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Article
Identifying Heteroprotein Complexes in the Nuclear
Envelope
Jared Hennen,1 Kwang-Ho Hur,1 John Kohler,1 Siddarth Reddy Karuka,1 Isaac Angert,1 G. W. Gant Luxton,2

and Joachim D. Mueller1,3,*
1School of Physics and Astronomy, 2Department of Genetics, Cell Biology, and Development, and 3Department of Biomedical Engineering,
University of Minnesota, Minneapolis, Minnesota
ABSTRACT The nucleus is delineated by the nuclear envelope (NE), which is a double membrane barrier composed of the
inner and outer nuclear membranes as well as a �40-nm wide lumen. In addition to its barrier function, the NE acts as a critical
signaling node for a variety of cellular processes, which are mediated by protein complexes within this subcellular compartment.
Although fluorescence fluctuation spectroscopy is a powerful tool for characterizing protein complexes in living cells, it was
recently demonstrated that conventional fluorescence fluctuation spectroscopy methods are not suitable for applications in
the NE because of the presence of slow nuclear membrane undulations. We previously addressed this challenge by developing
time-shifted mean-segmented Q (tsMSQ) analysis and applied it to successfully characterize protein homo-oligomerization in
the NE. However, many NE complexes, such as the linker of the nucleoskeleton and cytoskeleton complex, are formed by het-
erotypic interactions, which single-color tsMSQ is unable to characterize. Here, we describe the development of dual-color (DC)
tsMSQ to analyze NE heteroprotein complexes built from proteins that carry two spectrally distinct fluorescent labels. Experi-
ments performed on model systems demonstrate that DC tsMSQ properly identifies heteroprotein complexes and their stoichi-
ometry in the NE by accounting for spectral cross talk and local volume fluctuations. Finally, we applied DC tsMSQ to study the
assembly of the linker of the nucleoskeleton and cytoskeleton complex, a heteroprotein complex composed of Klarsicht/ANC-1/
SYNE homology and Sad1/UNC-84 (SUN) proteins, in the NE of living cells. Using DC tsMSQ, we demonstrate the ability of the
SUN protein SUN2 and the Klarsicht/ANC-1/SYNE homology protein nesprin-2 to form a heterocomplex in vivo. Our results are
consistent with previously published in vitro studies and demonstrate the utility of the DC tsMSQ technique for characterizing NE
heteroprotein complexes.
SIGNIFICANCE Protein complexes found within the nuclear envelope (NE) play a vital role in regulating cellular functions
ranging from gene expression to cellular movement. However, the assembly state of these complexes within their native
environment remains poorly understood, which is compounded by a general lack of fluorescence techniques suitable for
quantifying the oligomeric state of NE protein complexes. This study aims at addressing this issue by introducing dual-color
time-shifted mean-segmented Q analysis as a fluorescence fluctuation method specifically designed to identify the
average oligomeric state of heteroprotein complexes within the NE of living cells.
INTRODUCTION

Fluorescence fluctuation spectroscopy (FFS) refers to a
collection of related biophysical techniques that exploit
the stochastic intensity of fluorescently labeled biomole-
cules passing through a small observation volume created
by confocal or two-photon microscopy (1). The primary pa-
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rameters accessible by FFS are the concentration, mobility,
and oligomeric state of the labeled biomolecule (1).
Although the original analysis of FFS results was based
on the autocorrelation function (ACF), many other methods
have been introduced over the years, each with its own
strengths and weaknesses (2–5). An important advance in
FFS was the introduction of dual-color (DC) FFS for iden-
tifying interactions between two species of biomolecules
labeled with spectrally distinct fluorophores (6). In DC
FFS, the emission of the fluorophores is separated by color
into two detection channels. Heterotypic interactions be-
tween the two species lead to synchronized temporal
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Nuclear Envelope Heteroprotein Complexes
fluctuations in both channels, which are recognized by the
cross correlation function (CCF) of the two detected signals.
In addition to CCF, other analysis techniques have been
introduced for quantifying heterospecies interactions from
FFS experiments (7,8).

Because FFS is an equilibrium technique that passively
observes fluctuations, it is well suited for applications in
live cells (9). Cellular proteins can be conveniently labeled
by genetic tagging with one of the many available fluores-
cent proteins (10). Brightness, which characterizes the
intrinsic fluorescence intensity of a molecule, is an impor-
tant FFS parameter because it contains information about
the stoichiometry of fluorescently tagged protein complexes
(11). For example, the brightness of monomeric proteins
tagged with EGFP will increase upon their association
into homo-oligomers as each protein complex contains
several fluorescent labels. This concept has been general-
ized to include differently colored fluorophores to charac-
terize heteroprotein complexes (7). Although FFS
brightness analysis has been successfully used to quantify
protein-protein interactions within the cytoplasm, nucleo-
plasm, and at the plasma membrane (9,12,13), its extension
to the nuclear envelope (NE) has proven challenging (14).

The NE consists of an inner nuclear membrane (INM) and
outer nuclear membrane (ONM) separated by a �40-nm-
thick fluid layer, known as the lumen or perinuclear space.
Although the NE has been identified as a critical signaling
node of the cell (15), a mechanistic understanding of how
these heteroprotein complexes assemble remains limited
because of the lack of quantitative biophysical techniques
suitable for use in the NE. To address this challenge, we
explored the use of single-color (SC) FFS for characterizing
homoprotein association in the NE of living cells (14,16).
We found that slow undulations of the nuclear membranes
give rise to local volume fluctuations that are not properly
accounted for by conventional FFS methods (14). We over-
came this obstacle by introducing mean-segmented Q
(MSQ) analysis as well as time-shifted MSQ (tsMSQ), a
significantly improved version of MSQ (14,17,18). We
demonstrated that these techniques successfully identify
the mobility and homo-oligomeric state of NE proteins (14).

This study extends FFS analysis of heteroprotein com-
plexes to the NE by introducing DC tsMSQ, a generalized
form of regular tsMSQ. The DC tsMSQ framework includes
heterospecies partitioning (HSP) (7) and effectively elimi-
nates complications due to spectral cross talk in the charac-
terization of heterotypic protein interactions as verified by
control experiments. Our study demonstrates that local vol-
ume fluctuations of the NE are a significant challenge for
conventional DC FFS analysis, which prompted the devel-
opment of DC tsMSQ. We first verified the foundation of
DC tsMSQ using pairs of interacting and noninteracting
proteins measured in the cytoplasm and in the NE. In addi-
tion, control experiments using both luminal and nuclear
membrane-associated proteins were conducted to illustrate
the influence of the nuclear membrane undulations on DC
tsMSQ analysis.

To demonstrate the power of DC tsMSQ, we applied it
toward studying the assembly of the linker of nucleoskeleton
and cytoskeleton (LINC) complex in the NE of living cells.
This NE-spanning molecular bridge mediates mechanical
force transmission into the nucleoplasm and is required for
several fundamental cellular processes, including cell divi-
sion, DNA damage repair, meiotic chromosome pairing, me-
chanoregulation of gene expression, and nuclear positioning
(19). The LINC complex is formed by a direct transluminal
heterotypic interaction between the cytoskeletal-binding
ONM Klarsicht/ANC-1/SYNE homology (KASH) proteins
and the nuclear lamina-binding INM Sad1/UNC-84 (SUN)
proteins (20). Previous in vitro biochemical and structural
studies revealed that the luminal domain of SUN2 homotri-
merizes and that the luminal domain of the KASH protein ne-
sprin-2 binds in the grooves formed at the interface of two
adjacent interacting SUN2 monomers (21,22). Thus, the ho-
motrimerization of the SUN2 luminal domain enables the
recruitment of 3 nesprin-2 luminal domains, resulting in the
assembly of a SUN2-nesprin-2 heterohexamer. We recently
succeeded in directly measuring the homotrimerization of
the EGFP-tagged luminal domain of SUN2 in the NE of
living cells by SC FFS (16). Here, we utilize DC tsMSQ to
directly observe the heterotypic interactions formed between
the EGFP-tagged SUN2 luminal domain and an mCherry-
tagged construct that encodes the last three spectrin-like re-
peats (SRs), the transmembrane domain, and the luminal
KASH peptide of nesprin-2 in the NE. This work establishes
the theoretical and practical framework necessary for future
quantitative studies of LINC complex assembly within the
NE of living cells as well as the characterization of additional
heterotypic interactions between proteins within this rela-
tively unexplored subcellular environment.
MATERIALS AND METHODS

Experimental setup

Brightness measurements were performed as previously described (7,9).

Briefly, FFS data were acquired on a custom built two-photon micro-

scope with a 63� C-Apochromat water-immersion objective with numer-

ical aperture (NA) ¼ 1.2 (ZEISS, Oberkochen, Germany) using an

excitation wavelength of 1000 nm and an average power after the objec-

tive in the range of 0.3–0.4 mW. A dichroic mirror centered at 580 nm

(FF580-FDi01; Semrock, Rochester, NY) was used to split the emission

path into two channels. An additional 84-nm wide bandpass filter

centered at 510 nm (FF01-510/84; Semrock) was placed before the green

channel to remove any reflected fluorescence from mCherry. Photon

counts were detected using avalanche photodiodes (SPCM-AQ-141

APD; PerkinElmer, Waltham, MA), recorded with a Flex04-12D card

(Correlator.com, Bridgewater, NJ) sampled at 20 kHz and analyzed using

programs written in IDL (Interactive Data Language) 8.7 (Research

Systems, Boulder, CO). Z-scans were performed using an arbitrary wave-

form generator (model number 33522A; Agilent Technologies, Santa

Clara, CA) to move a PZ2000 piezo stage (Applied Scientific Instrumen-

tation, Eugene, OR) axially. The waveform created by the generator was
Biophysical Journal 118, 26–35, January 7, 2020 27
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a linear ramp function with a peak-to-peak amplitude of 1.6 V, corre-

sponding to 24.1 mm of axial travel and a period of 10 s for a speed

of 4.82 mm/s.
Measurement procedure

EGFP (G) calibration measurements were performed in the cytoplasm of

EGFP-expressing U2OS cells, as previously described (9,12), to obtain

its brightness in both the green and red channels (lg,G and lr,G, respec-

tively). Additional calibration measurements were performed in the cyto-

plasm of U2OS cells expressing EGFP-RARLBD-mCherry (7) to obtain

the brightness lr,Ch of mCherry (Ch) in the red channel, which accounts

for the previously described two-state brightness of this fluorescent protein

(7). These calibration values were then converted to Q values for the NE us-

ingQ¼ g2lTs, where g2 is the shape factor for a two-dimensional Gaussian

point spread function, and Ts is the sampling time (12,23). Measurements in

the NE were performed as previously described (14,24) by first using epi-

fluorescence to identify cells expressing the relevant constructs. FFS data

were then acquired by taking z-scans through the nucleus, which were

analyzed as previously described (14,25). Next, the two-photon beam

was focused on the ventral NE followed by the dorsal NE and �60 s of in-

tensity fluctuation data were obtained at each location. These data were

analyzed as described in Theory to obtain the normalized HSP brightness

vector b¼ (bg, br) (7,26). The normalized brightness values were corrected

for two-state brightness and fluorescence resonance energy transfer as pre-

viously described (7,27). The average number of molecules in the observa-

tion volume was determined by Ng ¼ hFgi=lg;G and Nr ¼ ðhFri � fct �
hFgiÞ=lr;Ch, where hFii ¼ hkii=TS and fct is the spectral cross talk of

EGFP given by Qr,G/Qg,G (7). We limited our measurements to expression

levels of N R 10, which, for our experiments, corresponds to a minimum

signal to background ratio of 10:1. These conditions ensure that the influ-

ence of background on the recovered FFS parameters is negligible.
Sample preparation

Experiments were conducted using transiently transfected U2OS cells

(ATCC, Manassas, VA) maintained in DMEMwith 10% fetal bovine serum

(HyClone Laboratories, Logan, UT). U2OS cells were subcultured into 24-

well glass-bottom plates (Cellvis, Sunnyvale, CA) before transfection.

GenJet (SignaGen Laboratories, Rockville, MD) was used to transiently

transfect cells 12–24 h before measurement, according to the instructions

of the manufacturer. The growth medium was replaced with Dulbecco’s

phosphate-buffered saline containing calcium and magnesium (Bio-

Whittaker, Walkerville, MD) immediately before measuring.
Reagents

Restriction enzymes were either purchased from New England BioLabs

(Ipswich, MA) or Promega (Madison, WI). Calf Intestinal Phosphatase,

Phusion DNA polymerase, T4 DNA ligase, and T4 polynucleotide kinase

were also purchased from New England BioLabs. All other chemicals

were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise

specified. The Wizard SV Gel and PCR Clean-Up System were purchased

from Promega, whereas the GeneJet Plasmid Midiprep Kit was purchased

from Thermo Fisher Scientific (Waltham, MA).
DNA constructs

The generation of SS-EGFP, SS-EGFP-torsinANTD-2xLeu, SS-EGFP-

SUN2595–731, and SS-EGFP-SUN2261–731 constructs were described

previously (14,16). The generation of SS-mCherry-KDEL, the SUN

domain-linked SS-EGFP-SUN2595–731-mCherry (SS-EGFP-SL-mCherry),

and mCherry-SR-KASH2 constructs are described in Supporting Materials

and Methods, Section 6.
28 Biophysical Journal 118, 26–35, January 7, 2020
Theory

Dual-channel tsMSQsr

The single channel tsMSQ was generalized to dual-channel tsMSQsr (Sup-

porting Materials and Methods, Section 1) with the subscripts s and r spec-

ifying the detection channel. A single diffusing species is described by the

following:

tsMSQsr;D

�
T;Qr; tD

� ¼ QrtsFDðT; tDÞ; (1)

whereas the exponential correlation process caused by the local volume

fluctuations of the NE is given by the following:

tsMSQsr;EðT;Ar; t0Þ ¼ ArtsFEðT; t0Þ; (2)

as derived in Supporting Materials and Methods, Section 2. A sample con-

sisting of a single diffusing species in the lumen of the NE experiences local

volume fluctuations and is described by the addition of Eqs. 1 and 2 (14), as

follows:

tsMSQsr;DEðTÞ ¼ QrtsFDðT; tDÞ þ ArtsFEðT; t0Þ: (3)

The time-shifted correlation functions tsFD and tsFE are defined in

terms of second-order binning functions B2,D(T) and B2,E(T)

(4,14,18,28). Explicit formulas are found in Supporting Materials and

Methods, Section 3. Because Eqs. 1 and 2 must reproduce the single chan-

nel case for s ¼ r, the amplitudes Qr and Ar are given by Qr ¼ g2lrTs and

Ar ¼ c2lrTsN, respectively (14,18). The brightness of the fluorescent

molecule in the r channel is lr, the number of molecules in the observa-

tion volume is N, and the shape factor of the observation volume is g2. The

factor c is determined by the fluctuations in the gap distance h separating

the INM and ONM, c ¼ ffiffiffiffiffiffiffiffiffiffiffihdh2ip
=hhi (14). The diffusion time and the char-

acteristic time of the volume fluctuations are given by tD and t0,

respectively.

The two detection channels used for DC FFS are labeled as green (g) and

red (r). We define the DC tsMSQ function as follows:

tsMSQðTÞ ¼
�
tsMSQggðTÞ
tsMSQgrðTÞ

�
: (4)

We refer to tsMSQgg as the autocorrelation tsMSQ of the green detection

channel and tsMSQgr as the cross correlation tsMSQ of the green and red

channel. Thus, DC tsMSQ of a diffusing species is described by the

following:

tsMSQDðTÞ ¼ Q tsFDðT; tDÞ; (5)

and in the presence of volume fluctuations, the exponential correlation

process,

tsMSQEðTÞ ¼ A tsFEðT; t0Þ; (6)

is added, resulting in the following:

tsMSQDEðTÞ ¼ tsMSQDðTÞ þ tsMSQEðTÞ: (7)

DC tsMSQ reduces to the same functional form as SC tsMSQ but with

vector amplitudes Q ¼ (Qg, Qr) and A ¼ (Ag, Ar), which are scaled by

tsFD and tsFE, respectively. Finally, for a fit to a model with S diffusing spe-

cies, the tsMSQD term is replaced by the following:

tsMSQDðTÞ ¼
XS

i¼ 1

fiQitsFDðT; tD;iÞ; (8)



FIGURE 1 FFS at the NE. (A) Shown is an illustration of a cell express-

ing potentially interacting green and red fluorescently labeled NE proteins

with the two-photon excitation volume (blue oval) focused at its NE (or-

ange circle), which consists of the INM and ONM separated by a �40-

nm-thick lumen. (B) Shown is an illustration of the time-dependent local

volume fluctuations caused by nuclear membrane undulations, which give

rise to coupled intensity variations of the noninteracting green and red flu-

orescently labeled proteins. To see this figure in color, go online.
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where Qi and tD,i are the Q-vector and diffusion time of the ith species,

respectively. The fractional intensity fi of the ith species is defined by the

ratio of the green-channel intensity of the ith species to the total intensity

hFgi ¼
PS

j¼1hFg;ji of the green channel, fi ¼ hFg;ii=hFgi, as described in

the Supporting Materials and Methods. The total Q-vector,Q, of the sample

is defined by the following:

Q ¼
XS

i¼ 1

fiQi; (9)

and represents the ensemble average over all species.

DC tsMSQ and HSP

We previously demonstrated that the complications in interpreting the re-

sults of FFS experiments in the presence of spectral cross talk are avoided

by HSP analysis (7). HSP requires that there is no spectral leakage of the

red-emitting mCherry into the green emission channel, which is accom-

plished by choosing the appropriate filters (7). Thus, the two fluorescent

proteins EGFP (G) and mCherry (Ch) are characterized by their respective

Q-vectors QG ¼ (Qg,G, Qr,G) and Qch ¼ (0, Qr,Ch). The Q-vector (Eq. 9)

determined by DC tsMSQ analysis may be expressed as a linear combina-

tion of the Q-vectors of EGFP and mCherry, as follows:

Q ¼ bgQG þ brQCh; (10)

where the coefficients bg and br represent the normalized brightness asso-

ciated with the corresponding fluorescent proteins (7,29). The tuple (bg,

br) characterizes the brightness vector of the heterospecies present in the

sample. The heterospecies comprises all EGFP-labeled proteins and heter-

oprotein complexes carrying both EGFP and mCherry. Monomeric or olig-

omeric complexes that only contain the mCherry label are partitioned out
by HSP. For example, a noninteracting monomeric EGFP-labeled species

is described by an HSP brightness vector of (1, 0), whereas a heterodimer

containing one EGFP and one mCherry label are described by an HSP

brightness vector of (1, 1). An HSP brightness vector of (1, y) describes

an EGFP-labeled protein that on average is associated with y mCherry-

labeled proteins (7). A graphical representation of these examples is

provided in Fig. S1. The HSP brightness vector (bg, br) is affected by fluo-

rescent labels with dark states and multiple brightness states as well as by

fluorescence resonance energy transfer, which bias the interpretation (7,27).

These effects were accounted and corrected for as previously described

(7,27). A derivation of HSP for DC tsMSQ is found in Supporting Materials

and Methods, Section 5.
RESULTS

Initial experiments were performed on a noninteracting pair
of proteins located in the lumen of the NE (Fig. 1 A). Spe-
cifically, we used SS-EGFP and SS-mCherry-KDEL, which
have been found to be monomeric proteins within the NE by
SC FFS (Fig. S2; (14)). EGFP and mCherry were chosen as
labels because this pair has been characterized extensively
by DC FFS and have a wide separation in their emission co-
lor (7,10). The signal sequence (SS) of the luminal ATPase
torsinA, which is cleaved after protein expression, ensures
the presence of EGFP in the lumen of the NE (30). The
C-terminus of SS-mCherry was additionally fused to the
endoplasmic reticulum retention signal KDEL to ensure
its efficient targeting to the lumen. DC FFS data were
collected at the NE of U2OS cells co-expressing SS-EGFP
and SS-mCherry-KDEL. The ACFs of the fluorescence
collected by the green and red detection channels were
calculated (Ggg and Grr, respectively) as well as the CCF
Ggr of both channels. We observed a positive CCF ampli-
tude (Fig. 2), which was not unexpected for a noninteracting
pair of fluorescent proteins because spectral cross talk leads
to a positive CCF component (31). This cross talk-induced
CCF function is predicted by (31) the following:

CCFctðtÞ ¼ GgðtÞfct
�
Fg

�
hFri ; (11)

with hFgi and hFri representing the mean fluorescence in-
tensities of the green and red channel, respectively. The
cross talk in our setup is caused by the detection of the
long wavelength emission of EGFP in the red detection
channel (32), which is characterized by the cross talk inten-
sity fraction fct. The observed CCF has to significantly
exceed this baseline for a positive identification of hetero-
typic protein interactions (31). The computed CCFct (t)
(solid blue lines, Fig. 2) is not significantly different from
the observed CCF for the data taken at low expression levels
(Fig. 2 A) but is significantly below the experimental CCF at
medium (Fig. 2 B) and high expression levels (Fig. 2 C).
This observation is counterintuitive as it suggests the onset
of interactions between EGFP and mCherry-KDEL at
higher concentrations. We further noticed a significant
change in the shape of the ACF of both channels as well
Biophysical Journal 118, 26–35, January 7, 2020 29
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as the CCF with increasing concentration (Fig. 2), which
was unexpected because the diffusion process is indepen-
dent of concentration. These changes in the ACF are specific
to the NE environment (14) and are not observed in the cyto-
plasm as confirmed by a control experiment performed in
the cytoplasm of cells expressing EGFP and mCherry. Spe-
cifically, measurements performed in these cells showed a
concentration-independent shape of the ACF as well as a
strong overlap between the computed CCFct (t) and the
CCF over a wide range of expression levels (Fig. S3), indi-
cating the absence of significant interactions between EGFP
and mCherry within the cytoplasm.

The unusual behavior of the experimental ACF of FFS
data collected within the NE was traced to undulations of
the nuclear membranes (14). These membrane undulations
introduce local volume fluctuations that modulate the fluo-
rescence intensity signals received from SS-EGFP and
SS-mCherry-KDEL (Fig. 1 B). This additional fluctuation
process not only affects the ACF but also the CCF as the vol-
ume fluctuations lead to concomitant intensity variations in
both the green and red channels. We previously demon-
strated that the slow membrane undulations lead to biases
in ACF analysis (14). To overcome this challenge, we re-
placed ACF with MSQ analysis and, more recently, with
the improved tsMSQ algorithm (14,18). Both methods
have proven to be robust for measuring homotypic protein
interactions within the NE of living cells (16,24). To extend
cross correlation analysis to DC FFS data obtained in the
NE, we generalize SC to DC tsMSQ. Two subscripts are
added to distinguish the different tsMSQ functions. The
SC tsMSQ from the green channel is identified by tsMSQgg,
whereas the cross correlation tsMSQ between the green and
the red channel is described by tsMSQgr (Fig. 3). The auto-
correlation tsMSQgg is calculated from the fluorescence in-
tensity of a single channel using the standard tsMSQ
algorithm (Fig. 3 A). The cross correlation tsMSQgr follows
the same procedure but utilizes the intensity traces of both
channels (Fig. 3 B).
30 Biophysical Journal 118, 26–35, January 7, 2020
We reanalyzed the FFS data of SS-EGFP and SS-
mCherry-KDEL taken in the NE (Fig. 2) using the experi-
mental tsMSQgg (green squares) and tsMSQgr (red circles)
curves (Figs. 4 A and S4, A and B). For two noninteracting
proteins undergoing simple diffusion in the lumen, the cross
correlation tsMSQgr should be entirely determined by the
cross talk fct from EGFP into the red channel and the mem-
brane undulations of the NE, which contribute a correlation
amplitude proportional to the average intensity (14). Thus,
the tsMSQgr curve for two noninteracting luminal proteins
is predicted to be the following

tsMSQð�Þ
gr ðTÞ ¼ fcttsMSQgg;D

�
T; tD;Qg

�

þ hFri�
Fg

�tsMSQgg;E

�
T; t0;Ag

�
; (12)

where tsMSQgg,D(T, tD, Qg) and tsMSQgg,E(T, t0, Ag) are
model functions (Eqs. 1 and 2) that describe the diffusion
and exponential components of tsMSQgg, respectively,
whereas hFii represents the mean intensity in the ith channel.
The green-channel tsMSQgg was fit to a single species diffu-
sion model with an exponential correlation term (Eq. 3) to
account for nuclear membrane undulations, enabling the
calculation of the predicted cross correlation tsMSQð�Þ

gr in
the absence of interactions from Eq. 12 (blue line, Figs. 4
A and S4, A and B). The predicted tsMSQð�Þ

gr and the exper-
imental tsMSQgr closely overlap, demonstrating the absence
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cles, respectively. (B) Shown are tsMSQ curves (symbols) with fit to Eq. 7

(black). (C) Shown is br versus bg with standard deviations (error bars). (D)

Shown are bg (green circles) and br (red squares), with respective standard

deviations (error bars), versus Ng with means (dashed lines) and SDs of

bg ¼ 1.05 0.2 and br ¼ 0.165 0.13. To see this figure in color, go online.
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of protein interactions between luminal EGFP and mCherry-
KDEL. These results demonstrate that tsMSQgg accurately
predicts the cross correlation tsMSQð�Þ

gr curve of a noninter-
acting pair of proteins within the NE.

This initial validation of the theory prompted us to
analyze FFS data with DC tsMSQ, which simultaneously
describes the green-channel autocorrelation and the cross
correlation tsMSQ (Eq. 4), tsMSQ ¼ [tsMSQgg, tsMSQgr].
We fit both tsMSQ curves to Eq. 7, which describes a single
diffusion species in the presence of volume fluctuations. The
fit and data are in very good agreement (Figs. 4 B and S4, C
and D) with reduced chi-squared values close to one. From
these fits, we obtained the mean fit parameters and their un-
certainties, which were derived from the covariance matrix.
The analysis was performed on n¼ 16 cells to collect fit pa-
rameters and uncertainties over a range of expression values.
The amplitude A ¼ (Ag, Ar) is expected to increase linearly
with the fluorescence intensity, which agrees with the data
(Fig. S5 A). The characteristic time of the volume fluctua-
tions is independent of the concentration with a mean time
of 0.3 s, closely mirroring results obtained in previous
work (Fig. S6 A; (14)).

The fitted Q-vector Q ¼ ðQg;QrÞ was converted into the
normalized brightness b¼ (bg, br) (Fig. 4 C), as described in
Theory. The values of the brightness plot scatter around b ¼
(1, 0), which is consistent for the SS-EGFP species contain-
ing one EGFP label and zero mCherry labels. These b values
showed no dependence on the concentration of SS-EGFP
(Fig. 4D). As discussed in Theory, DC tsMSQ was designed
to identify HSP parameters. Thus, any purely red-emitting
species is filtered out by HSP. As a consequence, we ex-
pected the noninteracting SS-mCherry-KDEL species to
be invisible to the analysis, which is confirmed by the
brightness plot. Consequently, the recovered diffusion times
apply to the SS-EGFP species (Fig. S7 A). Their values are
concentration independent with a mean value of 1.7 ms,
which is consistent with previous results (14,18).

As an additional control, we reanalyzed the cytoplasmic
EGFP and mCherry data (Fig. S3) using DC tsMSQ with
a fit to a single diffusing species (Eq. 5). The data and fit
closely match (Fig. S8, A–C), with the recovered HSP
brightness values b ¼ (bg, br) centered near (1, 0) in a
brightness plot, which is consistent with the EGFP species
(Fig. S8, D and E). The fitted diffusion time is concentration
independent with a mean value of 0.8 ms (Fig. S7 B), which
agrees with previously published experiments (33).

After establishing that DC tsMSQ properly identifies
noninteracting proteins within the NE and the cytoplasm,
we next examined the tandem heterodimer SS-EGFP-SL-
mCherry. This construct carries both EGFP and mCherry
separated by a linker (SL) and mimics a strongly interacting
pair of proteins forming a heterodimeric complex. As ex-
pected, DC FFS measurements of SS-EGFP-SL-mCherry in
the NE produced a cross correlation tsMSQgr curve that
significantly exceeded the predicted baseline tsMSQð�Þ

gr for
noninteracting proteins (Fig. 5 A). The DC tsMSQ curves
were readily modeled by a fit to Eq. 7 (Fig. 5 A) with reduced
chi-squared values of 1.06. The HSP brightness values were
centered around (1, 1), reflecting the presence of complexes
with an average composition of one EGFP and one mCherry
label as expected for the heterodimer (Fig. 5 B). The diffusion
time of the heterodimer identified by fitting is concentration
independent (Fig. S7 C). TheA and t0 values obtained for the
volume fluctuations agree with the expected behavior (Figs.
S5 B and S6 B). These results demonstrate that DC tsMSQ
Biophysical Journal 118, 26–35, January 7, 2020 31
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can be used to accurately identify the presence of heterodi-
meric protein complexes in the NE of living cells.

Although the fluorescence intensity of luminal proteins
is affected by volume fluctuations in the NE (Fig. 1 B),
the fluorescence intensity of membrane-associated proteins
is not affected by these volume fluctuations as demonstrated
in previous work using SC FFS (14). To test this difference
between luminal and membrane-bound proteins in the
context of DC tsMSQ, we performed DC FFS experiments
in the NE of cells expressing the membrane-bound SS-
EGFP-torsinANTD-2xLeu and the luminal SS-mCherry-
KDEL. Because torsinANTD-2xLeu is a transmembrane
domain (34), its presence ensures that EGFP is anchored
to the nuclear membrane.

Although the fluorescence signal generated by the
luminal SS-mCherry-KDEL includes volume fluctuations,
the fluorescence signal generated from the membrane-bound
SS-EGFP-torsinANTD-2xLeu does not. Because DC tsMSQ
filters out any purely red fluorescing species, the data are ex-
pected to only contain the membrane-bound green fluo-
rescing species. Consequently, we fit the DC tsMSQ curves
to a model containing only a diffusing species and no expo-
nential process (Eq. 5), which agreed well with the data
(c2

n ¼ 1.07). The fit recovered HSP brightness values b
that are clustered around (1, 0) (Fig. 6 B) and show no con-
centration dependence (Fig. 6 C), which is consistent with
SS-EGFP-torsinANTD-2xLeu being monomeric. The diffusion
times for SS-EGFP-torsinANTD-2xLeu (Fig. S7 D) have a
mean and SD of 16 5 4 ms, which is in agreement with
previously published results for this construct (14).

We next used DC tsMSQ to study the assembly of LINC
complexes composed of SUN2 and nesprin-2 in vivo by
investigating the ability of the SUN2 luminal domain to
form a heterotypic interaction with the luminal domain of ne-
sprin-2. Based on previously published in vitro biochemical
and structural studies, it is expected that a homotrimer of
SUN2 interact with three nesprin-2 KASH peptides to form
a heterohexamer (21,22). Moreover, SUN2 homotrimeriza-
tion was shown to be critical for KASH binding (21,35). To
32 Biophysical Journal 118, 26–35, January 7, 2020
begin to test this model of LINC complex assembly in the
NE of living cells, we first performed measurements on
cells co-expressing mCherry-SR-KASH2 with SS-EGFP-
SUN2595–731. The SUN domain (SUN2595–731) contains the
KASH-binding sites and has previously been shown to
remain monomeric using SC tsMSQ (16). Thus, the SUN
domain permits us to directly test for the presence of mono-
mer-monomer interactions with nesprin-2.

Fitting the DC tsMSQ curves to Eq. 7 agreed well with
the data (c2

n ¼ 0.88) (Fig. 7 A). A plot of br versus bg
revealed that the data were clustered around (1, 0), indi-
cating a noninteracting monomeric EGFP-labeled protein
species (Fig. 7 B). Neither bg nor br showed any concentra-
tion dependence, and both have means consistent with
SS-EGFP-SUN2595–731 being unable to interact with
mCherry-SR-KASH2 (Fig. 7 C). In addition, the values of
tD, A, and t0 all agreed with the expectation of a noninter-
acting SS-EGFP-SUN2595–731 monomer (Figs. S5 C, S6 C,
and S7 E). Taken together, these results support the model in
which the luminal domain of nesprin-2 is unable to interact
with monomers of the SUN2 luminal domain.

Unlike SS-EGFP-SUN2595–731, the SUN2 luminal
domain-encoding SS-EGFP-SUN2261–731 homotrimerizes
in the NE of living cells as determined by SC FFS (18).
Thus, we expected that measurements performed in the
NE of cells co-expressing SS-EGFP-SUN2261–731 and
mCherry-SR-KASH2 would identify heterotypic interac-
tions between these constructs. Proper analysis by DC
tsMSQ of data obtained in cells expressing both proteins
required the inclusion of two diffusing species (Eq. 8) to
describe the data (Fig. 8 A). The two diffusion times have
means of 1.7 and 180 ms (Fig. S7 F), which are consistent
with a previous SC FFS study of SS-EGFP-SUN2261–731

(18).The tsMSQgr amplitude is significantly higher than
the noninteracting prediction (Fig. 8 A), indicating the pres-
ence of heteroprotein association. Plotting br versus bg from
n ¼ 53 cells revealed that both bg and br increase together
(Fig. 8 B), implying that an increase in the average oligo-
meric state of SS-EGFP-SUN2261–731 is associated with an
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increase in the number of bound mCherry-SR-KASH2. This
result supports the model that nesprin-2 interacts with ho-
motrimers of SUN2 within the NE. We further notice that
br % bg, indicating that at most, one mCherry-SR-KASH2
can associate with each SS-EGFP-SUN2261–731 protein
within the homotrimer.

These data show that bg ranges between 1 and 3, signi-
fying a limiting homotrimeric state for the SS-EGFP-
SUN2261–731 in the NE. The concentration dependence of
the oligomerization of SS-EGFP-SUN2261–731 is visualized
by a plot of bg versus Ng (Fig. 8 C). The brightness increases
with Ng, approaching a homotrimeric brightness state,
which is identical to the behavior observed for SS-EGFP-
SUN2261–731 in the absence of mCherry-SR-KASH2 (16).
We expect to observe an increase in br with Ng because
the luminal domain of nesprin-2 is predicted to bind to ho-
motrimers of the SUN2 luminal domain, which are popu-
lated at a higher Ng (Fig. 8 C). However, the amount of
bound mCherry-SR-KASH2 also depends on its concentra-
tion, which varies significantly from cell to cell. Thus, the
variability in the expression ratio of mCherry-SR-KASH2
to SS-EGFP-SUN2261–731 is responsible for the large scatter
in the observed br values (Fig. 8 D). To visualize the depen-
dence of br on the expression ratio of these two constructs,
the data were separated into sets with an Nr/Ng above and
below 4:1 (Fig. 8 D). Data with a Nr/Ng ratio above 4:1
exhibit a strong increase in br up to values approaching 3,
whereas the lower ratio data only show a modest increase
in br with Ng. This reflects the relative reduction in
mCherry-SR-KASH2 concentration between both data
sets. Notably, the highest brightness values measured for
bg and br approach 3 (Fig. 8, B–D), which suggests the for-
mation of a SUN2-nesprin-2 heterohexamer in vivo as pre-
dicted by in vitro models (21,22).
CONCLUSIONS

Although CCF analysis has been widely used to identify het-
erotypic protein interactions from FFS measurements per-
formed in cells (36), the presence of nuclear membrane
undulations is a significant barrier for its application to
FFS measurements performed in the NE. The local volume
changes caused by nuclear membrane undulations lead to
coupled changes in the emission intensity of both the red
and green fluorescent labels (Fig. 1 B), which result in a
spurious cross correlation in the CCF, even when accounting
for spectral cross talk. The DC tsMSQ theory developed in
this article provides a comprehensive method that incorpo-
rates both spectral cross talk and volume fluctuations, thus
overcoming the issues present in CCF analysis of FFS
data measured in the NE. Although this article has focused
on the use of tsMSQ to account for the presence of volume
fluctuations, the advantages of tsMSQ extend to any slow
fluctuation process. Bias introduced by slow fluctuations is
a general challenge for FFS analysis, and tsMSQ provides
the ability to identify and account for the effect of these
slow processes (14,18). Once a slow fluctuation process
has been detected, new models incorporating the process
can be developed to account for its effect on the tsMSQ
curve. For example, the original formulation of MSQ
analysis was used to account for the presence of photodeple-
tion (17).

We experimentally verified DC tsMSQ using model sys-
tems representing noninteracting protein pairs as well as
heterodimeric protein complexes and recovered diffusion
times and HSP brightness values. The label stoichiometry
determined by HSP brightness matched the expected values
of the control samples and reliably distinguished interacting
from noninteracting proteins. Furthermore, the parameters
of the volume fluctuation process agreed with our previously
published SC tsMSQ results (14), thus providing additional
support for the DC tsMSQ model.

Next, we used DC tsMSQ to investigate the assembly
mechanism of LINC complexes, which are formed by the
heterotypic interaction of the luminal domains of SUN
and KASH proteins (37). Previously published in vitro
biochemical and structural studies revealed that a homo-
trimer of the SUN2 luminal domain interacts with three
nesprin-2 luminal domains (21,22). Deep KASH peptide-
Biophysical Journal 118, 26–35, January 7, 2020 33
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binding grooves are formed at the interface of two adjacent
SUN domains upon SUN2 luminal domain homotrimeriza-
tion; therefore, SUN2 homotrimerization is believed to be a
necessary precursor to the assembly of a SUN2-nesprin-2
heterohexamer (21,22).

To test this model in vivo, we looked for interactions be-
tween the luminal domain of nesprin-2 (mCherry-SR-
KASH2) and two SS-EGFP-tagged SUN2 luminal domain
constructs. We previously showed that the EGFP-tagged
luminal domain of SUN2 (SS-EGFP-SUN2261–731) forms
homotrimers in the NE, whereas the SUN domain of
SUN2 (SS-EGFP-SUN2595–731) remains monomeric (16).
As expected, we were unable to detect a heterotypic interac-
tion between SS-EGFP-SUN2595–731 and mCherry-SR-
KASH2 using DC tsMSQ. However, DC tsMSQ did detect
a concentration-dependent heterotypic interaction between
SS-EGFP-SUN2261–731 and mCherry-SR-KASH2 in the
NE. The limiting HSP brightness values measured for these
constructs suggest the formation of a SUN2-nesprin-2 heter-
ohexamer in vivo, which agrees with the in vitro results
described above (38).

These initial results provide a promising starting point
for future quantitative studies of the mechanisms underly-
ing the in vivo assembly of functional LINC complexes
and their regulation. Combining quantitative modeling
of the DC tsMSQ brightness data with targeted mutations
that perturb the known SUN2-nesprin-1/2 binding
sites should provide a comprehensive approach for
investigating the assembly of SUN2-containing LINC
complexes. In addition, DC tsMSQ offers a tool to inves-
tigate the formation of LINC complexes composed of
lesser studied SUN proteins, such as SUN1, which forms
higher-order oligomers than SUN2 (16). This article
focused on luminal domains of SUN2 and nesprin-2 due
to the low mobility of the full-length proteins, which pre-
vents us from performing point FFS measurements
(39,40). Future work combining DC tsMSQ with an imag-
ing- or scanning-based approach may allow for measure-
ments of LINC complex assembly with full-length
proteins. In addition, by combining scanning with the
data segmentation inherent to tsMSQ, techniques such
as intensity-sorted FCS may be incorporated (41) to
look at the assembly of full-length SUN2 and nesprin-2
and investigate the presence of spatial heterogeneity in
the assembly process. Although this article has focused
on the application of DC tsMSQ for characterizing the
heterotypic interactions of LINC complex proteins, the
development of DC tsMSQ offers a promising and general
platform for future studies of heteroprotein complex for-
mation in the NE of living cells.
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