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SUMMARY

Specific binding proteins are crucial for the correct
spatiotemporal expression of mRNA. To understand
this process, a method is required to characterize
RNA-protein interactions in single living cells with
subcellular resolution. We combined endogenous
single RNA and protein detection with two-photon
fluorescence fluctuation analysis to measure the
average number of proteins bound to mRNA at spe-
cific locations within live cells. We applied this to
quantify the known binding of zipcode binding
protein 1 (ZBP1) and ribosomes to B-actin mRNA
within subcellular compartments of primary fibro-
blasts and neurons. ZBP1-mRNA binding did not
occur in nuclei, contrary to previous conclusions.
ZBP1 interaction with B-actin mRNA was enhanced
perinuclearly in neurons compared to fibroblasts.
Cytoplasmic ZBP1 and ribosome binding to the
mRNA were anti-correlated depending on their loca-
tion in the cell. These measurements support a
mechanism whereby ZBP1 inhibits translation of
localizing mRNA until its release from the mRNA
peripherally, allowing ribosome binding.

INTRODUCTION

Proteins play an essential role in the metabolism of RNA. The
dynamic changes in the composition of protein-mRNA com-
plexes are critical for mRNA regulation (Buxbaum et al., 2015;
Hutten et al., 2014). However, methods to investigate RNA-
protein interactions using traditional biochemical or genetic
approaches suffer from false positive results because many
proteins nonspecifically bind mRNA and form aggregates
once removed from the cellular environment. False negatives
may result from some protein-mRNA complexes not surviving
cell lysis. Furthermore, ensemble biochemical measurements
lack the spatiotemporal information of the interaction. Colocal-
ization of images obtained by fluorescence in situ hybridization
and immunofluorescence has been used to infer the interac-
tions between mRNA and protein. However, colocalization is
a poor indicator of physical interaction due to the inherent lim-
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itations of optical resolution. Fluorescence resonance energy
transfer (FRET) has been extensively used to measure pro-
tein-protein interactions, but it is limited to fluorescent mole-
cules that are in close contact (<10 nm). Single molecule tech-
niques such as fluorescence correlation spectroscopy (FCS),
fluorescence cross-correlation spectroscopy (FCCS), and the
corresponding image correlation spectroscopy (ICS) overcome
these limitations (Digman et al., 2005; Kim et al., 2005; Petersen
et al., 1993; Sankaran et al., 2009; Schwille et al., 1997). These
methodologies are widely used to detect protein mobility and
protein-protein interactions, yet their potential to study intracel-
lular protein-RNA interactions quantitatively remains unex-
plored. Fluorescence fluctuation spectroscopy (FFS) (Chen
et al., 2003; Digman and Gratton, 2011), a technique closely
related to FCS, provides an alternative measure of molecular
interactions via brightness analysis. Brightness characterizes
the average fluorescence intensity of a single particle and en-
codes the stoichiometry of a molecular complex. For instance,
if two fluorescently labeled monomers form a homo-dimer, the
brightness doubles. Single-color brightness analysis utilizes this
effect to study protein homo-interactions directly in cellular data
(Chen et al., 2003). Number and brightness (N&B) analysis have
generalized the brightness to the imaging modality and promise
a spatial resolution of molecular interactions (Ross et al., 2011).
Two molecular species labeled with spectrally separated fluo-
rescent probes can be resolved with dual-color FFS brightness
analysis (Chen et al., 2005). Recently, we have developed a
method called heterospecies partition analysis (HSP) to extract
the binding curves and stoichiometry for protein hetero-interac-
tions (Li et al., 2012; Wu et al., 2010). However, a general tech-
nique to study protein-mRNA interaction using FFS is still not
available. In this work, we apply dual-color brightness and het-
erospecies partition analysis to study protein-mRNA interac-
tions directly in living cells.

Localization of mRNA to specific subcellular compartments
allows spatial regulation of gene expression that is required for
polarized cell morphology and motility. It has been previously
established that B-actin mRNA localizes to the leading edge of
primary fibroblasts (Lawrence and Singer, 1986) and the growth
cone of the axon (Zhang et al., 1999). A cis-acting element,
termed the zipcode, in the 3’ UTR is necessary and sufficient
for the localization phenotype (Kislauskis et al., 1994). Zipcode
binding protein 1 (ZBP1/IMP1/IGF2BP1) is the transacting pro-
tein that binds to the zipcode and is necessary for B-actin

Cell 162, 211-220, July 2, 2015 ©2015 Elsevier Inc. 211


mailto:robert.singer@einstein.yu.edu
http://dx.doi.org/10.1016/j.cell.2015.05.054
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2015.05.054&domain=pdf

mRNA localization (Ross et al., 1997). ZBP1 has a number of
conserved homologs in different species, collectively known as
the VICKZ RNA binding protein family (Deshler et al., 1998; Ki-
slauskis et al., 1994; Nielsen et al., 1999; Noubissi et al., 2006;
Yisraeli, 2005). The VICKZ proteins share a characteristic
arrangement of three canonical RNA binding didomains with
two RNA recognition motifs (RRM) followed by two hnRNP-K ho-
mology (KH) didomains (Ross et al., 1997). Biochemical analysis
has shown that the KH3 and KH4 didomain of ZBP1 binds to the
zipcode with the same affinity as the full-length protein. Mutation
of the linker region between the KH3 and KH4 disrupts the bind-
ing of KH34 to the zipcode (Chao et al., 2010). So far, the inter-
action between ZBP1 and B-actin mRNA has been shown in
biochemical analyses with fragments of mRNA or proteins
in vitro (Chao et al., 2010). The spatiotemporal distribution of
this interaction in living cells has never been investigated.

To observe mRNA, we use the MS2 technology (Bertrand
et al., 1998). In this method, genetically encoded MS2 binding
sites (MBS) from bacteriophage are inserted into the gene of in-
terest. Co-expression of the MS2 coat protein (MCP) fused to a
fluorescent protein (FP) labels the target mRNA. Recently, we
applied single color FFS to quantitatively study MCP binding
on MBS. We developed a tandem dimer of MCP (tdMCP) that
greatly increased the uniformity of the MS2 labeling (Wu et al.,
2012). Due to significant brightness differences, the mRNA and
free tdMCP could be readily resolved by FFS. This is crucial for
applying HSP to study protein-mRNA interactions. With the
recent advent of the B-actin-MS2 knockin mouse (MBS mouse)
where all B-actin mMRNAs have MS2 stem loops in the 3'UTR,
we now have the ability to visualize and track endogenous
mRNAs in real-time (Lionnet et al., 2011). Crossing the MBS
mouse with a ZBP1 KO mouse (Katz et al., 2012) has enabled
us to generate a cell line lacking ZBP1 expression. When
mCherry-labeled ZBP1 is reintroduced into the cells and ex-
pressed at endogenous levels, we are able to probe the interac-
tion of endogenous mRNA and protein. We use the HSP analysis
to study the interaction between ZBP1 and B-actin mRNA in
different cellular compartments in both mouse embryonic fibro-
blasts (MEF) and hippocampal neurons.

Controlling mRNA localization through RNA binding protein
(RBP) mediated translational repression regulates protein ex-
pression spatially. For B-actin mRNA, ZBP1 binds to the B-actin
mRNA and is proposed to repress its translation until it reaches
the leading edge of the fibroblast where Src phosphorylates the
Tyrage residue of ZBP1 (Huttelmaier et al., 2005) and releases the
mRNA from repression. In order to verify this in fibroblasts and
extend this model to neurons, we correlated the association of
the B-actin mRNA with ZBP1 or ribosomes in the cellular com-
partments where the mRNA is predicted to be either repressed
or translated. To investigate translation, current technologies
have been developed to visualize newly synthesized proteins
(David et al., 2012; Dieterich et al., 2010) or ribosome occupancy
(Ingolia et al., 2009; Jan et al., 2014). However, a method does
not exist to image translation of specific mMRNA with precise sub-
cellular resolution. The FFS technique is ideal for this purpose
since mRNA-protein interactions can be determined within
sub-femtoliter observation volume. We labeled ribosomes by flu-
orescently tagging the ribosomal protein rpL10A with mCherry.
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We applied HSP analysis to directly measure the association
between labeled ribosomes and B-actin mRNAs as a proxy to
assess their translation in different cellular compartments. This
approach revealed that the association of ribosomes and
ZBP1 with the mRNA were anti-correlated both near the nucleus
of primary fibroblasts and neurons and in peripheral cellular
regions such as the leading edge of fibroblasts, therefore vali-
dating the hypothesis that ZBP1 spatially regulates B-actin
mRNA localized translation.

RESULTS

Heterospecies Partition Analysis for Protein-mRNA
Interaction

The theory behind this approach is described in the Experimental
Procedures. In brief, an mRNA species (M), in this case B-actin
mRNA labeled by tdMCP-EGFPs binding to 24xMBS inserted
in the 3" UTR, and an RNA binding protein (P), for instance
mCherry-ZBP1, are expressed in the same cell (Figure 1A). The
mixture is partitioned into three classes of pseudo-species (Fig-
ure 1B), the unbound MS2 coat protein; the heterospecies H,
comprising all MRNA species associated with different numbers
of RBP; and the free species F, containing RBP and its oligo-
mers. We assume that the mRNA M is a singlet, that is, each
mRNA particle contains only one mRNA molecule, which is sup-
ported by fluorescence in situ hybridization (Femino et al., 1998)
and single color FFS measurements (Wu et al., 2012). Intuitively,
the heterospecies can be differentiated from free unbound
tdMCP-FP with single color brightness since mRNA is much
brighter than single tdMCP-EGFPs in the green channel and
from free species with dual-color brightness analysis since free
species does not have green color (Figures 1B and S1A). The
red channel heterospecies brightness depends on the degree
of binding between M and P (Figures S1B-S1E). The exact FFS
parameters of the hetero-species H are derived mathematically
in the Supplemental Experimental Procedures.

Validation of HSP Analysis

To calibrate the FFS system for quantifying the number of RBPs
bound to a single mRNA, we designed mRNAs containing two
types of well-characterized protein binding sites. PP7 bacterio-
phage coat protein (PCP) binds to its own unique stem-loop:
PP7 binding site (PBS), similar to the MCP and MBS associa-
tion. The interaction between PCP and PBS has been exten-
sively described both in vitro and in vivo (Chao et al., 2008;
Wu et al., 2012). Here, we use PCP (tdPCP) as a model RBP
and PBS as the target sites. Plasmids coding for CFP with
24xMBS inserted in the 3’ UTR to label the mRNA were
generated. Between the stop codon and the MBS, variable
numbers of PBS were inserted, down to a single stem-loop to
mimic the binding of a single protein to a single site (Supple-
mental Experimental Procedures). The plasmid was transfected
together with both tdMCP-EGFP and tdPCP-mCherry in U20S
cells. Two avalanche photodiodes (APD) detect fluorescence
signals from the sub-femtoliter two-photon focal volume that
could be positioned accurately within the cell. The experiment
was done at the two-photon laser wavelength 1,010 nm so
that CFP was not excited. An example of an experimental
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Figure 1. The Concept and Validation
of HSP

(A) A schematic representation of an mRNA M with
[ binding sites for a RNA binding protein P. The
mRNA has 24xMS2 inserted in the 3’ UTR and was
labeled by fluorescent MS2 coat proteins.

(B) The brightness of various species in a hypo-
thetical interaction M + 2P < MP,. For simplicity,
we assumed that there was no spectral crosstalk.
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mCherry bound to the mRNA. To cross-validate
the result, we transfected U20S cells with CFP-
12xPBS-24xMBS and NLS-tdPCP-EGFP and
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performed single color FFS measurements. The mRNA brightness normalized by EGFP brightness directly measured the number of NLS-tdPCP-EGFP on mRNA.
The single-color and dual-color results were consistent with each other. Error bar, SD.

(D) The same experiments were performed for mMRNA constructs CFP-nxPBS-24xMBS (n = 0,1,6,12) as in (C). The green channel brightness measures the
number of tdMCP-EGFP on RNA. Note the green channel brightness of all MRNAs was from 24xMBS and hence equal. The red channel measured the variable
number of NLS-tdPCP-mCherry bound to mRNA. The more PBS in the mRNA, the more tdPCP bound to each mRNA. In both (C) and (D), each data point

represents a single cell.
See also Figure S1.

fluorescence intensity trace of 12xPBS (red)-24xMBS (green)
was plotted in Figure S1F. From the fluorescence photon
counts, we calculated the bivariate fluorescence cumulants of
different binning times (Wu et al., 2006; Wu and Mduller, 2005).
We fit the dual-color time-integrated fluorescence cumulant
with the three-species HSP model. An example fit is plotted in
Figures S1G-S1J. From the fit, the brightness of the heterospe-
cies was extracted. Normalized red channel brightness was
used to directly measure the number of tdPCP-mCherry bound
to mRNA (Figure 1C). This measurement revealed that the
average tdPCP bound to an mRNA was approximately half
the expected full occupancy. To confirm this, we performed a
single color experiment using only tdPCP-EGFP instead of
both tdPCP-mCherry and tdMCP-EGFP. Single channel bright-
ness of MRNA was compared to the brightness of the EGFP
monomer, which gave an independent measurement of the
number of tdPCP bound to mRNA (Wu et al., 2012). The single
color and dual-color experiment provided the same number of
proteins bound (Figure 1C).

To test our ability to measure the stoichiometry of the protein-
mRNA interactions, we varied the number of PBS in the 3'UTR of
the reporter mRNAs. Green channel (MCP) brightness is con-
stant as all the mRNAs measured have the same number of
MBS. However, normalized brightness of the red channel
directly correlated with the number of PBS stem loops in the
mRNA (Figure 1D). Importantly, only one binding site inserted
into the mRNA was sufficient to distinguish it from no binding
site at all. This measurement is critical because this provides
an absolute value when one single RBP binds to an mRNA
(see below).

Interaction between ZBP1 and -Actin mRNA

We applied HSP to study the interaction between ZBP1 and
B-actin mRNA. To image endogenous B-actin mRNA, we used
a transgenic mouse in which 24xMBS was inserted into the 3’
UTR of the B-actin gene (Lionnet et al., 2011). To image endog-
enous ZBP1, we used cells isolated from ZBP1~/~ embryos
and reintroduced a tagged variant of ZBP1. Since homozygous
ZBP17/~ is perinatal lethal, it was not possible to establish a
ZBP1~/~ mouse line (Katz et al., 2012). Heterozygous ZBP1*/~
mice (Katz et al., 2012) were crossed with the B-actin MBS
mouse to generate a ZBP1*/~ MBS mouse, which were mated
to obtain primary or immortalized embryonic ZBP1~/~ MBS
cells (Supplemental Experimental Procedures). We introduced
mCherry-labeled ZBP1 into immortalized ZBP1~/~ MBS MEF
cells using lentivirus (Supplemental Experimental Procedures).
In order to obtain expression of mCherry-ZBP1 equivalent to
endogenous levels, we obtained stable cell lines expressing
various amounts of mCherry-ZBP1 using fluorescence-activated
cell sorting. We verified the levels of mCherry-ZBP1 in these cell
lines by western blot and compared them to ZBP1 levels in wild-
type MEFs (Figure S2). We then imaged the mRNA and ZBP1
interactions on these cells by FFS. We focused the laser in a
cytoplasmic spot near the nucleus and counted photons for
3 min. The data were then analyzed with the three-species
HSP model. Typically, over a 3-min observation period, we
counted hundreds to thousands of mRNAs. The normalized
green channel brightness of the heterospecies was 13 + 2 (Fig-
ure 2A), indicating that about half of the expected 24 MBS
were occupied by tdMCP-EGFP. This is in agreement with the
single color measurement of mMRNA brightness (Wu et al., 2012).
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Figure 2. The Interaction between ZBP1 and B-Actin mRNA in Immortalized or in Primary Cells

The ZBP1~~ MBS MEF cells were infected by lentivirus expressing NLS-tdMCP-EGFP and mCherry-Flag-ZBP1. The immortalized cells were sorted for
endogenous level of ZBP1 expression (Figure S2).

(A-E) The cells were serum-starved overnight and measured at the perinuclear region for 3 min. The data were fit by the HSP model. (A) The normalized brightness
of the heterospecies. The green channel brightness scattered ~13 + 2 MCP-EGFP per mRNA. The red channel brightness was >0, indicating that ZBP1 bound to
mRNA. The negative binding is due to subtracting the spectral bleed-through of EGFP in the red channel. (B) The normalized red channel brightness 7g +/, which
measured the average number of ZBP1 bound to an mRNA, was plotted against the concentration of mCherry-Flag-ZBP1. The same experiments were per-
formed as in (A) and (B) except that the ZBP1 mutant mCherry-ZBP1g478a, Fa70a (C) or mCherry-ZBP1ysg6r (D) Was used to substitute for wild-type ZBP1. The

(legend continued on next page)
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The normalized red channel brightness of heterospecies was
used to measure the average number of ZBP1 proteins associ-
ated with the mRNA (Figures 2A and 2B). Each symbol in
the plot is a measurement of a single cell and it represents
the ensemble average of interactions between ZBP1 and the
mRNA in the laser focal volume (the average is 0.55 + 0.06; a
value of zero would mean no interaction and a value of one
means all measured mRNAs contain one ZBP1 protein on
average). The concentration of mCherry-ZBP1 was calculated
using the red channel fluorescence intensity and brightness of
mCherry. Surprisingly, the binding appeared relatively insensi-
tive to concentration, suggesting that other factors may also
play a role in binding. We compared these results to a ZBP1
mutant, ZBP1g47sa, ra7ea, that cannot bind the mRNA. Disruption
of the linker region (F478A, F479A) between KH3 and KH4 dis-
rupts the binding of ZBP1 to B-actin mRNA (Chao et al., 2010;
Ross et al., 1997). Over the same concentration range as the
wild-type ZBP1, mRNAs bound an average of 0.07 + 0.04 mutant
proteins (Figures 2C and 2E), equivalent to a lack of interaction.
We also investigated the ZBP1y396r mutant, which cannot be
phosphorylated, allowing protein release and therefore is pre-
dicted to remain bound to B-actin mRNA (Huttelmaier et al.,
2005). We found that under serum starvation conditions, mRNAs
bound 0.5 ZBP1, both WT or mutant ZBP1ysger (Figures 2D and
2E). However, in normal medium (10% FBS) the ZBP1y39er
mutant bound the same as in starvation conditions while the
wild-type (WT) ZBP1 reduced its mRNA binding. This is likely
due to enhanced phosphorylation of the serine 396 under normal
conditions. During periods of starvation ZBP1 remains dephos-
phorylated leading to repression of translation.

One of the advantages of FFS is the ability to measure molec-
ular interactions in precise cellular locations because of the fem-
toliter spot size. It has been previously hypothesized that f-actin
binds to ZBP1 in the nucleus such that it is repressed for trans-
lation once it enters the cytoplasm (Huttelmaier et al., 2005).
Therefore, we wanted to address whether ZBP1 was loaded
on mRNA in the nucleus using this sensitive approach. Because
nuclear B-actin mRNA concentration is typically low, to achieve
sufficient mRNA counts in nucleus, we serum stimulated the
cells after overnight serum starvation to induce mRNA transcrip-
tion and performed FFS measurements in the nucleus (Figure 2F,

star) within 45 min post stimulation. Unexpectedly, the data
showed that ZBP1 was not bound to B-actin mRNAs in the nu-
cleus (Figure 2G). Therefore, our results indicate that ZBP1
must bind to mRNA either in the nuclear periphery, or after it exits
the nucleus, in contrast to what has been hypothesized. Next, we
focused on the interaction in the cytoplasm, more specifically,
the leading edge (Figure 2F, circle) and perinuclear regions (Fig-
ure 2F, square). In immortalized MEFs (Figures 2H and 2I), we
found that ZBP1 bound B-actin mRNAs almost equally in both
compartments (p > 0.1) (Figure 2J). It has been shown previously
that B-actin mRNA localized to the leading edge of primary
chicken fibroblasts, but this localization phenotype has been
lost in immortalized cells (Park et al., 2012). Therefore, we
measured the interaction at the perinuclear region (Figure 2K)
and the leading edge (Figure 2L) in primary MEFs, obtained
from ZBP1~~ embryos. The mCherry-ZBP1 was introduced
by lentivirus (Supplemental Experimental Procedures) and cali-
brated to be in the same concentration range as that of the
immortalized cells. In primary MEFs, the average number of
ZBP1 molecules bound to B-actin mRNA in the perinuclear re-
gion (0.48 + 0.1) was double that in the immortalized cells (0.24
+ 0.03) and comparable to the binding in the serum-starved con-
dition for immortalized cells. Importantly, we found that more
ZBP1 bound to B-actin mRNA in the perinuclear region than in
the leading edge of the cell (0.18 + 0.05) (Figure 2M). Perinuclear
ZBP1y3g6r bound to B-actin mRNA similarly to the WT (0.52 +
0.09), but in the leading edge, there were more ZBP1y396¢ bound
to B-actin mRNA (0.45 + 0.05) than the WT. These results provide
a quantitative corroboration that ZBP1 binds B-actin mRNAs in
the nuclear periphery and that phosphorylation of Y396F on
ZBP1 leads to the release of the mRNA at the leading edge.
This is consistent with the hypothesis that the removal of ZBP1
asymmetrically leads to translation at the leading edge and
consequent cell polarization and directed migration (Park et al.,
2012).

We investigated the interaction between ZBP1 and B-actin
mRNAs in cultured primary ZBP1~/~ MBS hippocampal neurons
(Supplemental Experimental Procedures). It has been shown
that B-actin mRNAs localize in neuronal processes and are
masked in RNA granules, possibly involving ZBP1 for enhanced
translation repression compared to other cell types (Buxbaum

concentrations of ZBP1 mutant were chosen to be in the similar range (0-1 pM) to that of the wild-type. The binding of the ZBP1 and its mutants to the mRNA was
summarized and compared (E): mCherry-ZBP1g475a, Fa79a did not bind to mRNA and mCherry-ZBP1ys96r bound similarly to wild-type.

(F-J) The interaction between ZBP1 and B-actin mRNA in different cellular compartments in immortalized MEF. (F) An example of measurement location (star, the
nucleus; circle, the leading edge; square, the perinuclear region). Red, mCherry-ZBP1; green, tdMCP-EGFP. (G) ZBP1~/~ MBS MEFs were serum-stimulated and
FFS experiments were conducted in nucleus during the first 45 min post stimulation. ZBP1 does not associate with B-actin mRNA in nucleus. (H-J) In normal
growth medium with 10% FBS, the average number of mCherry-ZBP1 or mutants bound to B-actin mRNA in the perinuclear region (H) and the leading edge (1)
were plotted. (J) Comparison of the binding of ZBP1 to B-actin mRNA in the perinuclear region to the leading edge. There was no significant difference between
the perinuclear region and in the leading edge. The p value for unpaired t test was 0.8, 0.12, and 0.08 for WT, ZBP1y3g9er, and ZBP1g47ga Fa79a mutants,
respectively. Error bars, SEM.

(K-M) The interaction between ZBP1 and B-actin mRNA in primary MEF. ZBP1~/~ MBS MEF cells were prepared and infected with NLS-tdMCP-EGFP and
mCherry-Flag-ZBP1 or its mutants (Supplemental Experimental Procedures). The average number of ZBP1 binding to mRNA in perinuclear (K) or in the leading
edge (L) were plotted for various mutant. (M) Comparison of ZBP1 interacting with B-actin mRNA in different compartments in primary MEFs. In the perinuclear
region, there was a higher percentage of B-actin mRNA associated with ZBP1 than in the leading edge. Error bars, SEM.

(N and O) The interaction between ZBP1 and B-actin mMRNA in somata of cultured primary hippocampal neurons, embryonic day 18, days in vitro (DIV) = 4-7. (N) A
representative image shows the perinuclear measurement location in the soma. Green, NLS-tdMCP-GFP; red, mCherry-ZBP1. (O) The binding of ZBP1 to B-actin
mRNA in soma of neurons compared with perinuclear region in primary MEFs. (*p < 0.05, **p < 0.01, ***p < 0.001). Error bar, SD.

See also Figure S2.
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Figure 3. The Association of Ribosomes with g-Actin mRNA in Primary MEF
(A) The schematic shows the labeling of large ribosomal subunits by rpL10-mCherry. Primary ZBP1~/~ or WT MBS MEF cells were prepared and infected with

NLS-tdMCP-EGFP and rpL10A-mCherry (Experimental Procedures).

(B) The association of ribosomes with the mRNA in the presence of translation inhibitors in WT MBS MEF. The number of ribosomes bound per mRNA was plotted
as a function of the rpL10A-mCherry concentration. Hippuristanol (Hipp: 1 uM/ml) inhibited translation initiation and abolished the association of ribosomes with
mRNA. In contrast, cycloheximide (CHX: 2ug/ml) increased the number of ribosomes on mRNA since it slowed down the elongation speed.

(C) Summary of the average number rpL10A-mCherry associated with mRNA in the presence of translation inhibitors. Error bars, SEM.

(D-F) FFS experiments were performed in different cellular compartments.The number of ribosomes binding to B-actin mMRNA in the leading edge or perinuclear
region was compared in primary WT MBS MEFs (D) and ZBP1~/~ MBS MEF (E). (F) Comparison of ribosome association with mRNA in different cellular regions.
There were fewer ribosomes per B-actin mRNA in perinuclear region than in the leading edge in WT MBSMEF. If ZBP1 was knocked out, however, there is no
difference in ribosome loading. (*p < 0.05, **p < 0.01, ***p < 0.001). Error bars, SEM.

See also Figure S3.

etal., 2014). Therefore, neurons may exhibit enhanced binding of
ZBP1 leading to repression of translation of -actin mRNAs. We
focused on the interaction in soma since we anticipated that
ZBP1 plays an elevated role by packaging the mRNA for trans-
port compared to non-neuronal cells (Figure 2N). We expressed
mCherry1-ZBP1 with lentivirus infection and conducted FFS ex-
periments in primary ZBP1~/~ MBS**neurons after 4-7 days
in vitro (DIV). In contrast to fibroblasts, we measured a signifi-
cantly higher interaction between WT ZBP1 and B-actin mRNAs
(Figure 20) in neurons and on average all mRNAs were bound to
a ZBP1 protein. ZBP1g475a, Fa79a did not interact as well with the
mRNA, but showed more substantial association than with
MEFs. This suggests that in the neuronal soma, ZBP1, in combi-
nation with other proteins, has an enhanced participation in the
formation of RNA granules, including B-actin mRNAs, and in re-
pressing translation until the mRNA reaches its final destination.

Association of Ribosomes with 3-Actin mRNA

The localization and translational regulation of mRNA are
coupled through the binding of ZBP1. The purpose of mRNA
localization is to achieve asymmetric protein distribution. There-
fore, localization is usually coupled to a mechanism that re-
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presses translation of non-localized mRNA while allowing trans-
lation of localized mRNA to occur (Huttelmaier et al., 2005).
However, direct observation of this process in live cells has not
been possible previously. In order to correlate localization with
translation we applied HSP to measure ribosome association
with B-actin mRNA. We chose the ribosomal protein rpL10A
to label ribosomes (Figure 3A). Previously, it has been
shown that mice with rpL10A tagged by GFP are viable (Heiman
et al., 2008) indicating that fluorescent tagging does not alter
translation efficiency. We established MBS MEF cell lines
with rpL10A-mCherry stably expressed. To demonstrate that
rpL10A-mCherry was successfully incorporated into ribosomes,
we purified the ribosomes by ultracentrifugation followed by
western blot detection of rpL10A (Figures S3A and S3B).
Approximately 40% of ribosomes were labeled with mCherry.
We measured the interaction of ribosomes with g-actin mRNA
in primary MBS MEF cells. The normalized red channel bright-
ness was plotted as a function of rpL10A-mCherry concentration
(Figure 3B). As the concentration of rpL10A-mCherry increased,
the brightness ranged from 0 to more than 3, with an average of
1.4 + 0.14 fluorescent ribosomes per mRNA. Since ~40% of ri-
bosomes were labeled, this corresponded to ~3.5 ribosomes



bound to each mRNA in the leading edge. Polysome analysis
showed that 80% B-actin mRNAs existed in polysomes in
Hela cells (Sanchez et al., 2007), indicating that this house-
keeping gene is constitutively actively translated. We then tested
the effect of various translation inhibitors on ribosome binding in
MEF cells (Figures 3B and 3C). Treatment with hippuristanol
(1 uM), an inhibitor of the translation initiation factor elF4A (Bor-
deleau et al., 2006), completely eliminated ribosome association
with mRNA (Figures 3B and 3C). Additionally, the diffusion coef-
ficient of MRNA increased (Figures S3C and S3D), further indi-
cating that ribosomes did not associate with the mRNA. In
contrast, when treated with a low concentration of cyclohexi-
mide (2 pg/ml), an inhibitor of translation elongation, ribosome
association with mRNA increased over the control (Figures 3B
and 3C) and mRNA diffusion slowed (Figures S3C and S3D).

We further compared the association of ribosomes with
B-actin mRNA in different cellular compartments. We noticed
that there were fewer ribosomes per mRNA (approximately one
per mRNA correcting for the label dilution) in the perinuclear
region than in the leading edge (3.5 per mRNA) in ZBP1*/*
MBS MEFs over the range of rpL10A-mCherry concentration
measured (Figures 3D and 3F). However, in MEFs lacking
ZBP1, ribosome association in both compartments was compa-
rable to the leading edge in ZBP1*/* MEF (Figures 3E and 3F).
Therefore, the association of ribosomes with p-actin mRNA in
WT cells was anti-correlated to the ZBP1-B-actin mRNA interac-
tion (Figure 2M). In ZBP1~/~ cells, there was increased ribosome
association at the nuclear periphery, confirming that the cells
were unable to establish asymmetry of translation, leading to
loss of polarity and directed migration.

DISCUSSION

Currently, no method exists that can observe native protein-RNA
interactions in single living cells in real time. We applied hetero-
species partition analysis (HSP) of FFS, combined with single
molecule mRNA detection with the MS2 system, to measure
the molecular associations between a protein and an mRNA in
different locations and in different cell types. This subcellular
resolution, capable of determining the interaction dynamics
in various cellular compartments is vital for investigating the
cellular regulation of mMRNA expression. Here, we measure the
interactions in select compartments in two cell types: fibroblasts
(transformed and primary) and neurons. In principle, this method
could be generalized to an imaging approach to map the interac-
tion in each pixel of an image (Ross et al., 2011). However, the
RNA concentration is in general much lower than proteins and
the time for each point measurement may be prohibitive.
Because HSP measures interactions directly in single live
cells, it provides information about the variance among cells in
the population and in cellular regions, resulting in the ability to
correlate protein-RNA interactions with cell behavior and mor-
phology. For instance, it has long been hypothesized that
an mRNP is continuously remodeled starting from transcription
to degradation; however, traditional approaches lack sufficient
quantitative measures and spatiotemporal precision. HSP al-
lowed us to directly measure some of these events and build a
quantitative model of B-actin mRNA regulation. To demonstrate

this, we applied HSP to study the interaction between endoge-
nous B-actin mMRNA with ZBP1 or ribosomal subunits. In contrast
to our original hypothesis (Huttelmaier et al., 2005), ZBP1 did not
bind to B-actin mRNA in the nucleus. Therefore, we conclude
that ZBP1 is likely loaded onto the mRNA perinuclearly after
export, although we cannot rule out an interaction occurring
close to the nuclear pores. In neurons, we measured enhanced
ZBP1-B-actin mRNA binding perinuclearly. We propose that
this enhanced interaction underlies differences in the B-actin
mRNA behavior in neurons, where mRNA is packaged into gran-
ules and transports long distances (Buxbaum et al., 2014). Our
measurements demonstrate possible cell-specific mechanisms
whereby expression of the same RBPs can result in alternate
mRNA regulation. In MEFs, ZBP1 and ribosome binding to the
B-actin mRNA were anti-correlated when comparing the perinu-
clear with the peripheral regions in fibroblasts: half of all MRNAs
in the perinuclear region were associated with ZBP1 and had an
average of approximately one ribosome per mRNA whereas
<20% of mRNAs in the periphery contained ZBP1 and the
average mRNA had almost four ribosomes associated. This is
the direct quantification of ribosome loading onto a specific
mRNA in living cells. Note ribosomes on RNA are not equivalent
to active translation since they may be stalled. Nevertheless, we
are using ribosome loading as a proxy for translational activity.
We thus demonstrated a spatial dependence on this translation.
Furthermore, we were able to investigate how the nature of
translational activity was spatially altered with the loss of
ZBP1. Because of the specificity of our approach, we were
also able to obtain the range of these numbers in individual cells:
from zero to two ribosomes perinuclearly compared to one to
eight ribosomes per mRNA peripherally after correction. This
variance can be attributed in part to the varying amounts of
ZBP1 binding or perhaps due to the stochasticity in the low num-
ber of receptors in normal cells that sense the environmental
fluctuations of growth factors that induce phosphorylation of
the protein. Interestingly, our measurements demonstrate that
the notable difference in ZBP1~~ MEFs was enhanced ribo-
somal loading on perinuclear mRNA. This suggests that a loss
of translational repression in the center of the cell may play a
role in the loss of polarization and motility observed in ZBP1~/~
MEFs (Katz et al., 2012). The temporal and spatial interactions
between ZBP1 and ribosomes with B-actin mRNA are summa-
rized in a working model (Figure 4). Hence, the method described
here allows the measurement of both in single cells as well as in
the population and provides a basis for modeling where and how
specific mMRNAs are regulated.

The single cell analysis compares the binding properties of
ZBP1 in vivo with its behavior in vitro. It has been previously re-
ported that ZBP1 KH34 binds to the B-actin zipcode with the
same affinity of the full-length protein in vitro. The other domains
do not bind to the zipcode. However, it is unknown whether other
parts of B-actin mRNA contain unidentified binding sites for ZBP1,
or other proteins may assist in its binding. The ZBP1g47sa. Fa70a
mutant disrupts the linker region between KH3 and KH4 domains
and does not interact with B-actin mRNA in vitro (Chao et al.,
2010). Because cellular binding was not seen as well, the in vitro
and in vivo results agree and KH34 must be solely responsible
for the binding of ZBP1 to B-actin mRNA in living cells.
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Figure 4. Working Model Compatible with the Localized Interaction
Observed in Figures 2 and 3

When B-actin mRNA is in the perinuclear region, ZBP1 interacts with the mRNA
to repress its translation. When the mRNA reaches the leading edge of the
fibroblast (A), it releases ZBP1 and translates more actively. In the soma of
neurons, ZBP1 binds more effectively to B-actin mRNA in the perinuclear re-
gion (B) than in the fibroblast, likely to assemble the mRNA into granules and
inhibit translation more completely until the mRNA is transported to dendrites
(Buxbaum et al., 2014).

It has been shown that B-actin mRNA localizes to the leading
edge of primary fibroblasts. But in immortalized cells, this local-
ization phenotype is diminished. The exact reason for the loss of
phenotype is unclear, but perhaps is due to the high levels of
phosphorylation in immortalized cells. Enhanced phosphoryla-
tion has been suggested to release ZBP1 from the mRNA (Hut-
telmaier et al., 2005), therefore loss of ZBP1 regulation may
play a role in the difference between immortalized and primary
cells. Our results show that ZBP1 interacts with -actin mRNA
less efficiently in the perinuclear region in immortalized cells
than in primary MEFs. These results provide an explanation for
the observation that in metastatic cells, the mRNA is unable to
localize efficiently and hence maintain a polarized phenotype
and proper cell adhesion, allowing the cells to disseminate (Gu
et al., 2012; Katz et al., 2012; Lapidus et al., 2007).

Questions regarding RNA granule composition and heteroge-
neity can be addressed with the methodology described here.
This approach may be generally applied to any mRNA-protein
combination, and with additional fluorophores, to larger com-
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plexes of mRNAs or proteins, allowing the investigation of
dependent, mutually exclusive, or symbiotic protein interactions
on single MRNAs. Although we demonstrate the proof-of-princi-
ple here using a mouse knockin for labeling the mRNA and a
knock out for ZBP1, which we replaced with a fluorescent
version of the protein, this would not be necessary for investi-
gating many mRNA-protein interactions. Use of the CRISPR-
Cas9 recombinase system (Mali et al., 2013) can allow the
introduction of fluorescent tags and stem loops to allow imaging
of endogenous molecules without generating transgenic ani-
mals. As illustrated in this work with the use of labeled ribosomal
subunits, quantitative interactions can be extrapolated from
the percent labeled mRNA or protein introduced exogenously
compared to the endogenous levels. However, care must be
taken not to increase either component substantially and thus
perturb native reaction stoichiometry or kinetics. To this end,
the use of small hairpin RNAs (shRNAs) to knock down both
components is a routine procedure. The HSP microscopy is
not yet routine, but is achievable through various commercial
two-photon microscopes capable of photon counting. The anal-
ysis tools we provide online with this publication will allow calcu-
lation of the binding constants and equilibrium values for these
interactions. By this approach, important regulatory molecules
and their mRNA targets discovered through high throughput ap-
proaches (Hafner et al., 2010; Ule et al., 2003) can be verified and
evaluated in detail at the single cell level.

EXPERIMENTAL PROCEDURES

Derivation of the Heterospecies Partition Analysis for Protein-mRNA
Interaction

The detailed derivation and theoretical predictions were listed in the Supple-
mental Experimental Procedures. Here, we define the variable and give the
theoretical result essential for understanding the paper.

In dual-color FFS experiment, the brightness of species S in detection chan-
nel j is described byl s, where j = R for the red and j = G for the green detection
channel. In a mixture of mMRNA M, RNA binding protein P and their different
oligomeric states, [M, P, P>, MP, MP;, ...], the hetero-species H includes M
and its complexes with P (H = [M, MP, MP,, ...]) (Figure 1A). The red channel
heterospecies brightness A 4 depends on the relative concentration of each
constitutive species and is used to measure the degree of binding between
mRNA and protein.

ARH=RM+Y X ARp ,

where y =37 ixNup, /> 1_oNwp, and N; is the concentration of the j-th spe-
cies. The normalized brightness ZR,H =(ARH — ArM)/ARp =y measures the de-
gree of binding y for reaction M +n P <3 MP,,.

Fluorescence Fluctuation Spectroscopy and Data Analysis

The FFS microscope, built around an Olympus IX-71 stand, has been dis-
cussed previously (Wu et al., 2012). Briefly, a 60x Plan-Apo oil immersion
objective (NA = 1.4, Olympus) was used to focus the mode locked Ti:Sapphire
laser (Chameleon Ultra, Coherent) and collect fluorescence. The back scat-
tered laser was eliminated by two short-pass filters (ET680sp-2p8, Chroma).
The fluorescence was separated into two detection channels with a dichroic
mirror (565DCXR, Chroma). Each channel was equipped with a band pass filter
(FFO1-525/50-25 for green and FF01-630/92-25, Semrock). The spectra of
EGFP and mCherry were plotted in Figure S1A with the transmission curves
of dichroic mirror and filters. With this choice of filter sets, the fluorescence
of mCherry in the green channel could be completely eliminated, but there
was a small residual signal for EGFP in the red channel. Two avalanche pho-
todiodes (APD) (SPCM-AQR-14, Perkin-Elmer) detected photons in each



channel. The output of the APD, which produced TTL pulses, was directly con-
nected to a two-channel data acquisition card (FLEX02, Correlator.com). The
recorded photon counts were stored and later analyzed with programs written
in IDL (ITT Exelis).

The brightness in each channel of EGFP (Ag egre, Aa,ecrp) and mCherry
(AR,mcherrys 0) Were determined by independent measurements of cells ex-
pressing each protein alone. Since the measured brightness depended on
the thickness of the cell (Macdonald et al., 2010), we calibrated the brightness
separately in the perinuclear and in the peripheral regions of the cell. The
brightness of EGFP and mCherry in each compartment then served as a
standard and were used to predict the brightness of the hetero complex
MP,, according to the two-brightness-state model of mCherry (Wu et al.,
2009). Occasionally, there were unknown bright red autofluorescent particles
passing through the laser focus, which produced large red fluorescent spikes.
These spikes were removed in the post-acquisition analysis, as demonstrated
in Figure S1F. The FFS data were analyzed by dual-color time-integrated fluo-
rescence cumulant analysis (TIFCA) (Wu et al., 2006) using the three-species
HSP model. The first species was tdMCP-EGFP, which was a monomer and
had the same brightness with EGFP. For simplicity and robustness of fitting,
the brightness and diffusion time of this species was fixed to the value from
independent measurement, but the number of molecules was left as a
free-fitting parameter. The second species was the free RBP-mCherry. By
definition, its green brightness was fixed to zero. The third species was the
heterospecies, whose FFS parameters were set as free fitting parameters.
The brightness of heterospecies was the major focus for our analysis. For
better interpretation, we presented the normalized brightness, defined as
Jan=2cn/Aaearp and Ay = (ARH — 2rM)/ZRp, Which described the number
of EGFP and mCherry in the mRNP, respectively (Wu et al., 2009, 2010).

Generation of ZBP1~/~ MBS Mouse Cells

Animal studies were performed in accordance with IACUC protocol
20131011s at Albert Einstein College of Medicine. The mouse with 24xMBS
knocked into the 3’ UTR of the Actb gene (MBS mouse) was described previ-
ously (Lionnet et al., 2011). Crossing the MBS mouse with a ZBP1 heterozy-
gous mouse enables us to generate the ZBP1*/~ MBS mouse. These ZBP1
heterozygous mice were mated to generate ZBP1~/~ MBS embryos as shown
in the Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and three figures and can be found with this article online at http://dx.doi.
org/10.1016/j.cell.2015.05.054.
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