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ABSTRACT

Understanding the mRNA life cycle requires informa-
tion about the dynamics and macromolecular com-
position and stoichiometry of mRNPs. Fluorescence
correlation and cross-correlation spectroscopy (FCS
and FCCS) are appealing technologies to study these
macromolecular structures because they have sin-
gle molecule sensitivity and readily provide infor-
mation about their molecular composition and dy-
namics. Here, we demonstrate how FCS can be ex-
ploited to study cytoplasmic mRNPs with high ac-
curacy and reproducibility in cell lysates. Cellular
lysates not only recapitulate data from live cells but
provide improved readings and allow investigation
of single mRNP analysis under particular conditions
or following enzymatic treatments. Moreover, FCCS
employing minute amounts of cells closely corrob-
orated previously reported RNA dependent interac-
tions and provided estimates of the relative overlap
between factors in the mRNPs, thus depicting their
heterogeneity. The described lysate-based FCS and
FCCS analysis may not only complement current bio-
chemical approaches but also provide novel oppor-
tunities for the quantitative analysis of the molecular
composition and dynamics of single mRNPs.
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INTRODUCTION

Understanding post-transcriptional control of gene expres-
sion and its role in pathological processes requires an un-
derstanding of the molecular composition of particular
mRNPs. mRNP analysis has to a large extent relied on bio-
chemical analysis of bulk mRNPs - employing antibodies or
tagged baits in pull-down analysis or fluorescence sorting in
combination with western analysis and/or mass spectrom-
etry (1-5). Although these methods have provided an im-
pressive insight into the components of particles, they have
a number of limitations with respect to stoichiometry, het-
erogeneity and single mRNP resolution.

Fluorescence Correlation and Cross-Correlation Spec-
troscopy (FCS and FCCS, respectively) are appealing al-
ternatives for the analysis of complex protein assemblies
and protein interactions and the composition of complex
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protein assemblies. By recording the fluorescence fluctua-
tions produced by labelled molecules or proteins entering
and leaving a small focal volume over time and their subse-
quent analysis by autocorrelation, FCS instantly provides
information about the diffusion time, concentration and ag-
gregation of fluorescent molecules (6) (Figure 1A). FCCS
further determines the cross-correlation between factors la-
belled with two spectrally distinct fluorophores allowing
you to establish if two factors are part of the same macro-
molecular complex (7) (Figure 1A). Compared to immuno-
precipitation (IP), the duration of FCS and FCCS experi-
ments is significantly shorter since measurements only take
minutes to execute and the amount of starting material is
one or two orders of magnitude lower (~10*-10° versus
107-10% cells). Moreover, the sensitivity is high, facilitat-
ing detection of non-abundant protein-protein interactions.
Finally, in contrast to assays involving recombinant pro-
teins, the use of lysates overcome common problems con-
nected to bioactivity, purity and production yield. Previ-
ously, FCS and FCCS have been successfully employed in
RNA research to compare diffusion of cytoplasmic and nu-
clear EGFP-Ago2 and to quantify loading of siRNA guide
strand into the RISC complex (8) and test the effective-
ness of Mango-based (fluorogenic aptamer family) single-
molecule analysis (9).

Employing a number of well-established cytoplasmic
mRNA binding proteins, including the mRNP core pro-
teins YBX1, IMP1 and PABPCI1 as well as IMP2, IMP3,
ELAVL2 (HuB), STAUI and FMRP (10-16) (Figure 2
and Supplementary Figure S1), we established and vali-
dated a novel lysate-based FCS and FCCS assay to ac-
curately resolve RNA-binding protein stoichiometry and
protein-protein interactions in single mRNPs (Figure 1B
and C). Due to the nature of cell lysates, which would fall
in a category between in vivo and in vitro, protein com-
position analysis can be simplified and at the same time
complemented with stoichiometric and heterogeneity in-
formation of single mRNPs. Cellular lysates not only re-
capitulate data from live cells but provide improved read-
ings and allow single mRNP analysis under particular
conditions or following enzymatic treatments. We con-
sider that cell lysate-based FCS and FCCS provide a pre-
cise and reproducible way of analysing protein-RNA com-
plexes with many advantages compared to current analysis
techniques.

MATERIALS AND METHODS
Cell lines

HeLa cells (ATCC® CCL-2™) were grown in phenol red-
free Dulbecco’s Modified Eagle Medium (DMEM), high
glucose, supplemented with GlutaMAX™, 1 mM sodium
pyruvate, 10% FBS (Biowest) and penicillin/streptomycin.
A Flp-In™ T-REx™ 293 cell line (Invitrogen) stably carry-
ing a 3xFLAG-IMP1 under a tetracycline inducible CMV
promoter was generated and is referred in the text as TREX
293 3xFLAG-IMPI1. TREX 293 3xFLAG-IMP1 cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM)),
high glucose, supplemented with GlutaMAX"™, 10% FBS
(Biowest), 5 wg/ml Blasticidin, 100 wg/ml hygromycin and
penicillin/streptomycin. 3xFLAG-IMP1 expression was in-
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duced by the addition of 1 wg/ml tetracycline for 24 h. Cell
lines were cultured in a humidified incubator at 37°C and
5% CO,.

Vectors

Coding sequences of IMP1, IMP2, IMP3, ELAVL2,
STAU! and FMRP were PCR-amplified and cloned into
pEGFP-C1 (Clontech), and PABPCI1 coding sequence was
cloned into pEGFP-NI1 (Clontech) by restriction enzyme
digestion. GFP-IMPI1gyi4my construct was obtained by
site-directed mutagenesis of the GXXG loops in the four
KH domains (17) from GK(E/K/G)G to GELG. YBXI
was cloned into pcDNA3.1 + N-eGFP (Genscript) insert-
ing a 25 aminoacid flexible linker (5x GGGGS) (18) be-
tween the fluorescent tag and YBX1. IMP1 and YBXI (in-
cluding flexible linker) coding sequences were also cloned
into pmCherry-C1 (Clontech). EGFP was PCR-amplified
from pEGFP-CI and cloned into mCherry-C1 by restric-
tion enzyme digestion in order to obtain mCherry-GFP fu-
sion protein. 2xGFP oligomer was obtained by cloning an
EGFP sequence with a flexible linker (3xGGGGS) upfront
into a pEGFP-C1 vector. 5XGFP oligomer was obtained by
cloning a 4xGFP sequence with 3xGGGGS flexible linkers
in between each EGFP unit into a pEGFP-C1 vector by re-
striction enzyme digestion.

Cell lysate FCS/FCCS protocol

Plasmid transfections. 400.000 HeLa cells were seeded in
Nunc™ cell-culture treated 6-well dishes. After 4-5 h, cells
were transfected with the plasmids described above in “Vec-
tors’ section using FuGene 6 and following the manufac-
turer’s instructions. Per dish, 1.3 g of plasmid DNA and
3 wl of FuGene 6 (Promega) were mixed in 100 pl Opti-
MEM™ medium before the addition to the dish. For co-
transfections, pPEGFP and pmCherry vectors were mixed at
2:1 ratio. 18-22 h post-transfection, cells were lysed at room
temperature in 500 wl for FCS or 300 wl for FCCS of lysis
buffer containing 20 mM Tris—HCI pH 7.5, 140 mM KCl,
1,5mM MgCl,, | mM DTT and 0,5% NP-40 supplemented
with 1:300 mammalian protease inhibitor cocktail (Sigma).
Cell lysates were briefly centrifuged at 800 x g for 1 min and
supernatant was transferred to a 35 mm glass bottom dish
(No. 1.5 Coverslip, uncoated, MatTek) before being sub-
jected to FCS or FCCS. When indicated, cell lysates were
treated with 100 pg/ml of RNase A (DNase and protease-
free, EN0531, Thermo Scientific) and FCS/FCCS measure-
ments were recorded 1-2 min after RNase A treatment. For
IMP stoichiometric measurements (FCS), cells were also
lysed in 500 wl of hyperosmolar lysis buffer containing 20
mM Tris-HCI pH 7.5, 500 mM KCI, 1.5 mM MgCl,, 1
mM DTT and 0,5% NP-40 supplemented with 1:300 mam-
malian protease inhibitor cocktail (Sigma).

Fluorescence correlation spectroscopy (FCS). FCS mea-
surements were performed using a Zeiss LSM780 confocal
microscope using a C-Apochromat 40x /1.2 W Corr M27
objective and using a water-phase immersion oil Immersol
W 2010 (Zeiss). GFP measurements were performed with
an argon laser with a 488 nm excitation wavelength and with
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Figure 1. Schematic representation of fluorescence correlation spectroscopy (FCS) and fluorescence cross-correlation spectroscopy (FCCS) methods used
in the study. (A) FCS measurements are performed either in cells expressing a protein of interest fused to a GFP tag or in cell lysates from cells expressing
the GFP fusion protein. Focal volume is positioned in a specific cellular location (live cell FCS) or in a fluorescent protein solution (cell lysate FCS).
Fluorescence fluctuations are recorded and are subsequently analyzed by the autocorrelation function, which results in the autocorrelation curve, used to
determine the diffusion time of the examined GFP-tagged protein. FCCS is based on the combined FCS measurements of two spectrally-distinct fluorescent
proteins, in this case GFP and mCherry. Autocorrelation function is used for analyzing diffusion of GFP- and mCherry-tagged proteins and also applied
between channels, generating the cross-correlation curve. Interacting GFP- and mCherry-tagged proteins diffuse synchronously through the focal volume,
therefore the cross-correlation curve (grey) is positive. In contrast, non-interacting GFP- and mCherry-tagged proteins diffuse independently from each
other yielding a flat cross-correlation curve. (B) Representative scheme of the steps performed in cell lysate FCS in order to determine RNA-binding protein
stoichiometry in single mRNPs. (C) Representative scheme of the steps followed in FCCS to determine protein-protein associations and heterogeneity of

mRNPs. *Figure partially created with BioRender.com

a detection window between 500 and 633 nm (Supplemen-
tary Figure S2). Before each measurement, average molec-
ular count rate (in kHz per molecule) was checked at dif-
ferent laser powers to ensure that fluorescence count signal
was linear with laser power and not in saturation. Cell lysate
and live cell fluorescence measurements were recorded dur-
ing 60 s and experimental autocorrelation curves, average
count rate (kHz) and counts per particle (kHz) were ob-
tained and analysed in ZEN 2011 software (Zeiss). FCS in
cell lysates was performed at room temperature (21-23°C)
whereas for live cell measurements, dishes were taken out
from the incubator (37°C) and sealed, and measurements
were taken 5-20 min after. Counts per particle or CPP were
calculated as follows: CPP (kHz) = amplitude x average
intensity. Experimental autocorrelation curve fitting to free

3D diffusion 1-component and 2-component models was
performed in ZEN 2011 software (Zeiss) starting from 1E-
055 (10 s). Diffusion coefficients were calculated assuming
a range between 150 nm and 190 nm as the confocal radius
and the model equations for 1- and 2-component models
are the following:

I-component fit

o
Gu(r) =
) (e () )"
_ fpy
L (Frsem)?



el19 Nucleic Acids Research, 2021, Vol. 49, No. 20 PAGE 4 OF 15
PABPC1 IMPA1

A B  vBx1-3242a
IMP1 - 577 aa
] ke
IMP2 — 599 aa
G I
IMP3 - 579 aa
GO G CCE T
PABPC1 — 636 aa
e |
ELAVL2 - 359 aa
Staufen — 496 aa
FMRP - 632 aa

KH1 I KH2 |

Low complexity sequence

Figure 2. Overview of RNA-binding proteins used in the study. (A) Structured illumination microscopy (SIM) image of HeLa cell cytoplasmic mRNPs
obtained by indirect immunofluorescence staining of their major protein components: YBX1 (Alexa Fluor 647, red), IMP1 (Alexa Fluor 568, green) and
PABPCI (Alexa Fluor 488, cyan). Scale bar = 0.2 pm. (B) Schematic representation of the different proteins used in this study with their RNA-binding
domains and predicted low complexity sequences (CSD: cold-shock domain; RRM: RNA recognition motif, KH: hnRNP K-homology, DSRBD: double-

stranded RNA-binding domain).
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Fluorescence cross-correlation spectroscopy (FCCS). All
FCCS measurements (live cell and cell lysate) were per-
formed in a Zeiss LSM780 confocal microscope using a
C-Apochromat 40x /1.2 W Corr M27 objective and Im-
mersion oil Immersol W 2010 (Zeiss). GFP or mCherry
measurements were performed with an argon laser with
a 488 nm excitation wavelength and a DPSS laser with a
561 nm excitation wavelength, respectively. GFP fluores-
cence was captured with a detection window of 482553 nm
and mCherry fluorescence was captured with a detection
window of 590-695 nm (Supplementary Figure S2). Before
each measurement, average molecular count rate (kHz per

molecule) was checked at different laser powers to ensure
that fluorescence count signal was linear with laser power
and not in saturation. Cell lysate and live cell fluorescence
measurements were recorded for 60 s in the case of cell lysate
FCCS. In live cells, measurements were performed at ran-
domly picked volumes in the cytoplasm for 20 s. FCCS in
cell lysates was performed at room temperature (21-23°C)
whereas for live cell measurements, dishes were removed
from the incubator (37°C) and sealed, and measurements
were taken 5-20 min later. Experimental autocorrelation
and cross-correlation curves were obtained and analysed
in ZEN 2011 software (Zeiss). Cross-correlation and auto-
correlation amplitude values, needed to calculate the cross-
correlation/autocorrelation ratios, were extracted from the
average of the amplitude values G(7) from either curve in
the area of maximum amplitude (SE-06 to 1E-05 s). Cross-
correlation (CC)/autocorrelation (AC) ratio was calculated
with the following formula:

G(7)cc — 1

CC/AC ratio =
G(t)ac — 1

Confocal microscopy imaging

HeLa cells were seeded in 35 mm glass bottom dishes (No.
1.5 Coverslip, uncoated, MatTek), transfected with GFP
or GFP/mCherry vectors and subsequently imaged ~24
h after transfection. Cells were fixed with 3,7% formalde-
hyde in PBS, washed and mounted in non-hardening VEC-
TASHIELD antifade mounting medium (H-1000) with a
refractive index n = 1.45. Confocal images were obtained
using a Zeiss LSM780 confocal microscope with a Plan-
Apochromat 63x /1.4 NA oil objective.



PAGE 5 OF 15

Immunofluorescence staining and structured illumination mi-
croscopy (SIM) imaging

HeLa cells were seeded in glass-bottom coverslips (P35G-
0.170-14-C, MatTek) and fixed 24 h after with 3.7%
formaldehyde solution in PBS, followed by a permeabi-
lization step with 0.5% Triton X-100 in PBS. Indirect im-
munofluorescence staining of YBX1, IMP1 and PABPCI1
was performed using the following primary antibodies: goat
anti-IMP1 (E-20, Santa Cruz), rabbit anti-YBX1 (ab12148,
Abcam) and mouse anti-PABPCI1 (ab6125, Abcam). Cov-
erslips were washed 3x with PBS prior to incubation with
Alexa Fluor 488, 568 and 647 conjugated secondary anti-
bodies (Thermo Fisher Scientific) for an hour at RT. Af-
ter that, coverslips were washed 3 x with PBS and mounted
in VECTASHIELD mounting media (RI = 1.45). Struc-
tured Illumination Microscopy (SIM) was performed using
a Zeiss ELYRA PS.1 microscope with a Plan-apochromat
63x /1.4 NA oil objective. Raw SIM images were taken
using three rotations and reconstructed using ZEN 2011
software (Zeiss). After reconstruction, channel correction
was applied using a channel alignment file created by imag-
ing 0.1 wm TetraSpeck Microspheres (Thermo Fisher Sci-
entific). Images were thresholded to remove diffuse back-
ground (honeycombs) caused by stray pollutants or some
residual autofluorescence on the SIM reconstructed pic-
tures before contrasting.

3xFLAG-IMP1 immunoprecipitation

TREX 293 3xFLAG-IMPI1 cell line was used for immuno-
precipitation. 5 x 10° cells were seeded in 140 mm diam.
Nunc® petri dishes and expression of 3xFLAG-IMP1 was
induced by the addition of 1 pg/ml tetracycline for 24 h.
Cells were transfected 4-5 h after seeding using FuGene
6 following the manufacturer’s instructions with pEGFP
plasmids described in ‘Vectors’ section. Per dish, 16.75 g
of plasmid DNA and 37.5 pl of FuGene 6 were mixed in
1200 pl Opti-MEM™ medium before addition to the cells.
48 h after seeding, cells were lysed in 1 ml of lysis buffer
containing 20 mM Tris—-HCI pH 7.5, 140 mM KCI, 1.5 mM
MgClp, 1 mM DTT and 0.5% NP-40 supplemented with
1:300 mammalian protease inhibitor cocktail (Sigma) on
ice. Cell lysates were cleared at 8200 x g for 5 min at 4°C.
50 wl of Anti-FLAG® M2 Magnetic beads (Sigma) were
added to each cleared cell lysate and samples were incubated
for 3 h with rotation at 4°C. Beads were washed 3 x with ly-
sis buffer and finally immunoprecipitated material was col-
lected by addition of 2x SDS buffer directly to the beads.

Western blot

Total lysate and FLAG immunoprecipitation samples were
loaded into a 10% RunBlue™ SDS protein gel (Expedeon)
and separated by electrophoresis. Proteins were transferred
to a PVDF membrane using the iBlot™ 2 Gel Transfer sys-
tem (Invitrogen). After transfer, membrane was blocked in
wash buffer with 5% skim milk powder for 1 h at room
temperature. After blocking, primary antibodies against
GFP (rabbit mAb, Cell Signaling) and FLAG (M2 mouse
mAb, Sigma) were incubated overnight at 4°C. The day
after, membranes were washed and incubated with either
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anti-rabbit or anti-mouse HRP-conjugated secondary anti-
bodies (Cell Signaling). After incubation, membranes were
washed, incubated 2-3 min with SuperSignal™ West Pico
Chemiluminiscent Substrate (Thermo Scientific) and im-
aged using C-DiGit® Blot Scanner (LI-COR).

RNA-seq dataset alignment and analysis

Two public datasets corresponding to an IGF2BP1/IMP1
eCLIP experiment in HepG2 cells (sample GSM2423912
under series GSE92021 and SRA accession nr.
SRR4112015) (19,20) and a YBX1 RIP-seq experi-
ment in HEK293 cells (sample GSM3753525 under series
GSE130781 and SRA accession nr. SRR9019707) (21)
were downloaded from SRA and aligned using CLC
Genomics Workbench to the hgl9 genome with the
program’s default parameters. Genes were sorted by ‘tran-
script_biotype’ and ‘total gene reads’ corresponding to
each gene were used to calculate the % of reads mapping to
each ‘transcript_biotype’ category.

RESULTS
FCS of mRNPs in live cells and cell lysates

In order to compare the dynamics of single mRNPs in
live cells with cell lysates, fluorescence intensity fluctua-
tions in HeLa cells expressing GFP-tagged YBX1, IMP1
and IMP1gyi4mut, an IMP1 mutant with impaired RNA-
binding (19) (Figure 3A), were recorded in the cytoplasm
of live cells and in cell lysates (Figure 3C-E). GFP was in-
cluded as a reference in both live cells and cell lysates (Fig-
ure 3F). Live cells expressing GFP-tagged proteins were de-
picted by confocal imaging and the focal volume was posi-
tioned at randomly picked volumes in the cytoplasm as rep-
resented in Figure 3A. As described above, corresponding
cell lysates were prepared by the addition of an iso-osmolar
lysis buffer containing non-ionic detergent, to release the
cytoplasmic content. In the case of cell lysates, localization
of the focal volume was not needed since the fluorescent
molecules or complexes were not confined in a specific place
but were diffusing homogeneously in the lysate solution.
Live cell FCS measurements were carried out in different
cells from a single transfection and also from different trans-
fections, and cell lysate FCS measurements were recorded
from different cell transfections. Measurements in both live
cells and cell lysates were highly reproducible and in lysates
mRNPs were stable for at least 2 h at room temperature
(Supplementary Figure S3). Representative measurements
of each GFP-tagged factor are shown in Figure 3.

In comparison to live cell diffusion, the relative dis-
tribution of the autocorrelation curves of GFP, GFP-
IMPlkyi4mut and GFP-IMP1 was reproduced in cell
lysates, but in agreement with the lower viscosity and un-
restrained motions in lysates, diffusion was in general faster
(Figure 3B). The diffusion constant of the mRNP compo-
nent GFP-IMP1 was about an order of magnitude slower
than GFP, in accordance with the embedment in the mRNP
complex. Disruption of IMP1 RNA-binding ability in-
creased as expected diffusion almost to the level of free GFP
(Figure 3B). The average difference between live cells and
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Figure 3. Comparison of live cell and cell lysate Fluorescence Correlation Spectroscopy (FCS). (A) Confocal microscopy images of HeLa cells expressing
GFP-YBX1, GFP-IMP1, GFP-IMPIg1.4mut (RNA-binding impaired mutant) and GFP. Crosses illustrate how arbitrary points in the cytoplasm were
chosen to perform live cell FCS. Scale bar = 5 pum. (B) Autocorrelation curves (normalized from 1 to 2) from GFP-IMP1 (mRNP), GFP-IMP1x-4mut and
GFP measurements in live cells (top) and cell lysates (bottom). (C—F) Representative autocorrelation curves from live cells (top) and cell lysates (bottom)
of GFP-YBX1, GFP-IMP1, GFP-IMP1g.4mut and GFP, respectively. Fittings to 1-component (blue) and 2-component (red) models are displayed in the
graphs together with the experimental autocorrelation curves. Blue and red arrows on x axis (lag time, sec) represent the diffusion coefficients corresponding

to the fit to I-component (blue) and 2-component (red) diffusion models.

lysates was first quantified and compared by fitting the ex-
perimental autocorrelation curves to a single-component
diffusion model (Figure 3C-F, blue line and arrows), and
diffusion time was about one order of magnitude smaller
in cell lysates than in live cells. The GFP-YBX1 and GFP-
IMP1 autocorrelation curves clearly did not fit with a 1-
component diffusion model, and in both live cells and cell
lysates addition of a second component improved the exper-
imental fitting (Figure 3C and D, red line and arrows). Con-
sequently, the analysis reveals that mRNP motion may be

explained by at least two diffusing subpopulations, diffusing
at ~4E-03 and ~3E-01 sin live cells and ~4E-04 and ~8E—
03 s in cell lysates. These correspond to 0.056-0.16 pm?/s
and 4.12-7.35 wm?/s in live cells and 1.16-1.71 pm?/s and
7.09-14.76 um?/s in cell lysates. GFP-IMP 1 p.4mu fitted
better to a 1-component diffusion model but the fit was still
significantly better with a 2-component model (Figure 3E),
probably reflecting a residual RNA-binding activity of the
protein. In the case of GFP (Figure 3F), the single com-
ponent model in both conditions was sufficient, reconciling
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the unrestrained diffusion of this protein. Residuals of the
fittings to 1-component and 2-component diffusion models
are shown in Supplementary Figure S4. Taken together, we
find that FCS is able to depict the motion of macromolec-
ular mRNP assemblies, and lysates largely recapitulate the
in vivo conditions but at the same time improve accuracy,
reproducibility and simplicity.

Determination of RNA-binding protein stoichiometry of
mRNPs

Since mRNAs frequently exhibit several binding sites for a
particular RBP, we exploited the cell lysates to derive av-
erage and single mRNP stoichiometric data. IMP1 binds
to widespread single-stranded CA-rich stretches (22), so a
particular mRNA may in principle harbour one or more
handfuls of IMPs depending on the size of the transcript.

Cells expressing GFP-IMP1 or GFP-IMP1 gy _g4mue Were
either lysed in iso-osmolar lysis buffer and treated with
RNase A or simply lysed in hypertonic lysis buffer, af-
ter which lysates were subjected to FCS. Plotting of the
count rate (kHz) as a function of time shows the fluo-
rescent peaks of different intensities representing mRNPs
containing varying numbers of GFP-tagged IMP1. mRNP
peaks are not observed in the recorded fluctuations for
GFP-IMPlgyi4mu (Figure 4A, top row). The same is
observed for GFP-IMPI1 after treatment with RNase A
(Figure 4A, middle row) or lysis in a hypertonic buffer,
which disrupt RNA-protein interactions (Figure 4A, bot-
tom row), while fluorescence intensities remain unchanged
for GFP-IMP1ku1-4mut. The two other members of IMP
RNA-binding protein family, GFP-IMP2 and GFP-IMP3,
exhibited the same pattern as GFP-IMP1 (Supplementary
Figure SSA).

The amplitude of the autocorrelation curve is in-
versely proportional to the concentration of the fluores-
cent molecules or particles in solution, so a higher con-
centration of fluorescent particles yields lower amplitudes
and vice versa. As shown in Figure 4A, when IMP1 is
part of mRNPs, multiple IMPs are bound to the same
mRNA. Therefore, the concentration of fluorescent par-
ticles in the lysate is low but the brightness of each par-
ticle is high because it contains several IMP1 molecules,
yielding a high G(0) amplitude (Figure 4B, top plot). Af-
ter treatment with RNase A or lysis in hypertonic lysis
buffer, IMPs dissociate from mRNPs. Consequently, the
concentration of the fluorescent species rises—the G(0)
amplitude decreases—whereas the molecular brightness
also decreases (as each individual particle now becomes
monomeric). In contrast, the amplitude and brightness of
GFP-IMPI1gy).4myt remained unchanged in all conditions
before and after treatment with RNase A because it exists as
a monomer to begin with in all conditions (Figure 4B, bot-
tom plot). A scheme illustrating the changes in brightness
and amplitude in oligomers and monomers upon treatment
with RNase A can be found in Supplementary Figure S6.

The average brightness of a given complex decorated by
fluorescent labels (counts per particle or CPP, or sometimes
referred to as counts per molecule or CPM) can be de-
rived from the FCS analysis. The number of particles is ob-
tained from the inverse of the amplitude and CPP is pro-

Nucleic Acids Research, 2021, Vol. 49, No. 20 ell9

portional to the average fluorescence intensity divided by
the inverse of the amplitude. In other words, CPP = am-
plitude x average fluorescence intensity. In order to deter-
mine the absolute molecular brightness of the mRNPs, a
gamma factor can be introduced to the formula to correct
for the detection efficiency given by the illumination and de-
tection profile (the point spread function, PSF), but in this
case we were merely interested in the brightness increase per
particle (mRNP/monomer), therefore this correction can-
cels out. By comparing the mRNP brightness (CPP avg.)
of GFP-IMP1 with the brightness of the monomer (GFP-
IMP1g 1 .4mut) or the GFP-IMP1 lysate treated with R Nase
A (Figure 4A), we can show that mRNPs on average con-
tain 10 GFP-IMP1 molecules.

Fluorescent GFP oligomers have been reported to self-
quench (23), resulting in a non-linear relation between the
number of GFPs in the oligomer and the brightness of GFP
oligomers. We observed a similar behaviour in our own
experimental settings when the oligomer size was 5XGFP
(Supplementary Figure S5C), indicating that quenching
could potentially lead to erroneous conclusions when trying
to deduce the number of GFP-tagged IMPs from mRNP
brightness.

We therefore checked if there were indications of quench-
ing in the mRNPs by comparing the brightness per par-
ticle (counts per particle) of GFP-IMP1 and GFP-IMP2,
that quantified by the average amount of fluorescence in the
lysate (average count rate) is expressed at 2-fold higher lev-
els than GFP-IMPI1. The brightness per particle was also
doubled, so we infer there is a linear relation between ex-
pression level of the protein and the number of GFP-IMP
molecules in the complexes (Supplementary Figure S5B).
Quenching is highly dependent on the distance between flu-
orescent molecules and the small GFP oligomers may not
reconcile the binding of RBPs to independent binding sites
in a much larger extended mRNA.

An approximation can be made in order to get a deeper
insight about the brightness and distribution of number of
GFP-IMP1 molecules per mRNP. While the focal volume
in live cells contains about 30 mRNPs, the focal volume in
lysates only contains single mRNPs due to the dilution fac-
tor. As shown in Figure 4C, measurements with counts be-
low the average count rate are frequently observed. Fluo-
rescence intensities per millisecond can be obtained directly
from the raw fluorescence intensity plot (before applying au-
tocorrelation function), and the frequency of events of a cer-
tain brightness can be plotted so the range of fluorescence
intensities becomes apparent (Figure 4C). This can be use-
ful and complementary to the average counts per particle in
a situation where the number of molecules per complex is
not homogeneous.

As shown in Figure 4A, GFP-IMP1 measurements in
cell lysates exhibit peaks of different heights, which can
be attributed to different number of GFP-IMP1 molecules
per mRNP. The distribution of GFP-IMP1 fluorescence
intensities exhibited a wider range than the same sam-
ple treated with RNase A (Figure 4C). The brightness or
CPP of monomeric GFP-IMP1 is about 5.5 kHz (Fig-
ure 4A). Therefore, a fluorescence measurement of 100
kHz would correspond to approximately 18 GFP-IMP1
molecules. In this way, we can determine that the bulk
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range of IMP1 molecules in mRNPs range from 1 to 36
molecules—corresponding to a brightness of 5.5-200 kHz.

Determination of mRNP core protein interactions by FCCS
in cell lysates

Once we established the behaviour of the mRNP compo-
nents by FCS, we subsequently explored the feasibility of
fluorescence cross-correlation spectroscopy (FCCS) to de-
pict associations between different RNA-binding proteins
in the cell lysates. We initially tested the interactions be-
tween YBX1 and IMP1 or PABPCI, that previously have
been demonstrated to constitute the major elements of
cytoplasmic mRNPs (10). Cytoplasmic YBX1 coats mR-
NAs along their entire length by attachment to the sugar-
phosphate backbone (13,15), whereas IMPs have a prepon-
derance for loops and 3’UTRs (24).

Cells were co-transfected with mCherry-YBX1 and GFP-
IMPI and the reverse pair mCherry-IMP1 and GFP-
YBXI1. PABPCI1-GFP was co-transfected with mCherry-
YBXI1. By analysing the total cellular content when per-
forming cell lysis, measurements are more homogeneous
since the complexity is reduced compared to the situation
in a live cell. Moreover, a lower concentration of the tagged
complexes or proteins yields a higher amplitude. As a pos-
itive control for cross-correlation, a mCherry-GFP fusion
protein emitting in both green and red channels was em-
ployed, whereas the negative control consisted of a co-
transfection of mCherry and GFP encoded in separate plas-
mids. As shown in Figure 5A, cross-correlation was ob-
served with the mCherry-GFP fusion protein while cross-
correlation was not observed when fluorescent proteins are
expressed as separate proteins. Due to photobleaching, mis-
folding or fluorescent proteins being ‘off” or in dark states
(25), the cross-correlation is not expected to be 100%, as il-
lustrated by the mCherry-GFP fusion protein.

As expected, mCherry-YBX1 exhibited a positive cross-
correlation with both GFP-IMP1 and PABPCI1-GFP.
Cross-correlation was high with GFP-IMPI1, meaning
that GFP-IMP1 containing mRNPs encompass mCherry-
YBXI1 to a great extent (Figure 5B, top). At the same time,
we could see that not all GFP-YBX1 containing mRNPs
encompassed mCherry-IMP1, as observed in a positive but
slightly lower cross-correlation with GFP-YBX1 (Figure
5B, middle). Positive cross-correlation between PABPCI-
GFP and mCherry-YBXI indicates interaction between the
factors, but in agreement with the widespread and general
distribution of PABPCI1, to a lesser extent.

FCCS analysis unveils mRINP heterogeneity

Different mRNA-binding proteins have been described to
interact by immunoprecipitation analysis, but whether these
mRNP complexes are homogeneous or heterogeneous, as
well as the likelihood of the interaction between the RNA-
binding proteins, are issues that are not fully understood
and not possible to address by bulk pull-downs. Conse-
quently, we examined the feasibility of analysing the bind-
ing between the core component IMP1 or YBX1 and other
RNA-binding proteins as well as the heterogeneity of the
mRNPs by FCCS in cell lysates.

Nucleic Acids Research, 2021, Vol. 49, No. 20 ell9

Cells were transfected with mCherry-IMP1 in combina-
tion with GFP-tagged IMPs, ELAVL2, STAUI or FMRP
and fluorescence measurements were recorded after lysis
(Figure 6A). From the analysis, we observed that mCherry-
IMP1, as expected, cross-correlated to a high degree with
GFP-IMP1, as well as with GFP-IMP2 and GFP-IMP3,
in agreement with the similar binding patterns of these
proteins. The cross-correlation ratio for IMP1 tagged with
two different fluorescent proteins was close to the max-
imum cross-correlation, and it was even higher than the
cross-correlation of the mCherry-GFP fusion protein (Fig-
ures 6A and 7A, left plot). This was probably due to the
presence of multiple IMP molecules in the mRNP, which
makes the occurrence of completely ‘off” states of the com-
plexes less likely. GFP-ELAVL?2 also cross-correlated with
mCherry-IMP1 but to a lower extent than IMP1, IMP2
and IMP3 (Figure 6A and 7A, left plot). On the other side,
cross-correlation with GFP-STAU1 or GFP-FMRP and
mCherry-IMP1 was very low, indicating that the proteins
associate significantly less with mCherry-IMP1 containing
mRNPs (Figures 6A and 7A, left plot). Moreover, we could
determine that the interaction of all the tested GFP-tagged
factors was RNA dependent since cross-correlation was lost
after treatment with RNase A (Figure 6A, right column).
The results obtained by FCCS were validated by immuno-
precipitation of 3xFLAG-IMP1 from TREX 293 3xFLAG-
IMP1 cells. As shown in Figure 6B, GFP-IMP1, GFP-
IMP2, GFP-IMP3 and GFP-ELAVL2 were immunopre-
cipitated with 3xFLAG-IMP1 while GFP-STAU1, GFP-
FMRP and GFP alone (negative control) were not detected
in the immunoprecipitate. Taken together, we found that
FCCS measurements are in fine agreement with immuno-
precipitation data although FCCS appears to be more sen-
sitive.

We also performed FCCS with the same GFP-tagged
proteins but this time employing mCherry-YBXI1 (Supple-
mentary Figure S7). We calculated the average ratio be-
tween the cross-correlation with the different GFP-tagged
factors and either mCherry-IMP1 or mCherry-YBX1 in
cell lysates. Ratios were obtained from six biological repli-
cates and the results are shown in Figure 7A. The per-
centage overlaps with IMP1 and YBXI1 are summarized in
Figure 7B, taking the GFP-IMP1/mCherry-IMP1 pair as
the maximum (100%) and adjusting the rest accordingly.
Similar to mCherry-IMP1, GFP-tagged IMPs presented
a high cross-correlation with mCherry-YBX1 mRNPs,
while GFP-ELAVL2 cross-correlation with mCherry-IMP1
was lower than with mCherry-YBX1. GFP-tagged STAU1
and FMRP cross-correlation were the lowest both with
mCherry-IMP1 and mCherry-YBX1.

Finally, FCCS with mCherry-YBX1 was performed in
live cells to compare the above-described associations (Fig-
ure 8). In agreement with the data shown in Figure 3, the au-
tocorrelation curves shifted approximately an order of mag-
nitude. With the exception of GFP-FMRP, live cell cross-
correlation experiments corroborated the results obtained
from lysates (Figure 8B and C). In the case of FMRP, we ob-
served a prominent cross-correlation between GFP-FMRP
and mCherry-YBX1 in live cells, but the interaction was sig-
nificantly lower in cell lysates. Finally, no interaction (no
cross-correlation) was found between GFP-IMP1gy14mut
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Figure 5. Protein-protein interaction quantification in cell lysates between three major mRNP components: YBX1, IMP1 and PABPCI. (A) Cell lysate flu-
orescence cross-correlation spectroscopy (FCCS) measurements of cells expressing a mCherry-GFP fusion protein (positive control for cross-correlation,
left) and mCherry/GFP transfected in separate plasmids (negative control for cross-correlation, right). (B) Cell lysate FCCS measurements of cells express-
ing GFP-IMP1 and mCherry-YBXI1 (top), GFP-YBX1 and mCherry-IMP1 (middle) and PABPC1-GFP and mCherry-YBXI1 (bottom). Autocorrelation
and cross-correlation curves shown on the right side represent a re-scaled data from the curves on the left side, as indicated with the discontinued line.
Green and red lines represent GFP and mCherry autocorrelation curves, respectively, and grey line represents the cross-correlation curve.
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Figure 6. Protein-protein interaction quantification in cell lysates. (A) Representative Fluorescence Cross-correlation Spectroscopy measurements of HeLa
cell lysates co-transfected with mCherry-IMP1 and GFP-IMP2, GFP-IMP3, GFP-ELAVL2, GFP-STAU1 or GFP-FMRP (left). Relative cross-correlation
in respect to mCherry-IMP1 autocorrelation before (middle) or after treatment with 100 wg/mL RNase A (right). Green and red lines represent GFP
and mCherry autocorrelation curves, respectively, and grey line represents the cross-correlation curve. (B) Western Blot of total lysate (left) and FLAG
immunoprecipitated (right) fractions of TREX 293 3xFLAG-IMP1 cells transiently transfected with GFP-IMP1, GFP-IMP2, GFP-IMP3, GFP-ELAVL2,
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Figure 7. Cross-correlation quantification of cell lysates from co-transfections with mCherry-IMP1 and mCherry-YBXI1. (A) Average cross-correlation
/ mCherry-IMP1 (left) or mCherry-YBX1 (right) autocorrelation ratios = SD showing different degrees of interaction depending on the GFP-tagged
protein across n = 6 biological replicates. (B) Summary of all the factors tested and the corresponding % overlap with YBX1 and IMP1 according to FCCS
results in cell lysates. Average % are obtained from average cross-correlation ratios shown in panel A. The maximum cross-correlation of 0.7, obtained in
the GFP-IMP1 and mCherry-IMP1 FCCS measurement, is considered to be 100% and all the percentages shown are adjusted accordingly.

and mCherry-YBXI1, confirming the RNA-dependent as-
sociation between the factors (Figure 8D).

DISCUSSION

FCS and FCCS are broadly employable and versatile tech-
nologies, that have been applied to the molecular charac-
terisation of a number of fundamental biological processes
such as plasma membrane organization, cellular transport,
morphogenic gradients, chromatin organization in intact
cells and organisms (8,25). Although FCS and FCCS per
se do not provide direct structural information like other
image-based fluorescence microscopy modalities, they have
single-molecule sensitivity and make it possible to anal-
yse molecular interactions under physiological conditions.
Moreover, the procedures are quantitative and provide in-
formation about concentration and diffusion and interac-
tions of proteins. From a practical perspective, FCS and
FCCS are also appreciated as fast and highly reproducible
methods that can be applied to study a wide range of
fluorescent molecules. Consequently, FCS and FCCS are
appealing approaches to be used in the context of post-
transcriptional processes, governed by a series of combina-
torial assemblies of proteins on RNA from transcription to
mRNA transport, translation and decay.

Here, we demonstrate how FCS and FCCS can be ex-
ploited to analyse single mRNPs in cell lysates that of-
fer a number of assets compared to live cell recordings.
Whereas live cells portray subcellular trafficking, docking
or signalling events, we find that lysates have less spatial
constraints and provide optimal readings of diffusion, sto-
ichiometry and protein associations (Figure 3). Due to the
dilution factor inherent to cell lysis, the concentration of
fluorescent particles can be adjusted and optimised for sin-
gle mRNP analysis. Moreover, different buffer conditions
or enzymatic treatments can easily be employed to inves-
tigate biochemical characteristics of the macromolecular
complexes (Figures 4-6). The inter- and intra-assay repro-
ducibility is very high (Supplementary Figure S3). We no-
ticed minor day to day variations that we consider related
to small differences in temperature and dilution artefacts.
Consequently, we propose that true biological replicates
should be used.

A limitation of FCS is obviously the need for the attach-
ment of a fluorescent molecule that can affect the function
of the protein under scrutiny. Some RNA-binding proteins
are sensitive to the position of the tag. In general, we ex-
perienced that separation of the fluorescent tag from the
protein of interest by the addition of a flexible linker com-
posed of Gly and Ser residues, i.e. (GGGGS), (24) was



PAGE 13 OF 15

Correlation

Correlation

2

/

9

1

1E-04

N

/

1
1E

mCherry-YBX1

mCherry-YBX1

mCherry-YBX1

merge

merge

merge

-

1E-03 1

E-02 1E-01

Lag time (s)

4y
1E+00

-04

1E-03 1E-02

1E-01

Lag time (s)

T

1E+00

Cross-correlation / mCherry-YBX1
autocorrelation ratio

"7/7 S 7 R
S B §
KL &

Nucleic Acids Research, 2021, Vol. 49, No. 20 ell9

1,02
101 J‘M\
~ A
1 =S8N
1E-04 1E-03 1E-02 1E-01 1E+00
Lag time (s)

mCherry-YBX1

mCherry-YBX1

mCherry-YBX1

1,015
1,01
1,005
1 =
1E-04 1E-03 1E-02 1E-01 1E+00
Lag time (s)

1,08 1,03
1,04
1,03 1,02
1,02
1,01
1,01 Mmoo
1 o 1 - Wi
1E-04 1E-03 1E-02 1E-01 1E+00 1E-04 1E-03 1E-02 1E-01 1E+00
Lag time (s) Lag time (s)
1,05
o 1,04
o
5 1,03
[
:o) 1,02
1,01
1 A
1E-04 1E-03 1E-02 1E-01 1E+00
Lag time (s)

Figure 8. Protein-protein interaction quantification in live cells. (A) Confocal microscopy images of HeLa cells co-transfected with mCherry-YBX1 and
GFP-IMPI1, GFP-IMP2, GFP-IMP3, GFP-ELAVL2, GFP-STAU1 or GFP-FMRP. Scale bar = 5 pm. (B) Cytoplasmic live cell Fluorescence Cross-
correlation Spectroscopy measurements of HeLa cells co-transfected with mCherry-YBX1 and GFP-IMP1, GFP-IMP2, GFP-IMP3, GFP-ELAVL?2,
GFP-STAUI or GFP-FMRP. (C) Average cross-correlation / mCherry-YBXI1 autocorrelation ratios + SD showing different degrees of interaction de-
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helpful in order to preserve the function of the RNA-
binding protein. Photobleaching and quenching or fluores-
cent proteins being ‘off” or in dark states are other inherent
issues of FCS that should be considered because they may
lead to underestimation of the number of factors in a par-
ticular complex. This is particularly important in the case
of mRNP analysis because mRNAs frequently exhibit mul-
tiple overlapping and mutually exclusive binding elements,
making it difficult to predict the composition of the individ-
ual mRNP (16,22,26). Recent analyses have demonstrated
that GFP oligomers do not emit a linear range of photons
corresponding to the number of GFPs (23) and we observed
a similar pattern when five GFP molecules were combined
in an oligomer (Supplementary Figure S5C). However, in
the case of mRNPs, the amount of photons emitted appears
to be reasonably linear with the number of molecules in the
complex, perhaps because the individual GFP-tagged RBPs
are separated by a larger distance. Therefore, quenching is
less likely compared to GFP oligomers, where the distance
between GFPs is shorter.

Another factor that may influence the stoichiometric
analysis is the concentration of the tagged RNA-binding
protein. In our experiments, we had the chance to observe
the changes in the number of IMP molecules per mRNP
due to the expression pattern of two different IMP pro-
tein family members - IMP1 and IMP2. GFP-IMP2 was
expressed or present in the cells at a 2-fold higher level com-
pared to GFP-IMP1 under the same transfection condi-
tions. We found that when the level of GFP-IMP was dou-
bled, the brightness per mRNP (counts per particle or CPP)
also doubled, reinforcing the linearity between the num-
ber of GFP-IMP molecules and the brightness of the indi-
vidual mRNP complexes (Supplementary Figure S5B). Fi-
nally, as described above, we observed a wide distribution
of IMP molecules per mRNP, which underscores the abil-
ity to measure different oligomer sizes through brightness
(Figure 4C).

The heterogeneity of the individual mRNPs is observed
directly in the fluorescence intensity fluctuations where the
individual mRNPs are visible as bright peaks resulting from
the binding of several molecules of the tagged RBP to
mRNA. The monomeric brightness is obtained by the us-
age of an RNA binding mutant, by cleavage of mRNA by
RNase A or the use of hypertonic buffer and this allows
quantification of the number of RBPs per mRNP (Figure
4). This approach may basically be applied to any RNA-
binding protein. In live cells, the focal volume contains
around 30 mRNPs while in lysates, the concentration can
be reduced to less than 1 mRNP per focal volume as men-
tioned in the results section. The average number of bound
IMPs in lysates was similar to the one in live cells (16) re-
inforcing that they are representative of the in vivo situa-
tion. By plotting the frequency of events having a particu-
lar count rate, we could show that the bulk of mRNPs con-
tained 1-36 molecules of GFP-IMPI, but it was evident that
the range of bound IMPs is wide and a particular mRNP
can contain up to 50 molecules (Figure 4C). The FCS data
are roughly in agreement with cross-linking immunoprecip-
itation (CLIP) data, showing that an mRNA contains on
average about 7 IMP1 binding sites (16).
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Although changes in the diffusion coefficient of a pro-
tein may serve as an indication of its interaction with an-
other protein- or molecular complex, changes in diffusiv-
ity can be small or misleading, for example if the trans-
ported species is the oligomeric form it will appear to be
faster than a bound monomeric species — this is certainly an
important factor to be considered in vivo. Moreover, FCS
does not identify the binding partners of a protein. Con-
sequently, the preferred method for detection of molecu-
lar interaction is FCCS. Compared to immunoprecipitation
assays that typically require 107—10% million cells (Figure
6B), FCCS requires only a single live cell, or about 1000
cells/pl from a transient transfection if performed in lysates.
A very important addition that FCCS has to offer, and that
other protein-protein interaction methods may not uncover,
is the heterogeneity of molecular complexes since FCCS
provides a direct measure of the proportion of a particu-
lar protein in a given complex (Figure 7). We could show
that the vast majority of IMPI1 positive particles contain
YBX1, while ELAVL2 showed a strong cross-correlation
with YBX1 (similar to IMPs) but less overlap with IMP1.
In this way, IMP1 and ELAVL2 could share the binding to
some mRNAs, but also bind to different mRNA subsets or
potentially compete for binding to the same binding sites in
mRNAs. Moreover, only a small proportion of STAU1 and
FMRP was bound to YBX1 and IMP1 mRNPsin an RNA-
dependent manner. In the case of FMRP, we noted a differ-
ence between live cells and lysates since the cross-correlation
between FMRP and YBX1 was significantly lower in lysates
(Figure 8 and Supplementary Figure S7). Cell lysis could
disrupt a putative RNA-independent association between
the two factors such as membrane vesicles. RNA granules
have in fact been described to be tethered onto vesicles in
a mechanism that promotes RNA transport to distal cell
sites (27). An alternative explanation could be that there is
an immobile non-mRNP bound fraction of FMRP in live
cells, that will not be detected by FCCS.

Taken together, we devise a method for single mRNP
analysis based on FCS and FCCS in cell lysates. Due to
their stability cytoplasmic mRNPs (Supplementary Figure
S3B-C) are in many ways suitable for FCS and FCCS anal-
ysis, but in principle, we see no hindrance for the analysis of
mRNPs in other defined subcellular domains. FCS is more-
over applicable for the study of assemblies that otherwise
cannot be examined by methods relying on physical sepa-
ration. Finally, we consider it an important feature of our
method that it generates highly accurate and reproducible
quantitative data on the dynamics and protein-protein in-
teractions of the mRNPs.
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