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Single-point single-molecule FRAP distinguishes
inner and outer nuclear membrane protein
distribution

Krishna C. Mudumbi!, Eric C. Schirmer? & Weidong Yang'

The normal distribution of nuclear envelope transmembrane proteins (NETs) is disrupted in
several human diseases. NETs are synthesized on the endoplasmic reticulum and then
transported from the outer nuclear membrane (ONM) to the inner nuclear membrane (INM).
Quantitative determination of the distribution of NETs on the ONM and INM is limited in
available approaches, which moreover provide no information about translocation rates in the
two membranes. Here we demonstrate a single-point single-molecule FRAP microscopy
technique that enables determination of distribution and translocation rates for NETs in vivo.
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he nuclear envelope (NE) consists of the outer nuclear

membrane (ONM) that is contiguous with the endo-

plasmic reticulum (ER) and the inner nuclear membrane
(INM), which is lined with nuclear lamina and faces the
nucleoplasm. Both membranes fuse at sites of nuclear pore
complex (NPC) insertion. NE transmembrane proteins (NETSs)
embedded in either the ONM or the INM play crucial roles
in both nuclear structure and functions!™. Quantitatively
determining the spatial locations of NETs along the NE and
translocation rates between the two membranes is needed to
fully understand their roles in genome architecture, epigenetics,
transcription, splicing, DNA replication, nuclear structure,
organization and positioning. Moreover, over a dozen human
diseases are associated with mutations and mislocalization of
NETs on the NE!013,

Immunogold-label electron microscopy has been used to
determine the localizations of a small set of NETs along
the ONM and INM!4~16, However, it is impractical to apply
this labour-intensive approach to the hundreds of NETs
now identified®. Recently several super-resolution microscopy
techniques (STORM, PALM and RESOLFT/STED) have been
employed to obtain sub-diffraction images in live cells!”. Most of
these techniques were shown to provide approximately a 50-nm
imaging resolution in vivol”, which render them unlikely to
distinguish the real-time localizations of NETs on the INM and
ONM, since the two membrane bilayers are separated by a 40-nm
perimembrane space!”.

Fluorescence recovery after photobleaching (FRAP) was
developed to mainly study cell membrane diffusion and
protein binding!®. In past years, the technique has been widely
applied to study various membrane protein dynamics on the
lipid bilayer'®=?!, including the lateral diffusion of NETs on
the NE!*!®, Particularly, the technique has been combined with
two-photon microscopy to restrict the photobleaching area
and provide a better spatiotemporal resolution’?. Here we
have further developed the FRAP technique by adapting a
diffraction-limit photobleaching area and recording the recovery
of single NETs on the INM and ONM with super-high
spatiotemporal resolutions in live cells.

By combining single-point illumination and single-molecule
fluorescence recovery after photobleaching (smFRAP), here we
show that the spatial localizations of NETs on the INM and
ONM are distinguished with a spatial resolution of <10-nm in
real-time. Moreover, through measuring the diffusion coefficients
and the immobilized fractions of these NETs, we further
determine the in vivo translocation rates and concentrations of
NETs along the ONM and INM. In this paper, several different
NETs with unique NE localizations are used to verify and
highlight the capabilities of this technique.

Results

Single-point smFRAP set-up. In our set-up, the single-point
illumination was realized by using a diffraction-limit illumination
volume (illumination point spread function) of a 488-nm
excitation laser (&~210nm in the x and y directions and
~540nm in z direction) generated using a microscope
objective with a high numerical aperture. With this single-point
illumination at the nuclear equator of live HeLa cells, we
conducted the smFRAP measurements of NETs. First, we quickly
photobleached GFP-tagged NETs in the illumination area,
and then captured individual fluorescent GFP-NETs diffusing
into this photobleached area from outside regions with a
regulated on-off laser excitation mode. Finally, we reconstructed
all detected locations of GFP-NETs to form two-dimensional
(2D) super-resolution images (Fig. 1; Supplementary Fig. 1).

2

The combination of single-point illumination and smFRAP
allowed us to: (i) generate a laser power with a very high optical
density (~500kW cm ~2) to effectively photobleach GFP-NETs
in the selected region (Fig. 1a); (ii) adopt a fast detection speed of
2,500Hz (0.4 ms per frame) to capture GFP-NET molecules in
the process of FRAP; (iii) spatially localize GFP-NET molecules
with a localization precision of <10nm (Supplementary Fig. 2);
and (iv) treat the NE as relatively straight double bilayers after
the full consideration of membrane curvature and maximally
reduce the possible photodamage in live cells because of the
very small illumination volume (Supplementary Fig. 3). With this
set-up, each single-molecule video was recorded for 30s then
filtered by signal photons of single protein molecules. Ten such
single-molecule videos from a live cell yielded ~ 10,000 spatial
locations of NETSs in the NE with a total microscope and analysis
time of <30min. Such measurements were repeated in ten
different live cells. Finally, the resultant data was used to
quantitatively determine the spatial distribution of NETs along
the INM and ONM in live cells.

Concentration ratio of LBR on the INM and ONM. The
localization of GFP-tagged wild-type lamin B receptor (WT LBR)
was first determined in live HeLa cells. LBR is an important
INM protein that interacts with chromatin and lamins. With the
single-point smFRAP microscopy setup, we obtained ~ 8,000
locations of WT LBR on the NE and the histogram of
these locations across the NE revealed two major peaks with a
distance of 40.9 £2.0nm, which agrees well with the 40-nm
perimembrane space between the INM and ONM (6). The
integrated areas of these two peaks further revealed that WT LBR
localizes on these two layers with an INM:ONM concentration
ratio of 0.53:1 (Fig. 2a; Supplementary Fig. 4).

Since the concentration ratio is intrinsically tied to the
diffusion coefficient and the immobile fraction of NETs that
have not been included in the above determined concentration
ratio, corrections must be made to determine the actual
distribution of NETs along the NE. Therefore, based on the
single-molecule trajectories of WT LBR molecules as they
diffused along the ONM and INM, we first determined the
diffusion coefficient (D) of these proteins in each membrane
using their mean squared displacements or the frequency
distribution (Methods). WT LBR on the ONM possesses a
slightly bigger diffusion coefficient than that on the INM, as
expected due to its INM binding partners (Table 1). Second, to
correlate the determined diffusion coefficients with the actual
concentrations of WT LBR on the INM (Cnm) and ONM
(Conm)> we developed the following equations:
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Where G (i, D, t) represents the probability of finding a randomly
diffusing particle at location i after diffusion with a diffusion
constant of D within time #; f (D, t) refers to the probability of
observing the particles moving into the detection area in two
dimensions from the entire area; V(D) is the total area that a
particle covered from ¢1 to t1 4 2s; and V (either ONM or INM)
is calculated from the previous function and N (ONM or INM) is
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Figure 1 | Single-point single-molecule FRAP to study NET distribution along the NE. (a) Hela cell transfected with GFP tagged NET used to visualize the
NE. The purple circle indicates the usual 5-um illumination area used in bulk FRAP experiments and the red circle indicates single-point illumination area up
to 0.5 um used in this study. (b) Both the INM and ONM of the NE are studded with NETs fused to GFP. (¢) Using single-point illumination, a small, 0.5-um
area of the NE is targeted and GFP fused NETs in this area are excited using a high laser power. (d) NETs in the laser excitation area, as well as those that
diffuse into the area are photobleached. (e-g) Once the area is completely photobleached, diffusion events of freshly incoming GFP-NETs occur at the
single-molecule level and can be precisely localized. (h) Localized single-molecule events from the ONM and INM are compiled and the data is fitted with
Gaussian functions to determine 2D distribution of NETs along the NE. Scale bar: 1pum.

determined from the original INM:ONM ratio. Supplementary
Fig. 5 provides a visual representation of these calculations.
By considering the effect of diffusion coefficients, the corrected
concentration ratio of WT LBR on the INM and ONM is 0.58:1
(Table 1). Moreover, from the bulk FRAP curves (Supplementary
Table 1 and Supplementary Fig. 6), the immobilized fraction
of NETs on the INM can be obtained (using the formulae
included in the figure caption of Supplementary Fig. 6). For WT
LBR, since previous experiments indicate a negligible immobile
fraction on the ONM/ER!* (and verified in Supplementary
Fig. 6), the immobile fraction can fully be ascribed to the
INM, and this was measured at ~81% (Table 1). This number,
along with the diffusion-based corrected concentration ratio,
was used to determine that the actual INM to ONM ratio of
WT LBR is 3.1:1 in live cells (Table 1), which agrees very
well with an INM:ONM concentration ratio of 3:1 determined
by immunogold-label electron microscopy counting of 440
particles!®.

Different NETs possess distinct INM:ONM concentration ratios.
Next, following the same experimental protocol, the distribution

and concentration of NET51, expected to lack or have unknown
INM interactions because of its short nucleoplasmic domain,
nesprin-3a, expected only in the ONM, and a mutant of LBR
(LBRA63-172) that lacks its mapped lamin and chromatin
binding sites and predicted NLSs>*?** on the NE, were
determined. In contrast to WT LBR, LBRA63-172 was found
on the INM and ONM with a diffusion-based corrected
concentration ratio of 0.30:1, consistent with a loss of INM
binding sites. This is similar to the ratio of 0.29:1 obtained for
NET51 that was expected to have no INM binding sites
(Fig. 2b,c). The low INM:ONM ratio for NET51 is further
supported by the electron microscopy study done by Zuleger
et al.'%. Finally, nesprin-30, a NET that localizes mainly on the
ONM, was used as a control to determine whether single-point
smFRAP can distinguish between NETSs that translocate into the
INM compared with those that localize mainly on the ONM.
Figure 2d clearly shows that, as expected, nesprin-3a localizes
almost completely on the ONM with a diffusion-based corrected
ratio of 0.10:1.

Besides the corrections based on the diffusion coefficients, the
immobilized fraction of LBRA63-172, NET51, and nesprin-3a
were measured as well (Supplementary Fig. 6 and supplementary
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Figure 2 | Super-resolution imaging and distribution of various NETs. Wild-type LBR (WT LBR) (a). LBR A63-172 (b), NET51 (c) and Nesprin-3a (d). (i)
Epi-fluorescent image of the NE of a Hela cell transfected to express the NET of interest. The area that was photobleached and studied is boxed in red. (ii)
Super-resolution image of the NE with the INM shown in red and the ONM shown in purple. To obtain these locations, typically ten 30-s single-molecule
videos from a live cell yielded ~10,000 spatial locations of NETs in the NE. Such measurements were repeated in ten different live cells. (iii) Two peak
Gaussian fittings of the points collected from the NE showing the distribution of NETs along the NE. The INM to ONM ratio was determined by using the
integrated area under the fitted curves. The shaded regions represent the width of the INM and ONM as determined by the full width at half maximum
(FWHM) as determined by the fitting. (iv) Approximate concentration ratios of NET's distribution (pre-corrected) along the INM (red) and ONM (purple).
The corrected ratios can be found in Table 1. (v) lllustrative representation of the GFP fused NETs used in this study. Scale bar, Tum.

Table 1 | Distribution of NET substrates on the ONM and INM.

Protein Single-molecule based Diffusion Diffusion Diffusion based corrected Immobilized Final
concentration ratio coefficient on coefficient on concentration ratio fraction Concentration
(INM:ONM) ONM (um2s— 1  INM (um3?s—1) (INM:ONM) ratio
(INM:ONM)
WT LBR 0.53:1 26+0.8 1.9+£0.6 0.58:1 611 6% (overall) 3.1
811 6% (INM)
LBRA63-172 0.30:1 11+£03 1.0+£0.4 0.30:1 37+ 8% (overall) 111
72+ 8% (INM)
NET51 0.28:1 20106 1.8+0.7 0.29:1 12+ 8% (overall) 0.47:1
38+ 8% (INM)
Nesprin-3o 0.10:1 1.2+05 09104 0.10:1 61+ 7% (overall) 0.04:1

61+7% (ONM)

FRAP, fluorescence recovery after photobleaching; INM, inner nuclear membrane; NE, nuclear envelope; NET, NE transmembrane proteins; ONM, outer nuclear membrane; WT LBR, wild-type lamin B

receptor.
In the column of ‘Immobilized fraction’, ‘overall’ refers the immobilized fraction of NETs on the NE and 'INM’ represents the immobilized fraction of NETs on the INM (using the formulae included in the
figure caption of Supplementary Fig. 6). Both single-molecule and bulk FRAP measurements were repeated in at least ten different live cells. Data are mean * s.e. of the mean.

Table 1). When compared with WT LBR, the immobilized present (Fig. 2b—v), and there is a lesser chromatin binding
fraction in the INM of LBRA63-172 reduced from ~81to ~72% activity in the C terminus that is also nucleoplasmic. NET51 had
(Table 1). The reduction but not complete loss of the LBR a ~38% INM immobilized fraction, and nesprin-3a had a ~61%
immobilized fraction is not surprising. Even though INM-specific ~immobilized fraction specifically on the ONM. When the
binding domains of the LBR protein were deleted to create the immobilized fractions were taken into account together with
LBRA63-172 mutant, the tudor domain on the N terminus is still  the diffusion-based corrected concentration ratios, the final

4 | 7:12562 | DOI: 10.1038/ncomms12562 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

INM:ONM concentrations ratios for LBRA63-172, NET51, and
nesprin-30. were calculated to be 1.10:1, 0.47:1, and 0.04:1,
respectively. This is consistent with the loss of INM binding
reducing the INM:ONM ratio for the LBR mutant and the high
ONM immobile fraction for nesprin-3a further decreasing its
INM:ONM ratio (Table 1).

Discussion

Using this simple technique, one can not only determine if a NET
transports into the nucleus, but also its distribution along the
INM and ONM within 30 min with a precision of <10 nm. Also,
this technique can be used on NETs tagged with the simple and
commonly found GFP tag, as opposed to a specialized tag, such as
photoactivatable GFP. Furthermore, this method is done in vivo
so that almost no cellular functions are disrupted and the actual
location of the protein can be observed in the natural cellular
environment.

In addition, this technique can also be used to determine the
translocation rates (TR) of various NETs across the NE. If the
total concentration of a NET on the NE is known, together with
the concentration ratio of NETs determined here, a few formulae
can be used to determine the translocation rate of NETs from the
ONM to the INM as follows:

. NT><a2><A

R="—""2""" 5
as ><2T1/2 ( )
a1 X Fpyi = A(ay X Fano) + B(ay X Foyy) (6)
A ayXFnoxD, 7)
B o ay X Fpi X Dj

Where Ny is the total NET molecules, a;, a, and a; are the INM
value, the ONM value and the added INM and ONM value
from the INM:ONM ratio, respectively (a;=3.1, a,=1 and
a;=3.1+1 in the case of WT LBR). The variable A represents
the fraction of NETs in the ONM that translocate into the
INM after FRAP experiments and B is the fraction of NETs in
the INM that diffuse into the photobleached area after FRAP. F,;;
is the mobile fraction on the INM, F,,, is the mobile fraction on
the ONM. D, and D; are the diffusion coefficients on the ONM
and INM respectively as determined by single-molecule
experiments, and finally, 7,, is the time it takes for half the
fluorescence recovery during FRAP experiments (Supplementary
Table 1). Using LBR as an example, with ~150,000 LBR
molecules and about 2,000 NPCs per cell?>?°, the translocation
rate from ONM to INM is about 5.4 molecules per min per NPC.

Finally, based on the immobilized fraction and the
diffusion-based distribution concentrations, the single-point
smFRAP technique also provides putative information about
possible interactions on either the ONM or INM face of the NE
for uncharacterized NETs. By studying the distribution ratios
and immobilized fractions of WT LBR, LBRA63-172, NET51
and nesprin-30, a putative inference about interactions can be
made. For example, even though WT LBR and nesprin-3o have
similar immobilized fractions as determined by conventional
FRAP, by studying the distribution ratios provided by single-
point smFRAP, it can be determined that WT LBR has binding
sites that require it to be on the INM for interactions with its
binding partners. Nesprin-3o, however, has a higher distribution
on the ONM indicating that it interacts with binding partners
that are located either in the cytosol or with the luminal domains
of proteins located on the INM.

Methods

Tissue culture and transfection. HeLa cells were grown in DMEM, high glucose,
GlutaMAX Supplement (Life Technologies), 10% fetal bovine serum (Fisher

Scientific), 1% penicillin-streptomycin (Thermo Fisher). Nesprin-30, WT and
mutant LBR were cloned into the pEGFP-C3 vector, and NET51 into the
pEGFP-N2 vector. DMEM with 1% penicillin-streptomycin and no fetal bovine
serum was used for transfection with TransIT-LT1 Transfection Reagent

(Mirus Bio) using the manufacturer’s protocol. Cells were incubated with pre
warmed (37 °C) transport buffer (20 mM HEPES, 110 mM KOAc, 5mM NaOAc,
2mM MgOAc, 1 mM EGTA, pH adjusted to 7.3 with HCI) for 45 min before either
single-point smFRAP or bulk FRAP experiments. Measurements on the
microscope were completed within 30 min to ensure that the cells are monitored in
near physiological conditions.

Single-point sSmFRAP microscopy. Transfected HeLa cells were imaged with an
Olympus IX81 microscope equipped with a 1.4 numerical aperture x 100
oil-immersion objective (UPLSAPO 100XO, Olympus) and with an on-chip
multiplication gain CCD camera (Cascade 128 +, Roper Scientific). A 50-mW
solid-state 488-nm laser (Obis) was used to excite the GFP tagged NETs.
Epi-fluorescent imaging was performed using a mercury lamp with GFP filter
set-up. The following filters were used: dichroic filter (Di01-R405/488/561/635-
25x36, Semrock) and an emission filter (NF01-405/488/561/635-25X5.0, Semrock),
two neutral density filters (Newport). A Newport optical chopper was used to
generate an on-off mode of laser excitation. For data acquisition and processing,
the Slidebook software package (Intelligent Imaging Innovations) was used.

Bulk FRAP by using confocal microscopy. Bulk FRAP experiments were
performed by using a Leica DM IRE2 confocal microscope running TCS SL
software. First, five pre-bleach images were taken and averaged to obtain the initial
fluorescence intensity value. Then, photobleaching was performed with an argon
laser (488-nm laser line) for about 55 to bleach an area of ~5um?. Fluorescence
recovery was measured every 5s until the fluorescence reaches the plateau stage.
Finally, image-induced photobleaching was corrected by normalizing to the
time-course decay of fluorescence in non-bleached areas by using the ImageJ
plug-in FRAP Profiler.

Determination of diffusion coefficient. Two complementary approaches have
been used to determine the diffusion coefficients for NET proteins. First, if
single-molecule trajectories of a protein molecule consist of multiple frames
(>6), we used the typical mean square displacement (MSD, MSD = 4Dt for 2D
trajectories) approach. Second, if there are at least two, but less than six consecutive
frames obtained, we utilized the frequency distribution probability function

p(d,t,D) = (%)e(’%) (refs 27,28), where 9, t and D are the displacement
between consecutive frames, the interval time and the diffusion coefficient
respectively. Approximately 50 single-molecule trajectories were collected and
processed by utilizing the first approach and > 500 events were used by following
the second approach. Finally, an averaged diffusion coefficient was determined for

each NET.

Localization precisions of isolated fluorescent spots. The localization precision
for single fluorescent molecules was defined as how precisely the central point of
each detected fluorescent diffraction-limited spot was determined. Typically, for
immobilized molecules, the fluorescent spot is fitted to a 2D symmetrical
Gaussian function, and the localization precision is determined by the s.d. of
multiple measurements of the central point. However, for moving molecules,

the influence of particle motion during image acquisition should be considered
in the determination of localization precision. In detail, the localization

precision for moving substrates (G) was determined by an algorithm of

o= \/F[16(52 ;;2/12) i 8”52(52;,‘52/12)2], where F is equal to 2, N is the number of
collected photons, a is the effective pixel size of the detector, b is the s.d. of the

background in photons per pixel, and s=,/s} + DAt s, is the s.d. of the point

spread function in the focal plane, D is the diffusion coefficient of substrate on the
membrane of interest (INM or ONM) and At is the image acquisition time?°-32,

In our experiments, we spatially localized and superposed targeted molecules
with >2,000 signal photons and in-focus Gaussian widths (0.5-1.0 pixel,
corresponding to single GFP molecules locating in the focal plane). Thus, the
localization precision is determined to be <10nm based on the above equations
and the parameters determined experimentally (N> 2,000, a =240 nm, bx2,
so=150+50nm, D is in the range of 1-3 },tmzs’ 1 for the tested substrates), as
shown in Supplementary Fig. 2.

Data analysis. Single-molecule videos were recorded using Slidebook (Intelligent
Imaging Innovations) and then analyzed with the ImageJ plugin ThunderSTORM
(zitmen.github.io/thunderstorm/) and the raw data was filtered with a high signal
to noise ratio (SNR) and the average x and y pixel positions were determined to
select the region of interest for analysis with the GLIMPSE software package
(courtesy of the Gelles Lab). Raw data were run through GLIMPSE and selected for
a high SNR to ensure that single molecules in the focal plane are selected and
analysed. The resultant data were then fit with a single Gaussian distribution to
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remove more background noise and that data were then fit with a two peak
Gaussian to determine the distribution of NETs along the NE (Supplementary
Fig. 4). Finally, the FWHM of each peak was used to determine the range of NET
distribution on each of the two membranes, which was used when studying

. Ye, Q. & Worman, H. J. Primary structure analysis and lamin B and DNA

binding of human LBR, an integral protein of the nuclear envelope inner
membrane. J. Biol. Chem. 269, 11306-11311 (1994).

single-molecule trajectories for determining the diffusion coefficient.

Statistical analysis. Both single-molecule and bulk FRAP measurements were
repeated in at least 10 different live cells. Experimental measurements are reported
as mean * s.e.m., unless otherwise noted.

Data availability. The data that support the findings of this study are available on
request from the corresponding author (W.Y.).
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