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Highly inclined thin
illumination enables clear
single-molecule imaging
in cells

Makio Tokunagal‘S, Naoko Imamoto®”® &
Kumiko Sakata-Sogawa?

We describe a simple illumination method of fluorescence
microscopy for molecular imaging. Illumination by a highly
inclined and thin beam increases image intensity and decreases
background intensity, yielding a signal/background ratio about
eightfold greater than that of epi-illumination. A high ratio
yielded clear single-molecule images and three-dimensional
images using cultured mammalian cells, enabling one to
visualize and quantify molecular dynamics, interactions and
kinetics in cells for molecular systems biology.

Much progress in single-molecule techniques has provided a new
and direct approach to study molecular mechanisms!~ in recent
years. Real-time imaging of single fluorescent molecules in aqueous
solution was achieved by refining epifluorescence microscopy*>
and total internal reflection fluorescence microscopy (TIRF)*°.
As TIRF illuminates only surface areas'®, it has been used to
visualize single molecules in vitro'l. Furthermore, single-molecule
imaging with objective-type TIRF® allowed researchers to observe
individual molecules on the cell surface'>!3. However, the applica-
tion of TIRF is limited to surfaces. To overcome this limitation, here

Figure 1 | HILO microscopy for molecular imaging in cells and three-
dimensional imaging of the NPCs. (a) Optics. The incident beam is positioned
to propagate near the objective edge. It is highly inclined by a large
refraction at the glass-specimen surface, and then it is laminated as a thin
optical sheet on the specimen side. TIR, totally internally reflection
fluorescence microscopy for surface imaging; Epi, epifluorescence.

(b) Specimens are illuminated with a thin sheet of laser beam. (c) Stereo
pair of a three-dimensional image reconstructed from serial images (see
Supplementary Video 1). The photobleaching was linearly corrected using
to-and-fro scanned images (reduction of image intensity by photobleaching
during z-scan from z = 0 to 16.2 um with an interval of 0.44 pm was 11%).
The distribution of NPCs on the nuclear envelope is not uniform but often in
line, which may indicate a correlation with inner nuclear structures. Scale
bars, 5.0 um.
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we describe an approach, called highly inclined and laminated
optical sheet (HILO) microscopy for single-molecule imaging
inside cells.

The main technical challenge of single-molecule fluorescence
imaging is increasing the signal/background ratio. We achieved
notable success in this by inclining the illumination beam and by
minimizing the illumination area. The incident laser beam is highly
inclined by a large refraction and is laminated as a thin optical sheet
at the specimen side (Fig. 1a,b). In HILO microscopy, this thin
optical sheet is used for illumination. Its thickness dz along the
z-direction is roughly dz = R/tanfl, which is the thickness of
the geometrical optics not including the divergence, where R is
the diameter of the illuminated area at the specimen plane, and 0
is the incidence angle at the specimen (Fig. 1b). When R/tanf is less
than a few tens of micrometers, divergence increases the thickness
dz by more than the value obtained by the calculation above. To
reduce the divergence of illumination at the specimen, we incor-
porated a field stop for the illumination beam into the incident
light path to be conjugate with the specimen plane. The image of
the field stop is formed at the specimen plane so that the divergence
of the illumination at the edge of the field-stop image is minimized
(Fig. 1b and Supplementary Fig. 1a,b online).

One of the features of HILO microscopy is that the illumination
beam always passes through the center of the specimen plane
(Supplementary Fig. 1c—f), which means the illumination beam
follows the z-directional shift of the specimen plane. This feature is
powerful for three-dimensional imaging.
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To evaluate the HILO microscopy technique, we reconstructed
three-dimensional images of the nuclear pore complexes (NPCs) in
cells from z-scanned serial images (Fig. 1¢c, Supplementary Fig. 2a—c
and Supplementary Video 1 online). We obtained clear point-
like images of NPCs without the need for deconvolution to remove
out-of-focus haze (Fig. 1¢c). The fluorescence intensity of the NPCs
at the top of the nuclei (14.7 pm above the coverslip surface) was
62% of that at the bottom (Supplementary Fig. 2d). The decrease
is explained well by the spherical aberration of the objective.
Further, there was much lower photobleaching than in conven-
tional confocal microscopy because of the lower intensity and
nonfocused nature of illumination.

We examined the thickness dz of the illumination beam (Sup-
plementary Methods online) and obtained illumination intensity
profiles in the z-direction (Fig. 2a). We decreased the illumination
thickness dz with the reduction of the illumination diameter R,
having an additional thickness of a few micrometers derived from
divergence to the geometrical optics thickness R/tanf (Fig. 2b).
Notably, the full width at half maximum of the profile was less than
7 um at the diameter R below 20 pm.

Next we evaluated the signal/background ratio of images in
HILO in two ways, using fluorescent microspheres (Fig. 2c—e)

Figure 3 | Visualization of single GFP-importin B molecules and nuclear
pores, and a kinetic analysis of the interactions. (a) Fluorescence image of
single GFP-importin  molecules mediating the cargo transport at the bottom
surface of a nucleus (Supplementary Video 2). (b) NPCs on the bottom of a
nucleus. Scale bars, 5 pm. (c,d) The number of molecules bound to a single
NPC, quantified as the ratio of the fluorescence intensities against that of
single molecules. (c) Binding of cargo-free importin B with the NPC in

the absence of Ran and energy sources as a function of the importin 8
concentration in the incubation medium. Inset, an enlarged graph near the
origin. Best fitting gave a sum of two binding functions (solid line), thus
indicating that the interaction was composed of two types of binding, namely
a higher-affinity binding (dotted red line) and lower-affinity binding (broken
blue line). Error bars indicate s.d.; n = 213, 134, 273, 286, 235, 254, 128,
139 and 122 NPCs for GFP-importin § = 0.1, 0.3, 1, 2, 10, 30, 100, 300 and
1,000 nM, respectively. (d) Binding of the number of cargo (IBB)-bound
importin B with the NPC in the absence of Ran and energy sources. Note that
higher affinity binding disappeared. Error bars indicate s.d.; n = 139, 239,
254, 364, 268, 327, 207 and 258 NPCs for GFP-importin § = 0.3, 1, 3, 10,
30, 100, 300 and 1,000 nM, respectively.
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Figure 2 | Thickness of HILO illumination beam and signal/background
ratio. (a) Profiles of illumination intensity through the z-direction at the
different illumination diameter R. Corrected z was calculated from the
refractive index of the specimen (Supplementary Methods). Error bars
indicate s.e.m.; n = 38, 36, 38, 38, 40, 33, 42 and 30 microspheres

for z = —0.02, 2.59, 5.31, 8.04, 10.68, 13.34, 16.14 and 19.24 um,
respectively. (b) Full width of half maximum (FWHM) was calculated

as the beam thickness dz from the profile in a. Solid line represents

R/tand according to the geometrical optics (0 = 77 degrees, which is
obtained from x = n X fop; x sind and x/(n x fop;) = 2.6 mm/1.334/2 mm;
see Supplementary Fig. 3h). (c-e) Comparison of relative fluorescence
intensity of microsphere images (c) and background (d) and signal/
background ratio (e) between HILO (x/(n X fop;) = 2.6 mm/1.334/2 mm)
and epi-illumination. Fluorescent microspheres (diameter of 100 nm) in

1% agar were used, and signal intensity were analyzed as in Supplementary
Figure 4d. Error bars, s.e.m.; n = 38 and 34 microspheres for HILO and epi,
respectively (c). Error bars, s.d.; n = 48,944 pixels (d). See Supplementary
Methods for error calculation for e.

and using cross-sectional images of the nuclei (Supplementary
Fig. 3 online). Inclination of the illumination beam (larger
incidence angle 6, that is, larger incidence distance x; Fig. 1la)
increases intensities of the fluorescence images up to 2.8-fold
compared with epi-illumination, that is, x = 0 (Fig. 2c). Optical
theory holds that the intensity of the refracted light increases with 0
(that is, x; Supplementary Fig. 3g,h). Namely, refraction with a
larger angle makes the refracted beam thinner, that is, increases
the light density. The 2.8-fold increase is in excellent agreement
with the theory.

In contrast, the background intensity is substantially decreased
by illumination inclination (Supplementary Fig. 3b). As the
background is composed of out-of-focus images, the decrease is
explained by the reduction of the illuminated range. As a result,
illumination inclination increased the ratio of image to background
(signal/background) up to 3.1-3.5-fold (Fig. 2e and Supplemen-
tary Fig. 3c). Reduction of the illumination diameter R further
decreased the background intensity (Fig. 2d and Supplementary
Fig. 3e). Consequently, reduction of the diameter R increased
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the ratio of signal to background up to 2.2-2.9-fold (Fig. 2e and
Supplementary Fig. 3f). This value is slightly greater than that
observed earlier by narrow-field epifluorescence microscopy'?,
which is a method to obtain images with a high signal/noise
ratio using a pinhole. As a result, HILO illumination microscopy
notably increased signal/background ratio up to 7.6-fold (Fig. 2e).

We applied this high ratio of signal to background by HILO to
single-molecule imaging of nuclear transport inside cells. We
visualized single molecules of GFP-importin  mediating the
import of cargo through nuclear pores in permeabilized cells as
bright spots on the bottom surface of a nucleus (Fig. 3a and
Supplementary Video 2 online) at cellular concentrations in or
below the nanomolar range. The time course of the fluorescence
intensity at the same point showed a one-step appearance and
disappearance, a feature of single-molecule images. A single peak in
the distribution of fluorescence intensities as well as the mean
fluorescence intensity of the spots provided additional evidence
that we observed single molecules (Supplementary Fig. 4 online).

To show effective single-molecule imaging in living cells by
HILO, we observed nuclear transport after microinjection of
GFP-importin  (Supplementary Video 3 online). We visualized
a glass microneedle by brightfield microscopy illumination with a
very small numerical aperture (NA), for easy positioning directly
over any target cells. Then we microinjected GFP-importin 3 into
the cytoplasm while monitoring fluorescence images. We observed
bright spots with a one-step appearance and disappearance repre-
senting single molecules interacting with the NPC during nuclear
import. Thus, HILO vyields clear single-molecule images in living
cells. This high image quality allows the observer to decrease the
intensity of the illumination beam.

Next we performed quantitative analysis to demonstrate the
application to kinetic studies. At greater than nanomolar concen-
trations of GFP-importin B in the cell, we clearly visualized
individual NPCs as fluorescent spots (Figs. 1c, 3b and Supple-
mentary Fig. 5ab online). We evaluated the number of GFP-
importin B molecules bound to a single NPC as the ratio of
the fluorescence intensities of single NPC images against that of
single-molecule images. We distinguished images of a single NPC
from two adjoining NPCs by correlation analysis between the
fluorescence intensity and the shape of NPC spots (Supplementary
Methods and Supplementary Fig. 5). We obtained the number
of bound molecules as a function of the GFP-importin 8 concen-
tration (Fig. 3¢,d). Importin 3 in the absence of Ran-GTP exhibited
two types of binding with the NPC. The higher affinity binding
showed a dissociation constant of 0.3 +0.2/—-0.1 nM and a max-
imum number of bound molecules of 7 +6/—4 molecules/NPC.
Its actual number is probably 8 molecules/NPC as the NPC exhibits

an eightfold symmetry. The lower affinity binding exhibited almost
the same kinetic parameters irrespective of the presence or absence
of cargo, with a dissociation constant of 70 +50/—30 nM and a
maximum bound number of 110 +60/—40 molecules/NPC. The
dissociation constant of isolated nucleoporins with importin 3 has
been reported as ~ 100 nM and 0.4-1 nM (ref. 15), which is close
to our results.

Here we demonstrated that clear visualization of single mole-
cules in cells enabled the quantification of molecular dynamics,
interactions and kinetics. The combined use of in silico reconstruc-
tions of cell functions with single-molecule quantification will open
up new frontiers for life sciences.

Note: Supplementary information is available on the Nature Methods website.
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