where tB is the photobleaching lifetime), respectively, as 

 (1) 

 (2) 

Note that, in the present report, the numbers of molecules are not natural numbers, but the 

real numbers. In each recording, the numbers of molecules were counted, but after 

repeating the experiments M times, the average number will become the real number. 

In the present report, time 0 (t = 0) is set at the time when the observation was 

initiated. We describe the numbers of fluorescent molecules in the immobile and mobile 

states at time 0 as NI0 and NM0, respectively, and the total number of fluorescent molecules 

as N0 i.e.,  

 (3) 

 (4) 

 (5) 
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Eqs. 1 and 2 are solved and NI(t) and NM(t) are written as 

 (6) 

 (7) 

 At t = 0, the numbers of molecules in the mobile and immobile states are considered 

to be in equilibrium, i.e., 

 (8) 

Combining Eqs. 5 and 8, NI0 and NM0 can be expressed as 

 (9) 

 (10) 

Using this relationship, Eqs. 6 and 7 can be written as 

 (11) 

 (12) 

Therefore, the following important relationship is obtained: 

 (13) 

Namely, if the numbers of molecules in the mobile and immobile states are in equilibrium at 

t = 0, and if the photobleaching rates are the same for both mobile and immobile molecules 

(which will generally be true), then the numbers of molecules that are still fluorescent 

(non-photobleached) at (any) time t in the mobile and immobile states are also in 

equilibrium.  
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In this report, the end of a TALL event is defined as either when a molecule in the immobile 

state transits to the mobile state (when it resumes diffusion) or when it is photobleached. 

Note that in this definition, the end of TALL is determined by either the molecule’s restarting 

of motion or photobleaching, whichever occurred first, and that therefore this definition is 

different from our previous definition. In our previous reports, the end of a TALL event was 

solely defined by the restarting of the molecule’s motion, and when photobleaching 

occurred before diffusion resumed, we did not measure the immobile duration. The effect of 

not including such TALL events was corrected, by using the photobleaching lifetime. 

However, as shown later, this correction method is only correct when the photobleaching 

lifetime and the TALL lifetime are much shorter than the recording (observation) duration 

(Trec). In the present research, because we succeeded in substantially prolonging the 

photobleaching lifetime, the recording duration Trec might not be much longer than the 

photobleaching lifetime. Therefore, to obtain the correct distribution of TALL durations and 

thus to evaluate the rate constant for the transition from the immobile state to the mobile 

state, kM, we had to explicitly include both the effects of the photobleaching kinetics (with 

the kinetic constant kB) and the limited recording duration (Trec) in the theory. For this 

purpose, experimentally, we should measure the durations of all TALL events, regardless of 

whether they ended by photobleaching or by the resumption of thermal diffusion. The final 

conclusion is that the previous treatment is correct when the photobleaching lifetime is 

substantially shorter than the recording duration (1/kB < Trec/2.4), and that even when 1/kB 

~ Trec, if the TALL lifetime is substantially (~3x) shorter than the photobleaching lifetime 

1/kB, then the influence of the limited recording time (Trec) is limited. 

 

(3) The distribution of TALL durations (probability density function) 

Using the new definition of the end of a TALL event, the probability density function of TALL 

duration [P(δ)] is described using kM and kB (δ represents the TALL duration; P(δ) 

represents the probability density function without considering Trec and Tmin). 
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 (14) 

The proportionality coefficient for this function is determined by normalization (because it is 

a probability density function) 

 (15) 

Since the observation duration in which single-molecule imaging-tracking is 

conducted is limited (Trec is not infinitely long), we consider the number of molecules that 

start TALL events (become immobile) at time t, FS(t). FS(t) is described by kI and NM(t) as 

 (16) 

Using Eq. 12, Eq. 16 is expressed as 

 (17) 

The TALL events that occur during the observation duration between t = 0 and Trec 

are classified into three cases, because TALLs might (a) be totally included within the 

observation period, but they also might (b) start after time 0 (at t > 0) and continue after 

the observation period, and (c) start at t ≤ 0 before the observation period (see 

Supplementary Fig. 37). For simplicity, we neglect the TALLs that started before the 

observation and did not end during the observation period. If this frequently occurs, then 

the observation duration should be extended, perhaps by using time-lapse observations. 

 

(Case a) For TALLs that were totally included within the observation period (0 < 

t ≤ Trec); the probability density function Ga(δ) 

Here we consider the duration (δ) distribution of TALLs (probability density function of  

δ) that started after t = 0 and ended before t = Trec (defined as Ga(δ); see “Case a” in 

Supplementary Fig. 37). When Trec is very long, the number of TALL events that last for a 

duration δ can be expressed as 
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Note that G is expressed as the number of TALLs/time, providing the distribution as a 

function of time δ (the height of each bar [the y-axis] in the histogram provides the number 

of occurrences per the bin size (in time), and so the dimensions of Eq. 18 are correct. This 

will apply to all of the histograms shown here). In the analysis of the experimental results, 

we usually obtain a histogram of the duration (δ), which we generally define as H(δ). H(δ) is 

simply a function obtained by multiplying the histogram’s bin size Δt with G(δ). 

Here we consider the case where Trec is limited, and the molecules are mobile at t = 

Trec. In this case, the upper end of the integration must be limited to Trec − δ.; i.e.,  

 (19) 

Using Eqs. 15 and 17, followed by integration, Ga is expressed as  

 

(20) 

 

(Case b) For TALLs that started after time 0 (at t > 0) and continued after the 

observation period; the probability density function Gb(δ)  

Here, we consider the TALLs that initiated after t = Trec − δ and did not end by t = Trec (i.e., 

the TALL duration must be longer than δ; see “Case b” in Supplementary Fig. 37). The 

duration (δ) distribution of the TALLs for this case (probability density function of δ), defined 

as Gb(δ), can be calculated as 

 (21) 

Using Eqs. 15 and 17, followed by integration, Gb(δ) is expressed as 
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(Case c) For TALLs that started at t ≤ 0; the probability density functions Gc and 

GAATI(δ) 

See “Case c” in Supplementary Fig. 37. First, we derive the duration (δ) distribution of 

TALLs (probability density function Gc(δ)) in the case where a fluorescent molecule is 

immobile at t = 0 and becomes mobile at time δ (one of the cases of Case c). For this 

purpose, we consider the number of fluorescent molecules that are immobile at t = 0 and 

are still immobile at time t, and call it NI0(t). The time-dependent changes of NI0(t) are 

expressed as 

 (23) 

With the initial value NI0 (Eq. 3), the solution of Eq. 23 can be expressed as 

 (24) 

 (25) 

Gc(δ) can be written as 

 (26) 

Using Eq. 25, Gc(δ) can be expressed as 

 (27) 

Second, we derive the duration (δ) distribution of TALLs (probability density function) 
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apparently-all-time-immobile molecules and dealing with molecules immobile 

for periods much longer than Trec”.   

 

(The full equation) The function to describe the TALL duration distribution; 

GTALL(δ) 

Taking the results for cases a, b, and c together, the duration (δ) distribution of all observed 

TALL events GTALL(δ) is given by 

 (28) 

 

(29) 

Namely, the distribution is given by the sum of two exponential functions, with rate 

constants of kM and kB + kM. As stated (right after Eq. 18), in the analysis of the 

experimental results, we generally obtain a histogram of the durations (δ), which we define 

as HTALL(δ). HTALL(δ) can be obtained by multiplying the histogram’s bin size Δt with 

GTALL(δ) (because GTALL(δ) is a distribution function with the dimensions of count/time).  

 

(30) 
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of a, b, or c. For example, one could only observe molecules that are immobile at t = 0, and 

by simply measuring the times at which they become mobile, one could evaluate kM using Eq. 

27 (the bin size ∆t should be multiplied for its histogram, as stated before for any probability 

density functions). This approach would be convenient if one could repeat many such 

experiments easily. Meanwhile, if repeating many experiments is difficult or too time 

consuming (for example, when repeatedly preparing specimens is difficult), one could 

observe all of the cases a, b, and c for the same viewfield (this way, the number of 

molecules observed for a single recording can be increased), and obtain kM using Eq. 30. 

When Trec is infinitely long, Eq. 29 becomes 

 (31) 

which is consistent with the equation previously used to correct for photobleaching83, 

 (32) 

or  

 (33) 

where kObserved is a value determined by single-exponential fitting using Eq. 31, and tx is the 

inverse of kx. 

In the unlikely case of kB = 0 (when no photobleaching occurs), Eqs. 15 and 17 

become 

 (34) 

 (35) 

respectively. Applying these equations to evaluate Eqs. 19 and 21, and directly using kB = 0 

in Eq. 27, the following equations are obtained 
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 (37) 

 (38) 

respectively. 

 

(4) Estimating the time fraction of apparently-all-time-immobile molecules and 

dealing with molecules immobile for periods much longer than Trec 

In the scheme shown in Supplementary Fig. 37, consider the case in which there are 

molecules that are immobile and coexist for periods much longer than Trec, and therefore 

cannot be considered to undergo TALL (kM ~ 0), which we call an “Alternative case”, as 

shown in Supplementary Fig. 37. When such molecules coexist in the viewfield of the 

microscope, it is difficult to differentiate these “alternative” molecules from those that 

undergo intermittent TALL events and are immobile at t = 0 (Case c), and then become 

photobleached before restarting their motion (see the bottom case of Case c in the scheme 

shown in Supplementary Fig. 37), which we call “apparently-all-time-immobile (AATI) 

molecules”.  

Previously, such AATI molecules were simply called “all-time-immobile molecules” 

(for example, see Refs. 53 and 83). However, they are often a subfraction of the 
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temporarily immobilized at time 0, and not molecules that are immobile for periods much 

longer than Trec. 
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are expected to exhibit the AATI behavior (fAATI) from the parameters determined by 
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can experimentally determine the fraction of alternative molecules (which are immobile for 
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periods much longer than Trec; fMLI, MLI represents “Much Longer Immobilization”), using 

the equation,  

 (39) 

where fExpATI represents the fraction of molecules that were experimentally and directly 

determined to be immobile at time 0 and photobleached before starting motion. 

The number of TALL events that end at time δ (duration δ, because the molecule is 

already immobile at time 0) due to photobleaching (the second case of Case c, GAATI) can be 

expressed as 

 (40) 

By using the expression for NI0(δ) given in Eq. 25, Eq. 40 can be rewritten as  

 (41) 

The histogram for the duration (δ) of AATI molecules, HAATI(δ), can be obtained by 

multiplying the histogram’s bin size Δt with GAATI(δ), as we did to obtain Eq. 30. Namely, 

 (42) 

The time fraction fAATI can be obtained by the following equation, 

 (43) 

After integration, the following equation is obtained:  

.
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the main text. 

 

(5) Testing the function GTALL(δ) using Monte Carlo simulations of particles 

undergoing repeated intermittent TALL events 

In the experiments conducted in the present research, under the conditions optimized for 

the lowest photobleaching rate (ST647, 2%O2+TQ20), kB was ~1/83.5 s−1, and our 

standard observation duration of integrin molecules (Trec) was 200 s. We performed Monte 

Carlo simulations with transitions to mobile, immobile, or photobleaching states with 

probabilities given by their rate constants (Trec = 200 s or 70 s: kB = 1/83.5 s−1 or 1/4.3 s−1; 

kM = 1/0.5, 1/5, 1/50, 1/70, 1/167 or 1/500 s−1; and kI = 1/1, respectively; since kI does not 

affect the exponential lifetimes, it is assumed to be 1), and obtained the TALL duration 

distributions. The simulation was conducted until TALL occurred 108 times 

(Supplementary Figs. 38 and 39, left-top). 

These distributions were fitted by using GTALL(δ) (Eq. 29, red solid line). The fits were 

excellent over the full ranges of δ (up to 200 s = Trec) and the % frequency (y axis, in 4 x 

log10 cycles), suggesting that the GTALL(δ) obtained here is correct. Next, we simulated the 

case where Trec was changed from 200 s to 70 s, which was close to 1/kB (with the same kB 

= 1/83.5 s−1; using the same six kM values) (Supplementary Fig. 39, left-bottom). The 

fits using GTALL(δ) were excellent. As the next step, we simulated the case where the 

photobleaching rate was ~20x larger (kB = 1/4.3 s−1) and Trec was either 70 s or 200 s. Even 

under these conditions, the fits using GTALL(δ) were excellent (Supplementary Fig. 39, 

right boxes), further supporting the proposal that GTALL(δ) is the correct distribution 

function. Taken together, these results indicate that GTALL(δ) in Eq. 29 represents the correct 

function for the TALL duration distribution. 

 

(6) An approximate expression of the TALL duration distribution function 

(approximate probability density function of δ) under the experimental 

conditions employed here; Gfit(δ) 
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Under actual experimental conditions, the attainable signal-to-noise ratios and the number 

of experiments that can be performed might be quite limited. Therefore, precisely fitting the 

TALL duration distribution histogram using GTALL(δ) (or HTALL(δ)), as given in Eq. 29, might 

often be impractical, and thus one might want to fit the histogram using only the first term 

of GTALL(δ), Gfit(δ). Namely, 

 (45) 

which is the same as Eq. 30, meaning that it would be more practical to employ a long Trec 

so that the second term in Eq. 30 could be neglected. In this subsection, we examine the 

cases where the corrections for Trec could be neglected (i.e., where Gfit(δ) could safely 

replace GTALL(δ)). For this purpose, we employed the somewhat standard experimental 

conditions of Trec = 200 s and kB = 1/83.5 s−1, as described in the previous subsection (5).  

As the first test, we examined the goodness of the fit when Gfit(δ) was used to replace 

GTALL(δ) to fit the histograms shown in Supplementary Figs. 38 and 39. The best-fit 

curves obtained for GTALL(δ) and Gfit(δ) are shown in these figures.  

Under our standard conditions of Trec = 200 s and kB = 1/83.5 s−1 (Supplementary 

Figs. 38 and 39, top left), the fit appeared to be quite good, particularly in the d interval 

between 0 and ~83.5 s for all of the kM values employed here, consistent with the concept in 

which the durations of the events shorter than the photobleaching time could be measured 

with good precision. The largest deviation appeared to occur for kM ~ 1/70; i.e., when the kB 

and kM values were close to each other (Supplementary Fig. 39, bottom left), showing 

that under these conditions, GTALL(δ), rather than Gfit(δ), should be employed. 

To quantify the goodness of fit for various kM values (which are the parameters we 

hope to obtain in these experiments), the deviation (c2) was plotted against 1/kM for various 

values of Trec (200 s, which was our standard value, and 70 s) and kB (1/83.5 s−1, which was 

our standard value, and 1/4.3 s−1) (Supplementary Fig. 40). Under our standard 

observation conditions of kB = 1/83.5 s-1 and Trec = 200 s, the difference between the results 

using these two fit functions became the largest when kM ~ 1/70 s-1; i.e., when kM became 

Gfit (δ) =
kIkM 2kB + kM( )N0

kB kI + kM( )
exp − kB + kM( ) ⋅δ⎡⎣ ⎤⎦  ,
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close to kB. Compare this result with the GTALL(δ) functions given in Supplementary Fig. 

38. For kM << 1/70 s-1, the decay lifetime in the second term was quite different from that 

in the first term, but the pre-exponential coefficient was small. For kM >> 1/70 s-1, the 

pre-exponential coefficient of the second term was large, but the decay lifetime in the 

second term became quite similar to that of the first term, and the pre-exponential 

coefficient was small. When kM ~ 1/70 s-1 (i.e., when kM ~ kB), such compensations were 

inoperative.
 

For the cases where the photobleaching rate was ~20x larger (kB = 1/4.3 s−1) and 

Trec was either 70 s or 200 s, the fits using Gfit(δ) were excellent for virtually all of the kM 

values employed here (Supplementary Figs. 39, right boxes and 40). Taken together, 

these results indicate that when Trec is greater than 1/kB by a factor of 2.4 (200/83.5) or 

more, Gfit(δ), rather than GTALL(δ), could be used. 

However, note that we have discussed only the systematic differences between 

GTALL(δ) and Gfit(δ) under the conditions where the durations of 108 TALLs were determined. 

In practical experimental situations, where generally the durations of only a few hundred 

TALLs could be determined, the experimental errors in evaluating kM values are expected to 

be much greater, as compared with the value evaluated after observing 108 TALLs (which 

must be close to the correct kM value). Particularly, correctly determining the kM value 

smaller than the kB value (TALL durations longer than the photobleaching lifetime), using 

the approximate function Gfit(δ), could be extremely difficult. That is, in these situations, one 

might wonder how close the kM value estimated by an approximate function Gfit(δ) would 

come to those obtained using the correct function GTALL(δ). In unfavorable conditions for 

determining the kM value, the error will become much larger, even when the correct function 

GTALL(δ) is used for the fitting. However, if one employs Gfit(δ), rather than GTALL(δ), will the 

deviation from the correct kM value be greater than that when GTALL(δ) is used? 

To address this question, and also as the second test for replacing GTALL(δ) with Gfit(δ), 

we examined the difference in the estimation of kM, between the cases where GTALL(δ) and 

Gfit(δ) were used as fitting functions, under the conditions where the Monte Carlo 
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simulations were conducted until 500 TALLs were observed (as compared to 108 TALLs for 

previous figures) for each parameter set of kM, kB, and Trec, to simulate the experimental 

conditions. Then, the fitting using GTALL(δ) and Gfit(δ) to evaluate kM was performed. This 

process was repeated 1,000 times, to obtain the mean ± SEM of kMs using these two 

functions. 

The 1/kM values obtained by the correct function GTALL(δ) were plotted against those 

determined by using the approximate function Gfit(δ) (Supplementary Figs. 41-44). 

Interestingly and quite impressively, for virtually all combinations of the kM, kB, and Trec 

values, both the mean and SEM values obtained by fitting with GTALL(δ) and Gfit(δ) were 

similar to each other. Even when the obtained mean values were quite different from the 

correct 1/kM value and/or when the SEMs were very large, their values obtained by using 

GTALL(δ) and Gfit(δ) were quite similar to each other (except for the very unusual case shown 

in the bottom right box in Supplementary Fig. 42). These results support the proposal 

that Gfit(δ) can replace GTALL(δ) well, virtually under all of the conditions examined here. 

Therefore, Gfit(δ) was employed to evaluate kM for integrins in the present research. 

Furthermore, these results support the intuitive expectation that for measuring kM correctly, 

the relationship of 1/kM < 1/kB < Trec must be satisfied. When this condition is satisfied, the 

1/kM values determined by GTALL(δ) and Gfit(δ) coincided within a 5% difference 

(Supplementary Figs. 41- 44).  

 

(7) Practical ways of applying the theory to obtain kM and the time fraction in 

which molecules exhibit the AATI behavior, fAATI 

In the ideal cases discussed within the previous subsections, N0 is known. However, in 

experiments, due to the presence of fMLI (alternative case), N0 is unknown. Meanwhile, kB 

can be determined independently, using the same set of trajectories. Under these conditions, 

kM, the parameter we hope to determine most, can be determined in the following manner. 

If we define C as  
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(46) 

then Eq. 30 and Eq. 42 can be rewritten as 

 (47) 

 (48)  

By fitting the histogram (distribution) using Eq. 47 or Eq. 48 (using C and kM as free 

parameters), C and kM can be determined. The time fraction in which molecules exhibit the 

AATI behavior, fAATI (Eq. 44), can now be calculated using all of the determined values as 

 (49) 
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Supplementary Note 1 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure 37 | Timing diagram of TALL events (arrows) relative to the 

recording (observation) period, starting from t = 0 and ending at t = Trec. Arrows indicate 

the TALL periods. TALLs can end by either restarting diffusion or photobleaching (dashed 

circles).  

TALLs are classified into three categories, in terms of the temporal relationship with 

the beginning and the end of each recording of a single viewfield (t = 0 and Trec, 

respectively). TALLs might be totally included within the recording period (0 < t ≤ Trec, Case 

a; Ga(δ)), might start after time 0 (at t > 0) and continue after the recording period (Case b; 

Gb(δ)), and might start at t ≤ 0 (Case c; Gc(δ)). The TALLs of Case c that ended by 

photobleaching have often been called “all-time immobile” events, as the molecules 

showing this behavior are immobilized throughout the recording period, because they are 

immobile at t = 0 and photobleached before restarting diffusion.  

There might be some molecules in the viewfield that exhibit “much longer 

immobilization (MLI)”, as compared with Trec (and thus with the TALL periods exhibited by 

the large majority of observed molecules), called “alternative molecules” (Alternative case). 

These molecules will be considered separately.  

Tsunoyama et al. Supplementary Note Fig. 1 
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Tsunoyama et al. Supplementary Note Fig. 2 
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Supplementary Figure 38 | The distributions of TALL durations when kB = 1/83.5 and 

Trec = 200 s, obtained by Monte Carlo simulations of Brownian particles undergoing 

repeated TALL events and the best fit functions for the distributions using GTALL(δ) (red 

curves) and Gfit(δ) (blue curves). The actual functions of GTALL(δ) are provided for each kM 

value, and their first terms represent Gfit(δ). The kM values employed here were 1/0.5, 1/5, 

1/50, 1/70, 1/167 and 1/500 s−1.  
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Tsunoyama et al. Supplementary Note Fig. 3 
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Supplementary Figure 39 | The distributions of TALL durations under four conditions of 

kB (1/83.5 and 1/4.3 s-1) x Trec (200 and 70 s), obtained by Monte Carlo simulations of 

Brownian particles undergoing repeated TALL events and the best fit functions for the 

distributions using GTALL(δ) (red curves) and Gfit(δ) (blue curves). The kM values employed 

here were 1/0.5, 1/5, 1/50, 1/70, 1/167 and 1/500 s−1. The box at the top left is the same as 

that in Supplementary Fig. 38.  
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Tsunoyama et al. Supplementary Note Fig. 4 
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Supplementary Figure 40 | The difference between GTALL(δ) and Gfit(δ) plotted against 
1/kM, determined for the four conditions described in Supplementary Fig. 39. The 
difference was parameterized using c2, defined as  
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Tsunoyama et al. Supplementary Note Fig. 5 
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Supplementary Figure 41 | The correlation in the estimation of kM between the cases 

where GTALL(δ) and Gfit(δ) were used as fitting functions, for the histograms of TALL 

durations obtained by Monte Carlo simulations. The purpose of this examination is to 

determine whether Gfit(δ) can be used to replace GTALL(δ) under practical experimental 
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conditions where only a limited number of TALL events can be examined. For this purpose, 

in this simulation, we generated only 500 TALL events (as compared to 108 events for the 

results shown in Supplementary Figs. 38 and 39) for each parameter set, and to obtain 

the distribution, this was repeated 1,000 times. See the text for further details. The kM 

values obtained by the correct function GTALL(δ) were plotted against the kM values obtained 

by using the approximate function Gfit(δ) (therefore, each plot in a box shown above 

contains 1,000 spots). The parameters employed here were kB = 1/83.5 and Trec = 200 s, 

with six kM values (1/0.5, 1/5, 1/50, 1/70, 1/167 and 1/500 s−1). 
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Tsunoyama et al. Supplementary Note Fig. 6 
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Supplementary Figure 42 | The same as Supplementary Fig. 40, but with a different 

pair of kB and Trec (kB = 1/83.5 s-1 and Trec = 70 s).    
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Supplementary Figure 43 | The same as Supplementary Figs. 40 and 41, but with a 

different pair of kB and Trec (kB = 1/4.3 s-1 and Trec = 200 s).   
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Supplementary Figure 44 | The same as Supplementary Figs. 40-42, but with a 

different pair of kB and Trec (kB = 1/4.3 s-1 and Trec = 70 s).    
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TMR-, AT594-, AT647N- and ST647-CoA were synthesized by conjugating the 

maleimide derivatives of these dye compounds (Life Technologies, ATTO-TECH GmbH and 

SETA Biomedicals) with coenzymeA-SH (CoA-SH, New England Biolabs). Briefly, the 

maleimide derivatives of these fluorescent molecules were dissolved in 

N,N-dimethylformamide (DMF), followed by the addition of CoA-SH in a 

tris(hydroxymethyl)aminomethane (Tris)-buffered aqueous solution (pH 7.5), and then the 

reaction mixture was stirred at RT for 2 h. The Dye-CoA conjugates were purified by 

preparative reverse-phase high performance liquid chromatography (HPLC; LC-2010A 

HT/SPD-M20A, Shimadzu, with a Gemini-NX-5u 18C column for AT594- and AT647N-CoA 

and a Zorbax Eclipse XDB-C18 column for ST657- and TMR-CoA). 

The NH2-Halo ligand was synthesized from 2-(2-aminoethoxy)ethanol and 

6-chloro-1-iodohexane, as described in Ref. 65. The AT594- and ST647-Halo ligands were 

synthesized by conjugating the NHS derivatives of these dye compounds (ATTO-TECH 

GmbH and SETA Biomedicals, respectively) with the NH2-Halo ligand. These starting 

compounds were dissolved in dichloromethane (DCM), followed by the addition of 

triethylamine, and then the reaction mixture was stirred at RT overnight. The Dye-Halo 

ligand conjugates were purified by preparative reverse-phase HPLC, with a Phenomenex 

Gemini-NX-5u 18C column for the AT594-Halo ligand and a Phenomenex Kinetex C18 

column for the ST647-Halo ligand. 

For the syntheses of the Cy3- and Cy5-TX-Halo ligands (Supplementary Figs. 17c, d 

and 45), the method of Altman et al. was employed, with slight modifications2,84. Trolox 

was obtained from Sigma-Aldrich, and Cy3-bis-NHS and Cy5-bis-NHS were obtained from 

GE Healthcare. Briefly, compound 1 (trolox) was dissolved in DCM, followed by the addition 

of triethylamine (2.0 eq), ethylenediamine (10 eq), and BOP (1.5 eq), and then the reaction 

mixture was stirred at RT for 0.5 h. Compound 2 was obtained by silica gel column 

chromatography. To Compound 3 (Cy3-bis-NHS: n = 1, Cy5-bis-NHS: n = 2) dissolved in 

DCM, triethylamine (3.0 eq) was added, and to this mixture, compound 2 (0.8 eq) was 

slowly added, followed by an incubation with stirring at RT for 0.5 h to generate compound 
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4. Without purification, compound 5 (NH2-Halo ligand, synthesized as described in a 

previous paragraph) was added, and the reaction mixture was further stirred at RT for 1 h to 

generate compound 6, which was then purified by preparative reverse-phase HPLC with an 

Agilent Zorbax SB-C18 column (for Cy3-TX-Halo ligand) and a Phenomenex Kinetex5μ C18 

column (for Cy5-TX-Halo ligand). 

For the synthesis of AT594-TX-CoA (Supplementary Figs. 17b and 46a), first, 

compound 7 (trolox-NHS) was synthesized from compound 1 (trolox), following a previously 

published procedure85. Without purification, 9-fluorenylmethyloxycarbonyl (Fmoc)-Lys-OH 

(1.2 eq), DMF (2.2 eq), and N,N-diisopropylethylamine (DIPEA, 2.2 eq) were added, and 

then the reaction mixture was stirred at RT for 4 h. The resulting solution was diluted with 

ethylacetate, and then filtered. After concentration, compound 8 was purified by silica gel 

column chromatography (97% yield). Compound 8 (100 mg) and 33.4 mg 

N-(2-aminoethyl)maleimide hydrochloride (1.1 eq) were dissolved in prechilled dioxane 

(0˚C), followed by the addition of 32 µl DIPEA (1.1 eq) at 0˚C and then 38 mg of  

N,N'-dicyclohexylcarbodiimide (DCC, 1.1 eq) at 0˚C. The reaction mixture was stirred at RT 

overnight to generate compound 9, which was then purified by silica gel column 

chromatography (final 59.3 mg, 99% yield). To compound 9 (59.3 mg) dissolved in DMF, 63 

mg CoA-SH (1.0 eq) in 50 mM Tris (pH 7.5) was added, and the solution was stirred at RT for 

4 h, and then the pH of the solution was adjusted to pH 8.0 by adding 1N NaOH. The 

resulting solution was further stirred at RT for 1 h, to generate compound 10. Compound 10 

was purified by preparative reverse-phase HPLC with an Agilent Zorbax SB-C18 column 

(80.6 mg, 66% yield). The Fmoc group of compound 10 was removed by dissolving 11.3 mg 

compound 10 in a water-DMF mixture (1:1 v/v), followed by the addition of 10 µl piperidine 

(15 eq) and an incubation at RT for 10 min. The solvent was then evaporated, and 

compound 11 was purified by preparative reverse-phase HPLC with an Agilent Zorbax 

SB-C18 column (9.5 mg, 99% yield). To 3.3 mg compound 11 dissolved in DMF, 3.6 mg 

AT594-NHS (1.0 eq) dissolved in DMF and 0.68 µl DIPEA (1.5 eq) were added, and then the 

reaction mixture was stirred at RT for 4 h, to generate compound 12. Compound 12 was 
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purified by preparative reverse-phase HPLC with an Agilent Zorbax SB-C18 column (0.6 mg, 

11% yield). 

For the synthesis of the TMR-TX-Halo ligand (Supplementary Figs. 17a and 46b), 

22.3 mg compound 5 and 29.3 mg compound 8 (1.0 eq) were dissolved in dioxane, and 

then 11 mg DCC (1.1 eq) and 9.4 µl DIPEA (1.1 eq) were added. The mixture was stirred at 

RT for 4 h to form compound 13. Compound 13 was purified by silica gel column 

chromatography (10.7 mg, 27% yield). The Fmoc group of compound 13 was removed by 

dissolving 10.7 mg compound 13 in DMF, followed by the addition of 10 µl piperidine (1.2 

eq) and an incubation with stirring at RT for 1 h. Compound 14 was purified by preparative 

reverse-phase HPLC with a Phenomenex Gemini NX column (2.6 mg, 33% yield), and then 2 

mg TMR-NHS (1.2 eq) and 1.24 µl DIPEA (2.2 eq) were added. The reaction mixture was 

stirred at RT overnight, and then the generated compound 15 was purified by preparative 

reverse-phase HPLC with a Phenomenex Gemini NX column (2.9 mg, 90% yield). 

The purities of the final compounds were 95.67, 99.54, 99.61, and 90.62 for TMR-, 

AT594-, AT647N- and ST647-CoAs; 99.77 and 99.56 for AT594- and ST647-Halo ligands; 

99.65 and 99.98 for Cy3- and Cy5-TX-Halo ligands; and 99.05 and 99.53% for 

AT594-TX-CoA and TMR-TX-Halo ligands, respectively, as determined by liquid 

chromatography-mass spectrometry (LC-MS; LCMS-2010A EV, Shimadzu, Supplementary 

Fig. 47). 

ACP-tagged CD47 and integrin wild-type and mutants expressed on the cell surface 

(ACP tag in the extracellular N-terminus) were covalently labeled with fluorescent dye 

compounds by incubating the cells with 50 nM dye-conjugated CoA and 2 µM ACP synthase 

(New England Biolabs), in complete growth medium (containing 10 mM MgCl2 sufficient for 

activating the synthase) at 37˚C for 15 min. The Halo7-tagged proteins expressed in the PM 

(both inside and outside the cell) were covalently conjugated by fluorescent organic 

molecules, by incubating the cells with 5 nM Halo ligands linked to TMR or AL488 in 

complete growth medium at 37˚C for 15 min, or 5 nM R110-Halo ligand in complete growth 

medium at 37˚C overnight. Under these conditions, 10~20% of the expressed proteins 
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were fluorescently labeled. 
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Supplementary Note 2 Figures 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Supplementary Figure 45 | The scheme for synthesizing the Cy3- and Cy5-TX-Halo 

ligands.   
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Supplementary Figure 46 | The schemes for synthesizing the AT594-TX-CoA (a) and 
TMR-TX-Halo (b) ligands.   
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Supplementary Figure 47 | LC-MS elution profiles of the final products synthesized in 
this study.   
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