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Single-Fluorophore Dynamic Imaging in Living Cells

Ryota Iino1 and Akihiro Kusumi1–3

Recently, observation and tracking of single fluorophores, which we term single fluorophore dynamic
imaging (SFDI) in this review, in living cells have been achieved. In particular, the recent success
of SFDI of individual proteins tagged with green fluorescent protein (GFP) in live cells has opened
new important possibilities for studying events occurring in living cells at the level of single
molecules. Specifically, SFDI of GFP allows the tracking of movement and oligomerization levels
of individual oligomers (monomers) in living cells and, thus, provides powerful means to investigate
the movement, assembly, localization, and activation that signaling molecules undergo following
an external stimulus. In this short account, we first review technologically important points for
SFDI of GFP molecules in living cells, then give examples of its application, and, finally, propose
a synergistic use of SFDI and single-particle tracking, a technique used for investigating single or
small groups of molecules in live cells over the past 15 years.

KEY WORDS: Single-fluorophore imaging; green fluorescent protein; cell membrane; membrane skeleton;
oligomer; translational diffusion.

INTRODUCTION rescent protein (GFP) in live cells has been achieved
[16–21].

GFP technology is one of the fluorescence imagingIf we could observe the behavior (localization, trans-
methods that has contributed most to the recent progressport, activation) of individual biomolecules of interest in
in cell biology. GFP can be easily conjugated with pro-living cells, it would be a great aid to the progress in
teins of interest at the cDNA level, and GFP-conjugatedcell biology. Recently, such investigations are becoming
proteins can be easily expressed in live cells by transfec-possible. Single-particle tracking (SPT) has allowed the
tion with cDNA plasmid [22]. Thus, labeling with GFPtracking of individual molecules on the cell surface, con-
is a very powerful tool for the investigation of the behav-tributing greatly to the understanding of the organization
ior of proteins in living cells. However, until recently,of the cell membrane [1–13]. In addition to SPT, recently,
SFDI of individual GFP-conjugated proteins was limitedobservation and tracking of single fluorophores [single-
to isolated molecules in vitro [23–28]. The recent successfluorophore dynamic imaging (SFDI)] in living cells have
of SFDI of GFP-conjugated proteins in live cells hasbecome possible [13–21]. Furthermore, very recently,
extended new possibilities for studying events occurringSFDI of individual proteins conjugated with green fluo-
in living cells at the level of single molecules.
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low-background epifluorescence microscopy [15,17,
18,20,36–42], and (3) total internal reflection fluores-
cence microscopy (TIRFM) [14,16,19,21,23–26,42–47].
With confocal laser scanning microscopy, Mets and
Rigler [29] and Nie et al. [30] were the first to achieve
detection of single fluorescent dye molecules in aqueous
solutions. Sase et al. [39] and Funatsu et al. [42] first
succeeded in single fluorophore imaging of biomolecules
in vitro using low-background epifluorescence micros-
copy and TIRFM. In particular, Funatsu et al. [42] com-
pared the same image field using both optical and electron
microscopy and showed unequivocally that observation
of single fluorescent molecules in solution using optical
microscopy is possible. Because of this work, SFDI in
aqueous solutions has been accepted as possible. In this
regard, this work is the most important among the early
SFDI research.

Among the methods described above, TIRFM has
been used frequently for SFDI [14,16,19,21,23–26,42–
47]. Recently, objective-type TIRFM [45,48] is becoming
popular, because the optics of the instrument can be set
up easily, and the geometric configuration around the
sample is simplified to allow the use of, in addition to
TIRFM and normal epifluorescence microscopy, trans-
mission light microscopy and easy access to the sample
for micromanipulation, microinjection, and scanning for
atomic force microscopy. SFDI with objective-type
TIRFM has become possible by manufacturers’ effort to
reduce greatly the light scattering and fluorescence emit-
ted by the microscope when laser light is introduced into Fig. 1. The objective-type TIRFM system used in our laboratory. (A)
the microscope. Objective-type TIRFM was first pro- Optical ray diagram. A 488-nm argon-ion laser beam is expanded by

two lenses (L1 and L2) and focused at the back-focal plane of theposed by Axelrod [48] and first applied to SFDI by Toku-
objective lens with another lens (L3). S, ND, l/4, and FD representnaga et al. [45].
the electronic shutter, neutral density filter, quarter-wave plate, and fieldFigure 1A shows the objective-type TIRFM system
diaphragm, respectively. (B) Schematic drawing of the sample chamber

used for observations of GFP in live cells in our laboratory and the objective lens. An evanescent field is formed (thickness, about
[16,21]. GFP molecules are excited with an evanescent 100 nm) on the coverslips by the total internal reflection of a laser

beam. The diameter of the illuminated area is about 13 mm.field formed by the total internal reflection of a 488-
nm-wavelength argon-ion laser beam. The fluorescence
images are projected onto a microchannel plate intensifier
coupled (by relay lens) to a silicon-intensified target tube dorsal surface or apical surface). We confirmed that sin-

gle-GFP molecule imaging on the dorsal cell surface at(SIT) camera and are recorded at the video rate by a
digital video cassette recorder. In TIRFM, the excitation the video rate is possible, although we are not totally sure

if total internal reflection is occurring at the cell–externalvolume is limited to a thin layer of a typical thickness
of 100–200 nm on and above the glass surface [48], and solvent interface.

Figure 1B shows a schematic drawing of the samplethereby background signals in solution due to Raman
scattering, Rayleigh scattering, and fluorescence are chamber and the objective lens. For observations of single

GFP molecules in living cells, we have made the follow-greatly reduced. TIRFM is suitable for the observation
of events near the portion of the plasma membrane ing modifications to the system used by Tokunaga et al.

[45], to reduce further the autofluorescence signal fromadhered to the coverslip. In addition, Sako et al. [14]
found that TIRFM is possible at the interface of the cell the cell: (1) the incident angle of the laser was set rela-

tively large (about 668), and the thickness of the evanes-and the extracellular solvent, i.e., at the cell membrane
facing the culture medium (rather than the coverslip, cent field (d1/e) was reduced to approximately 100 nm;
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and (2) the illuminated area on the coverslip was reduced conditions, because unfavorable conditions tend to lead
to an increase in autofluorescence in the cytoplasm andto approximately 130 mm2 (13 mm in diameter).
fluorescent debris (perhaps containing GFP) released
from the dead cells.

When the cells expressing low levels of E-cadherinIMAGING OF SINGLE GFP-CONJUGATED
PROTEINS IN LIVING CELLS were observed, individual spots could be discerned after

about 50% of the E-cad-GFP was photobleached. Figure
2A shows a fluorescence image of the LEG cell acquiredUsing objective-type TIRFM, we have succeeded in

SFDI of GFP-conjugated proteins in living cells [16,21]. 3 s after the excitation light was turned on (at which
50% of the E-cad-GFP was photobleached). Under theseIn this review, we concentrate mostly on the observation

of GFP fused with E-cadherin (E-cad-GFP) as an exam- conditions, E-cad-GFP molecules were observed as many
spots with various fluorescence intensities. In contrast,ple, because it appears to be the only case of SFDI of

GFP-conjugated proteins in live cells which has appeared autofluorescence of L cells was low (Fig. 2B). These
results are compared quantitatively in Fig. 2C, in whichin a peer-reviewed journal thus far. However, several

meeting abstracts and proceedings indicate that other the average fluorescence intensity in an image area (5.8 3
5.8 mm) is shown as a function of the time after the startgroups have also succeeded in observations of GFP-con-

jugated molecules in live cells [16–21]. Lommerse et al. of excitation. The solid and dashed lines in Fig. 2C show
the decay of fluorescence intensities by photobleaching[18] observed individual yellow fluorescent protein (YFP;

a red-shifted variant of GFP) conjugated to the C-terminus for LEG and L cells, respectively. The autofluorescence
intensity of L cells was less than 10% of the fluorescencedomain of H-ras (YFP-CAAX) in tsA301 cells. This mol-

ecule binds to the inner leaflet of the cell membrane intensity of the LEG cells when compared immediately
after the initiation of the observation (Fig. 2C, nearvia farnesylation and palmitoylation of the C-terminus

domain. About half of the YFP-CAAX molecules exhib- time 0).
Spots of E-cad-GFP had various fluorescence inten-ited confined diffusion within domains having an average

diameter of 190 nm, and the rest exhibited simple diffu- sities. To quantitate such variations, we first measured
the background signal intensities in small areas (408 3sion having a mean diffusion coefficient of 1.3 mm2/s.

Furthermore, in a very recent publication in a peer- 408 nm) of L cells by randomly selecting the positions.
This intensity includes autofluorescence from the cell,reviewed journal, Harms et al. [20] reported that they

were able to observe and track individual phospholipid stray excitation light (which passed the emission selecting
filters), fluorescence from the optical system, and themolecules conjugated to single YFP via nickel-ion chelat-

ing groups in the plasma membrane of human aorta thermal noise of the detector and the electronic system.
The intensity distribution of the background signal issmooth muscle cells, although the mean photobleaching

time is extremely short (2–4 ms). shown in Fig. 3A, and its mean value of 7.6 arbitrary
units (AU; N 5 625) was subtracted in all histograms inE-Cadherin is responsible for Ca2+-dependent cell–

cell adhesion in epithelial and several other tissues. E- Fig. 3. The histograms for the fluorescence intensity of
E-cad-GFP spots measured after 50% photobleachingcad-GFP molecules were expressed in mouse fibroblast

L cells (we refer to the L cells expressing E-cad-GFP as showed a quantized distribution with a basic fluorescence
intensity of about 16 AU (N 5 326) (Fig. 3B). As aLEG cells in this review). In SFDI of GFP-conjugated

molecules, the cells expressing low levels of GFP-fusion control experiment, we observed purified GFP molecules.
The fluorescence intensities of individual GFP moleculesprotein should be selected, because the fluorescence spots

from molecules present at higher concentrations overlap nonspecifically attached to the cell surface or the cov-
erslip were comparable (15 AU; N 5 110) (Fig. 3C) oreach other, making SFDI impossible. For example, we

used LEG cells expressing E-cad-GFP at less than 1% slightly higher (20 AU, N 5 110) (Fig. 3D), respectively,
to that of the basal peak of E-cad-GFP molecules. Theof the average level of endogenous E-cadherin expressed

in Madin–Darby canine kidney (MDCK) epithelial cells. higher intensity of GFP fluorescence on the coverslip is
due to the short distance from the GFP fluorophore toFor easy culturing and TIRFM observation of cells, glass-

bottom culture dishes are highly suitable. Since it is criti- the coverslip–medium interface, since the intensity of the
evanescent field decays exponentially as a function ofcal to remove the dust and other impurities from the glass

surface and other parts of the chamber, we recommend the distance from the interface [48]. Furthermore, E-cad-
GFP spots with fluorescent intensities of the basal peaksonication of glass-bottom dishes in a 0.1 M NaOH solu-

tion for 90 min before cell culture and observation. Fur- (indicated by arrows in Fig. 4A) showed single-step,
quantized photobleaching (Fig. 4B). From these results, itthermore, cells should be kept under good proliferative
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Fig. 2. SFDI of E-cad-GFP on the ventral membrane of a LEG cell. (A, B) Images of a LEG cell (A) and a control L
cell (B) acquired after 50% photobleaching of E-cad-GFP (t 5 3 s in C). (C) Typical decays of the fluorescence intensity
in a LEG cell and an L cell by photobleaching in 5.8 3 5.8-mm areas. Solid line, LEG cell; dashed line, L cell.

is concluded that E-cad-GFP molecules were individually and estimation of the oligomerization level. Since dimer-
ization and further oligomerization of receptor moleculesimaged in live cells.
and of intracellular signaling molecules [49,50] in and on
the cell membrane are critical steps for signal transduction
there, SFDI of GFP-conjugated proteins in living cellsDETECTION OF E-CAD-GFP OLIGOMERS
would provide a useful tool for the investigation of signal-
ing processes in the cell membrane. However, one wouldThe presence of many quantized peaks in the distri-

bution of fluorescence intensities of E-cad-GFP on the have to be careful about GFP-induced oligomerization,
particularly when the expression level of GFP-conjugatedLEG cell surface suggests that many E-cad-GFP mole-

cules form oligomers, even on the free surface outside protein is high. In the case of E-cad-GFP, even when its
expression level is kept lower than 1% of that of thethe sites of cell–cell adhesion (Fig. 3B). The presence

of various sizes of E-cadherin oligomers was observed endogenous E-cadherin expressed in MDCK epithelial
cells, oligomers greater than dimers were observed.for the first time by performing SFDI on GFP-conjugated

E-cadherin in living cells. As such, SFDI of GFP-conju- Furthermore, the movement of individual molecules
can be tracked. We found that fluorescent spots withgated proteins allows the detection of oligomer formation
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RELATION BETWEEN THE E-CAD-GFP
OLIGOMERIZATION LEVEL AND ITS
TRANSLATIONAL MOBILITY

As described above, the oligomerization level and
movement of GFP-conjugated proteins in live cells can
be investigated simultaneously using SFDI. Figure 5
shows E-cad-GFP fluorescence spots with different inten-
sities and their trajectories for 5 s. The movement was
tracked at the video rate with 20-nm positional accuracy.
As the fluorescence intensity increased, the trajectories
tended to exhibit less motion. Figure 6 shows the relation-
ship between the diffusion coefficient and the fluores-
cence intensity of each spot. In Fig. 6, the boundaries
between different quantized intensities determined by the
peaks shown in Fig. 3B are indicated by dashed vertical
lines. Although these quantized intensities do not repre-

Fig. 3. Quantized distribution of the fluorescence intensity of E-cad-
GFP. Histograms of fluorescence intensities within areas (408 3 408
nm) containing a single spot are shown. The mean value of the back-
ground intensity for the L cell (7.6 AU) was subtracted from all histo-
grams. (A) Distribution of the background intensity of L cells. (B)
Distribution of the fluorescence intensities of E-cad-GFP spots after
50% photobleaching. Filled arrowheads indicate quantized peaks. (C,
D) Distributions of the fluorescence intensity of purified GFP molecules
attached to the membrane of the L cell (C) or the coverslip (D). Open
arrowheads indicate mean values. AU, arbitrary units.

various intensities undergo translational diffusion without
splitting. Therefore, spots with fluorescence intensities
greater than those of monomers do not simply indicate
two or more E-cad-GFP molecules present within dis-
tances closer than the optical diffraction limit but, in
fact, represent true oligomers of E-cad-GFP. Even when
fluorescent intensities are measured after photobleaching,
the intensity distribution could provide a convenient esti-
mate for the degree of oligomerization. In the case of
E-cad-GFP in LEG cells, the oligomerization level is
expected to be less than decamers, since spots with inten-
sities greater than that of dimers were rarely observed

Fig. 4. E-cad-GFP spots with basic quantized intensities show single-after 80% photobleaching [16,21]. However, since the
step photobleaching. (A) An image of E-cad-GFP spots with basicexpression level of E-cad-GFP in LEG cells was very
quantized intensities (indicated by arrows). (B) A typical example of

low, we suspect that larger oligomers may be formed in the change in fluorescence intensity of an E-cad-GFP spot with a basic
the plasma membrane of cells naturally expressing higher quantized intensity observed at the video rate. Single-step photobleach-

ing occurred at the time indicated by the arrow. AU, arbitrary units.levels of wild-type E-cadherin.
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sent the actual oligomer size because of photobleaching,
they provide a convenient yardstick for the degree of
oligomerization. The spots with monomer intensity
tended to have a higher fraction of simple diffusion (filled
circles) and higher diffusion rates. In contrast, spots with
greater oligomerization levels have a higher fraction of
restricted diffusion (open circles) and lower diffusion
rates (Fig. 6). The median diffusion coefficients of spots
undergoing simple and restricted diffusion were 28 3
1023 and 0.71 3 1023 mm2/s, respectively, a difference
of a factor of 40. Since translational diffusion in a two-
dimensional fluid is very insensitive to changes in the
size of the diffusing unit [51], this result indicates the
presence of a mechanism by which movement of E-cad-
GFP oligomers on the free cell surface is very effec-
tively suppressed.

OLIGOMERIZATION-INDUCED TRAPPING
OF MEMBRANE PROTEINS IN THE
MEMBRANE SKELETON MESHES

Fig. 5. E-cad-GFP spots with higher fluorescence intensities show more
restricted motion. A fluorescence image of E-cad-GFP spots with basic The membrane skeleton provides both the binding
or triple quantized intensities and their trajectories for 5 s (150 video (tethering) and the confining effects on transmembrane
frames) are shown. Above each trajectory, the quantized intensity (basic

proteins (Fig. 7) [3–13]. Transmembrane proteins teth-or triple) and the motional mode (simple or restricted) of each spot
ered to the membrane skeleton are immobile, and evenare indicated.
those that are not directly bound to the membrane skeleton

Fig. 7. An oligomerization-induced trapping model, in which a strong
Fig. 6. E-cad-GFP spots with higher fluorescence intensities exhibit coupling of the oligomerization of transmembrane proteins with the

membrane skeleton’s tethering and corraling effects is proposed. (Left)much lower diffusion rates and a restricted mode of diffusion. The
diffusion coefficient and the fluorescence intensity of each spot are Oligomers tend to “hop” to an adjacent compartment much more slowly

than monomers because they have greater cytoplasmic domains. (Cen-plotted. Each spot was classified either into the simple (filled circles)
or the restricted (open circles) diffusion mode and the four apparent ter) Monomers are relatively free of tethering to the membrane skeleton

and can readily “hop” the membrane skeleton. (Right) Oligomers areoligomerization levels (monomer to tetramer as divided by dashed lines).
Filled and white arrows indicate the median values of the diffusion much more likely to be tethered to the membrane skeleton due to

multivalency (avidity) effects.coefficients for each diffusion mode. AU, arbitrary units.
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are temporarily confined (,1-s level) in submicron com- the signal-to-noise ratio or the necessity to observe for a
longer period, we do so. Several important results havepartments formed by the membrane skeleton meshes and

occasionally “hop” to an adjacent compartments. By been obtained employing fluorescently tagged proteins
for investigations using live cells.repeating such hop movements, the transmembrane pro-

teins undergo macroscopic diffusion. Using objective-type TIRFM, Sako et al. [14] carried
out SFDI of Cy3-conjugated epidermal growth factorOligomerization of a membrane protein greatly

increases these effects of the membrane skeleton. Based (Cy3-EGF) attached to the cell surface and investigated
the signal transduction process mediated by the EGFon the observation that oligomerized E-cad-GFP exhibits

greatly reduced translational diffusion, we propose an receptor (EGFR) on the surface of A431 carcinoma cells.
Tracking of single Cy3-EGF revealed that EGF molecules“oligomerization-induced trapping model” (Fig. 7), in

which transmembrane receptors are trapped and immobi- in solution preferentially bind to high-affinity-type
EGFR, which are likely to be preformed dimers or alized where the oligomerization occurrs due to increased

interactions with the membrane skeleton [16,21]. Since complex of an EGF-bound EGFR molecule and an unoc-
cupied EGFR molecule. Dimerization of EGFR was fur-greater oligomers have larger cytoplasmic portions com-

pared with monomers, they have much less chance of ther confirmed by observing the fluorescence resonance
energy transfer (FRET) from a single Cy3-EGF molecule“hopping” and tend to exhibit restricted diffusion. Fur-

thermore, greater oligomers are more likely to be immobi- to a single Cy5-EGF molecule bound to EGFR.
Schütz et al. [15] carried out an SFDI of Cy5-labeledlized by tethering to the membrane skeleton since every

monomer in the oligomer must dissociate from the mem- lipids in human coronary artery smooth muscle cells with
a millisecond time resolution and 50-nm positional accu-brane skeleton before the oligomer itself can detach.

It is well known that many receptor molecules form racy using low-background epifluorescence microscopy.
Although their instrument setup allowed them to obtainoligomers during their signal transduction [52,53]. Our

model could be particularly important for understanding only 14 successive images, the membrane domains were
detected by observing Cy5-conjugated phosphatidyletha-receptor-mediated signaling processes that induce the

polarized response of a cell. In these kinds of signaling, nolamine with saturated myristoyl chains (DMPE-Cy5)
and were shown to be small compartments (0.7 mm incells must “memorize” the point that the extracellular

signal has reached. Cells may accomplish this by immobi- diameter) likely having liquid-ordered phase properties.
DMPE-Cy5 was highly partitioned into such domainslizing the activated receptor by increasing the oligomer-

ization level, causing it to be trapped in place by the and stayed for an average of 13 s. Although the movement
of DMPE was confined, its diffusion rate within themembrane skeleton.
domain was not reduced (0.6 mm2/s). An analogous Cy5-
labeled lipid with diunsaturated chains (DOPE-Cy5) did
not exhibit such confined-type diffusion.SFDI OF CHEMICAL DYE MOLECULES IN

LIVING CELLS

Because chemical dye molecules have a higher quan- COMPARISON OF SINGLE-PARTICLE
TRACKING (SPT) AND SFDItum efficiency, molecular extinction coefficient, and pho-

tostability, in general, SFDI in living cells can be carried
out more easily if proteins of interest can be tagged with In SPT, the movement of small colloidal gold or

latex particles, which are attached either to single or tothese dye molecules in live cells. Cell surface molecules
can be labeled with fluorescently tagged antibodies or a small number of proteins of interest via their ligands

or the antibodies’ Fab fragments, is tracked. Prior to theligands. Fluorescently tagged lipids and glycosylphos-
phatidylinositol-anchored proteins can be incorporated in advent of SFDI, SPT was applied to studies of events

occurring in living cells. The most important advantagethe cell membrane when they are added from outside the
cell. Intracellular proteins, after being artificially of SFDI over SPT is that labeling of the target protein

with a single probe (fluorophore) can be achieved muchexpressed in some cells and purified, can be labeled in
vitro with a chemical dye and then introduced into the more easily than with larger gold or latex particles

[7,13,57]. Most proteins adsorbed on the colloidal goldcytoplasm by microinjection or by temporarily injuring
the cell membrane [54–56]. Since these processes tend surface are denatured (becoming incapable of binding to

the target proteins) or have wrong orientations for bindingto be cumbersome, we generally prefer first testing the
effectiveness of GFP, and then if we find a good reason to the target molecules. Under these conditions, making

probes that bind specifically to the target molecules with-to switch to chemical dyes, such as the need to improve
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