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Summary

Linker of nucleoskeleton and cytoskeleton (LINC) complexes are conserved nuclear envelope (NE) spanning
molecular bridges which mechanically integrate the nucleus with the cytoskeleton and mediate force
transmission into the nucleoplasm. Despite their critical roles in fundamental cellular processes such as meiotic
chromosome and nuclear positioning, the mechanism of LINC complex assembly in cells remains unclear. To
begin to address this deficit, we recently developed z-scan fluorescence fluctuation spectroscopy (FFS) and
brightness analysis as a method for quantifying the oligomeric states of fluorescent protein-tagged NE proteins
including nesprins and SUN proteins. Since the homo-oligomerization of SUN2 is critical for its ability to
interact with nesprins within the perinuclear space, the knowledge obtained through quantitative brightness
experiments reveals important insights into the in vivo mechanisms of LINC complex assembly. Here we
describe the procedure we use to determine the brightness of proteins in the NE of living cells. In addition to
the measurement procedure, we discuss the instrumentation requirements and present the results of applying

this procedure to measure the brightness of nesprin-2 and SUN2.
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1. Introduction

LINC complexes span the NE and physically couple chromatin and the nucleoskeleton with the cytoskeleton
(1). These conserved mechanosensitive molecular bridges are essential for the transmission of mechanical
stimuli from the extracellular matrix through the cytoskeleton and into the nuclear interior (2, 3). Consequently,
LINC complex-mediated mechanotransmission is required for several fundamental cellular processes such as
meiotic chromosome pairing, mechanotransduction, and nuclear positioning (4, 5). Further highlighting their
central importance in cellular mechanobiology is a growing list of genetic mutations in LINC complex proteins
that are associated with a myriad of human diseases including cancer, hearing loss, and muscular dystrophy
(4, 6).

LINC complexes consist of the outer and inner nuclear membrane Klarsicht/ ANC-1/SYNE homology (KASH)
and Sad1/UNC-84 (SUN) proteins, respectively (7). KASH proteins are identified by their conserved C-terminal
KASH domain, which contains a transmembrane domain followed by the luminal ~10-32 residue KASH peptide
(8). The divergent spectrin repeat-containing N-termini of KASH proteins project away from the nucleus into the
cytoplasm where they interact with the cytoskeleton (4). SUN proteins directly interact with KASH-peptides
within the perinuclear space via their conserved and eponymous C-terminal SUN domain (9, 10). Within the
nucleoplasm, the divergent N-termini of SUN proteins engage A-type lamins, chromatin, and other inner
nuclear membrane proteins (711). Mammals encode six KASH proteins (nesprins-1-4, lymphocyte-restricted
membrane protein (LRMP), and KASH5) and five SUN proteins (SUN1-5) (5).



Several recent in vitro studies have provided invaluable structural insights into the SUN-KASH interaction and
the ability of LINC complexes to transmit mechanical forces. Specifically, SUN2 homo-trimerization was
demonstrated to be a prerequisite for KASH-binding and an intermolecular disulfide bond was shown to exist
between conserved cysteine residues in the SUN domain and KASH peptides of nesprin-1 and -2 (12-14).
Notwithstanding these significant advances, key questions remain. For example, do SUN2 homo-trimers exist
in the NE of living cells? Do all SUN proteins homo-trimerize in order to interact with KASH proteins? How is
the SUN-KASH interaction regulated?

To begin to address these questions, we recently extended the application of FFS to quantify protein-protein
interactions in the NE in living cells (15, 16). The procedure outlined here can be used to measure the number
concentration and brightness of LINC complex components, as well as other NE proteins, within their native
environment. The brightness A recovered from an FFS measurement represents the mean photon count rate of
a fluorescently labeled protein complex and is proportional to its average oligomeric state (17). To highlight this
we determine the normalized brightness b where a monomeric protein would have b =1 while a trimeric
protein would have b = 3. Here, we demonstrate how this approach has been used to determine the oligomeric
state of the KASH peptide of nesprin-2 and the luminal domain of SUN2 in the NE of living U20S cells.

2. Materials

2.1 FFS instrumentation

FFS experiments can be performed in cells using a research-grade confocal or multi-photon inverted
microscope that is equipped with sensitive photon counting detectors (quantum efficiency > 40% in the
wavelength region of interest). While many commercial microscope systems are suitable for FFS experiments,
we will briefly describe our home-built two-photon (2P) microscope that we use for collecting FFS data from
cells (see Note 1). This description of our custom 2P microscope should provide a useful resource for those
investigators considering employing FFS in their research. A schematic of our instrumental setup is provided in

Figure 1.

1. Zeiss Axiovert 200 microscope (Carl Zeiss AG, Jena, Germany) which is mounted on a research grade
optical table (RS2000, Newport, Irvine, CA) supported by pneumatic isolators (S-2000A, Newport,
Irvine, CA) for vibration isolation.

2. Mode-locked Ti:sapphire laser (Tsunami, Spectra Physics, Mountain View, CA) for 2P excitation. We
prefer to use excitation wavelengths in the range of 900-1000 nm for measuring EGFP in living cells;
here we chose a wavelength of 1000 nm.

Beam expander to achieve overfilling of the back aperture of the objective (see Note 2).
Two steering mirrors (10Q20UF.35S, Newport, Irvine, CA) to align the laser beam into the beam

expander (see Note 3).



10.

Multi-photon short-pass dichroic beam-splitter (675DCSXR, Chroma Technology, Bellows Falls, VT) to
separate the excitation light from the emitted fluorescence.

Short-pass barrier filter (FF01-750/SP-25, Semrock, Rochester, NY) to remove any residual scattered
laser light.

Zeiss 63x C-Apochromat water immersion objective with NA = 1.2 (see Note 4) to focus the excitation
light into the sample.

PZ-2000 XYZ series automated stage with a piezo z-axis top plate (ASI, Eugene, OR) fitted on the
microscope stage for performing z-scan measurements in cells.

30 MHz 33522A Function/Arbitrary waveform generator (Agilent Technologies, Santa Clara, CA) to
drive the z-axis piezo controller via an external analog input.

SPCM-AQ-141 single-photon counting module (Perkin-Elmer, Dumberry, Quebec) which is mounted on
an XYZ linear translation stage (562-XYZ, Newport, Irvine, CA) for alignment and produces transistor-
transistor logic (TTL) pulses that are recorded by a Flex04-12D data acquisition card (correlator.com,

Bridgewater, NJ) and stored in computer memory for subsequent analysis.

2.2 Samples and microscope slide

1.
2.

24-well glass-bottom slide with #1.5H cover glass (In Vitro Scientific, Sunnyvale, CA) (see Note 5).
The 24-well should contain the following in separate wells but on the same 24-well plate (see Note 6):
a) Texas Red at 200 nM or other standard fluorescent dye-solution.
b) U20S cells transiently transfected with EGFP (see Note 7).
c) U20S cells transiently transfected with tandem dimeric EGFP (EGFPy).
d) U20S cells transiently transfected with SS-EGFP.
e) U20S cells transiently transfected with other EGFP-tagged NE proteins of interest.

3. Methods
3.1 Optimize collar position of objective

1.

Focus the excitation beam ~40 ym above the glass-solution interface in the dye solution.

Record photon counts for ~60 seconds at a sampling rate of 100 kHz for dye measurements.

Analyze the photon counts using a standard algorithm (18) to obtain the brightness A in units of counts
per second.

Systematically adjust the collar and measure the brightness of the dye to determine the collar position
that maximizes the brightness (Figure 2A). The resulting resolution in collar position is typically +/- 2
pm.

If the measured brightness of the dye solution is independent of focal depth (Figure 2B), the position of

the correction collar has been successfully verified.

3.2 Select an appropriate excitation power.



1. Identify an EGFP-expressing cell that has a uniform distribution of cytoplasmic fluorescence using
epifluorescence.

2. Use bright field illumination to identify an area of the cytoplasm in the cell identified in Step 1 that lacks
obvious large organelles.

3. Aim and focus the laser in the cytoplasmic area identified in Step 2 so as to maximize the intensity of
the detected fluorescence signal.

4. Collect photon counts for ~10 seconds to determine the mean intensity.

Adjust the laser power and repeat step 4.

Plot fluorescence intensity vs. the squared power. There should be a linear increase at low powers with
deviation from linearity at higher powers due to photobleaching and excitation saturation (Figure 3A)
(see Note 8).

7. Brightness measurements must be taken in the regime where intensity scales linearly with the squared
power (solid red line, Figure 3A). Typically, we conservatively set the excitation power to ~1/5" of the
maximum power of the linear regime for brightness experiments.

8. The limiting excitation power should be experimentally determined for every fluorescently labeled
protein to verify that the chosen power is still in the linear power regime. Once the excitation power is
chosen, it must be kept constant throughout all subsequent experiments to ensure a fixed brightness
value of EGFP.

3.3 Measure the reference brightness of EGFP in living cells.

1. Choose a cell, then position and focus the laser as in steps 1-3 in section 3.2.
2. Collect FFS data from the focused beam at this cytoplasmic location for ~60 seconds with a 20 kHz
acquisition rate.
3. Perform a z-scan (Figure 3B) through the cell at this cytoplasmic location at a rate of ~5 ym/s with a
peak-to-peak amplitude of ~20 um.
a. The z-scan intensity data (Figure 3C) along with the data collected in step 4 are analyzed as
previously described to determine the brightness A and the number concentration N of the
sample (19).
b. N represents the average number of EGFP monomers within the point spread function (PSF)

and is calculated by dividing the mean intensity (F) by the reference brightness,

N =(F)/Aysp - If the PSF volume is known, the number concentration can be converted to a

molar concentration as described elsewhere (16).
4. Repeat steps 1-3 for a minimum of 10 cells with varied expression levels of EGFP.
a. The resulting brightness values should be concentration independent to within a relative
standard deviation < 10% (Figure 3D).

b. The mean value defines the reference brightness /1EGFP.



5. Repeat steps 1-4 for cells expressing EGFP..

a.
b.

The resulting brightness should be twice the average brightness of EGFP (Figure 3D).

To emphasize the relationship between brightness and oligomeric state, we define the
normalized brightness b as b= A/A,.,(20). Measurements of EGFP, should have an average

b within ~10% of b = 2 (see Note 9).

3.4 Brightness measurement of EGFP in the NE.

The procedure we use for measuring brightness in the NE is similar to the one used to measure brightness in

the cytoplasm. However, we have found the NE to be much more challenging experimentally. Consequently,

brightness measurements in the NE require additional precautions as we describe below. The following

experimental procedure demonstrates how to measure the brightness of EGFP that is targeted to the

endoplasmic reticulum lumen and the contiguous perinuclear space of the NE by fusing the signal sequence
(SS) of the luminal protein torsinA to the N-terminus of EGFP (SS-EGFP) (16, 21). Measurements of EGFP in

the NE serve as a control and a result of b = 1 establishes the fidelity of brightness analysis in the NE.

1. Use epifluorescence to identify an SS-EGFP-expressing cell that displays a clear and distinct ring of

fluorescence around the nucleus (Figure 4A).

2. Switch to bright-field illumination and identify a location within the center of the nucleus from the cell

identified in Step 1 that is devoid of visible structures (i.e. nucleoli) (Figure 4A) (see Note 10).

Perform a z-scan at the location identified in Step 2 (Figure 4B).

Fit the z-scan intensity data generated in Step 3 using the procedure described in Smith et al (22).

a.

b.

The fit identifies the fluorescence contributions from the ventral and dorsal NEs as well as the
background signal originating from sources outside the NE (Figure 4C).

Analysis further determines the intensity fraction of the fluorescence contributions from each
NE. Only cells with an NE intensity fraction > 0.9 are selected for brightness measurements.
This criterion ensures that contributions from the background signal are at most 10%, which
represents a negligible amount for brightness analysis (16). The remaining steps are performed

only with cells that satisfy this criterion.

5. Focus the PSF on the ventral NE by maximizing the collected fluorescence intensity.

6. Collect ~60 s of data with a 20 kHz data acquisition rate (Figure 4D).

a.
b.

Plot the intensity averaged over 1 s vs. time (Figure 5).

Data showing no significant change in the average intensity (Figure 5A) can be used for further
analysis. Data containing a peak-to-peak difference exceeding 20% of the mean in the
averaged intensity (Figure 5B) should be discarded and retaken (see Note 11).

If it is difficult to obtain data without sudden changes in intensity, we have found that moving to

a different location within the cell tends to result in stable data.



10.

Determine the brightness of SS-EGFP from the data taken in Step 6 using the analysis procedure
described in Hennen et al (16).

Repeat Steps 5-7 in the dorsal NE.

Collect a final z-scan.

a. The intensity traces of the initial and final z-scan are compared to ensure that no detectable
changes occurred during the measurement process. Focus drift of the instrument or motion of
the cell would lead to a mismatch between the z-scan intensity profiles. If a mismatch is
detected, the data are discarded.

Repeat Steps 1-9 for at least 10 cells.

a. Select cells that vary in expression level to obtain the brightness over a wide range of
concentrations. A plot of the normalized brightness of SS-EGFP vs. number concentration is
shown in Figure 6. The experimental brightness is independent of concentration and has an
average value of 0.99 + 0.06. This result is consistent with SS-EGFP being a monomer, as
expected. It is important to check that SS-EGFP can be accurately measured as a monomer

before attempting to measure functional proteins in the NE.

3.5 Measuring the oligomerization of LINC complex constituents in the NE.

The procedure described above in section 3.4 can also be used to measure the brightness of EGFP-tagged

proteins in the NE; therefore, in the following section we will demonstrate its application to the study of the

molecular mechanisms underlying LINC complex assembly. To do this, we will describe how to measure the

brightness of EGFP-tagged mouse nesprin-2 and SUN2 in the NE.

1.

3.

The technique described here requires the proteins being measured to diffuse in order to observe
intensity fluctuations. Since both EGFP-tagged mini-nesprin-2G, a functional nesprin-2G construct (23),
and full-length SUN2 are highly immobile in the NE (24), they are rapidly photobleached by 2P
excitation and therefore unsuitable for standard quantitative brightness experiments. For this reason,
we limit our analyses here to the luminal domain of each protein, which is targeted to the perinuclear
space of the NE by an N-terminal SS-EGFP fusion (SS-EGFP-KASH2 and SS-EGFP-SUN2%¢'"3") (16).
Perform the same procedure described in section 3.2 for each protein being measured. While mobile,
functional proteins such as SS-EGFP-SUN2%*""3' may have lower mobility than the calibration proteins
discussed in previous sections (16). Proper excitation power should be determined prior to measuring
the reference brightness.
Measure the b of the proteins of interest following the procedure described above in Section 3.4.

a. Measurements of SS-EGFP-KASH2 showed no change in b over the range of measured N, with

an average of b = 1.05 £ 0.1 consistent with a monomer (Figure 7A).
b. Measurements of SS-EGFP-SUN2%*""3! showed b increased in an N-dependent manner and

approached a limiting value of b = 3 (Figure 7B).



4. The brightness curve for SS-EGFP-SUN2%""*" shown in Figure 7B represents a binding titration.
These measurements are performed in the presence of endogenous non-labeled SUN2, which may
complicate the interpretation of this curve (see Note 12). Nevertheless, the effect of endogenous
binding competition becomes negligible once the concentration of the exogenous labeled protein
significantly exceeds that of the endogenous protein. In this regime, the b curve should asymptotically
approach a limiting value which corresponds to the limiting oligomeric state of the protein.
Consequently, the saturating brightness value of b = 3 reached at high concentrations of SS-EGFP-
SUN2%¢""31 reflects the limiting oligomeric state of the protein.

5. Repeat brightness experiments over several days on new cell preparations to ensure that the results
obtained are both robust and reproducible. In addition to ensuring the reproducibility of the results, this
generates a sufficient number of data points so that a reasonably dense b curve can be constructed. A
single experiment will typically consist of b measurements performed in 15 cells after accounting for the
calibrations, reference measurements, and analysis criteria described above. The data shown in

Figures 7A and 7B represent 2 and 6 separate experiments, respectively.

NOTES

1. We prefer 2P excitation to one-photon confocal microscopy for FFS because it reduces the levels of out-of-
focus photobleaching and phototoxcicity experienced in living cells (25, 26). In addition, the absence of the
confocal pinhole in a 2P microscope results in a less complicated optical system, which facilitates instrument
alignment and simplifies ongoing maintenance. Moreover, 2P excitation generates an excitation volume, or
PSF, that can be accurately described by heuristic analytical functions such as the modified Gaussian-
Lorentzian model (19). Such knowledge regarding the nature of the PSF is essential for the successful

execution of the quantitative FFS method described here.
2. A typical value for the excitation beam overfill factor is 2@, /D ~2, where @, and D are the radial beam

waist and the pupil diameter of the objective, respectively. Before initiating a quantitative FFS experiment, it is
essential that the excitation beam be properly aligned such that it passes through the center of the objective
and the detector. Stable experimental setups will require minimal beam alignment adjustments from day to
day. Established, instrument-specific procedures should be followed to ensure that the beam is correctly
aligned.

3. While inexpensive dielectric mirrors offer excellent reflectivity, only metallic mirrors or dielectric mirrors
specially designed for femtosecond pulsed lasers should be used. This choice will minimize the reduction of
the peak power of the laser due to group velocity dispersion (27).

4. The choice of objective is of utmost importance when designing an FFS system, as the signal-to-noise ratio
of FFS experiments is highly dependent upon the efficient collection of fluorescence from individual molecules.
Since the 2P excitation efficiency is proportional to the fourth power of the NA of the objective, FFS
experiments performed in cells require the use of high NA objectives (NA > 1) (25). We find C-Apochromat

water-immersion objectives with a correction collar to compensate for variations in coverslip thickness to be the



most suitable for collecting FFS data from cells. We discourage the use of oil-immersion objects because they
introduce spherical aberrations, which complicate the interpretation of FFS experiments (28).

5. While the nominal thickness of standard #1.5 cover glass is 0.17 mm, actual thicknesses may vary between
0.16 and 0.19 mm. These deviations in thickness are a major source of spherical aberrations for high NA
objectives. Such aberrations alter the size and shape of the focused excitation beam as a function of focal
depth and lead to biased FFS data (29). Therefore, the use of a high NA water-immersion objective equipped
with a correction collar designed to compensate for the actual cover glass thickness is imperative for
quantitative FFS experiments. Although we use a micrometer to directly measure the thickness of our cover
glasses, we find that in practice the optimal collar position for FFS differs from the values printed on the
objective collar by a constant offset, which is unique to each objective. Whenever possible, we recommend the
use of #1.5H cover glass, which has a tighter tolerance (0.170 £ 0.005 mm) than regular #1.5 slides. The
consistency in cover glass thickness minimizes the range of collar positions that must be tested when changing
slides.

6. All of the experiments must be done in the same 24-well glass bottom slide in order to take advantage of the
procedure described in section 3.1. This procedure must be repeated for every new 24-well glass bottom slide
used.

7. For the experiments described here, we used the human osteosarcoma U20S cell line grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum. The cells are plated in wells and
transiently transfected with the relevant cDNA constructs. Finally, the cell growth media is exchanged for
phosphate buffered saline immediately before the start of measurement.

8. Quantitative b measurements in cells necessitate the selection of an appropriate excitation power to
minimize photobleaching and excitation saturation (30). The presence of either photobleaching or excitation
saturation bias the interpretation of FFS data, which further complicates the analysis (31, 32).

9. Measurements of EGFP, are required in order to validate that the system is behaving as expected.
Brightness values significantly above or below b = 2 are indicative of issues that complicate the interpretation
of FFS measurements of the proteins of interest.

10. We avoid performing measurements near the edge of the nucleus as these areas of the NE may have
significant curvature.

11. All fluorescence fluctuation methods implicitly assume a stationary signal that remains constant throughout
the measurement period (33). While the intensity is typically stable for measurements performed in the
cytoplasm, we have found a higher fraction of measurements in the NE with unstable intensities. Data
containing large changes in the average intensity are not conducive to our analysis.

12. An approximate measure of the effective dissociation coefficient is given by N where the brightness is
halfway between its minimum and maximum value. However, since the data were taken in the presence of

2261731 could lead to

endogenous SUN2, binding competition between endogenous protein and SS-EGFP-SUN
complexes containing a mixture of labeled and unlabeled protein, which reduce the observed b. The net effect
of this competition is a shift of the brightness curve to higher N. Thus, the estimated dissociation coefficient

provides an upper limit of the true value. Depleting the endogenous protein using methods such as RNA



interference or genetic knockout will remove endogenous competition, thereby allowing measurement of the

true binding affinity.
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ABBREVIATIONS

b Normalized brightness

KASH: Klarsicht, ANC-1, SYNE homology

LINC: Linker of nucleoskeleton and cytoskeleton
N: Number concentration

NE: Nuclear envelope

SUN: Sad1/UNC-84
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FIGURE LEGENDS

Figure 1. The FFS experimental set-up used in this work.

Figure 2. Calibration and verification of objective correction collar position. (A) Brightness of Texas Red
vs. water-immersion objective correction collar position. (B) Brightness of Texas Red vs. focal depth measured

with a calibrated correction collar.

Figure 3. Power calibration and brightness measurements of EGFP and EGFP; in the cytoplasm of
living cells. (A) Average fluorescence intensity vs. squared excitation power for EGFP expressed in U20S
cells. The solid red line is a linear fit to the data below 1.5 mW?, which is extended beyond the linear regime
with the dashed red line. (B) lllustration of a z-scan through the cytoplasm of a cell expressing EGFP. (C)
Intensity trace (black) and fit (white) of a z-scan through the cytoplasm of an EGFP expressing cell. (D) Plot of

b vs. N for EGFP and EGFP; expressed in U20S cells. The blue dashed line denotes the reference brightness
A

wcrp» While the red line denotes the value expected for a dimer.

Figure 4. Performing brightness measurements in the NE of living cells. (A) lllustration of a cell viewed
via bright-field illumination. The NE is highlighted in green and nucleoli are shown in black. The red focus
denotes a typical measurement position in the example cell. (B) lllustration of a z-scan with the excitation
volume moving axially through the cell passing through the ventral and dorsal NE. (C) Intensity trace (black) of
a z-scan through the nucleus of a SS-EGFP expressing cell with fit (solid white line). The fit is deconvolved to
identify the contributions from the ventral NE (red squares), nucleoplasm (solid blue line), and dorsal NE
(dashed green line). This analysis returned intensity fractions of 0.96 and 0.95 for the ventral and dorsal NE,
respectively. (D) A 10-ms window of photon count data from a stationary measurement of SS-EGFP in the NE
at full time resolution. The fluctuations encode information about the concentration and stoichiometry of labeled

proteins.

Figure 5. Intensity traces of SS-EGFP vs. time in the NE. Intensity data were averaged over 1 s intervals.
(A) Example of a stable intensity trace with no significant changes in the average intensity. (B) Example of an
intensity trace containing a spike in the average intensity. This trace is not suitable for further analysis.

Figure 6. Brightness of SS-EGFP in the NE. Plot of b vs. N of SS-EGFP in the NE.

Figure 7. b vs. N for LINC complex proteins in the NE. Plots for (A) SS-EGFP-KASH2 and (B) SS-EGFP-
SUN2%'"3 Previously published in Biophysical Journal (16).
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FIGURE 4
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FIGURE 5
Figure 5 - Investigating LINC complex protein homo-oligomerization in the nuclear envelopes of living
cells using fluorescence fluctuation spectroscopy
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