
REPORT

FRET-detectable interactions between the ARE binding

proteins, HuR and p37AUF1

PAMELA S. DAVID,1,2 RASHEEDA TANVEER,1 and J. DAVID PORT1,2

1Department of Medicine, Division of Cardiology, University of Colorado Health Sciences Center, Denver, Colorado 80262, USA
2Department of Pharmacology, University of Colorado Health Sciences Center, Denver, Colorado 80262, USA

ABSTRACT

A number of highly regulated gene classes are regulated post-transcriptionally at the level of mRNA stability. A central feature in
these mRNAs is the presence of A+U-rich elements (ARE) within their 39 UTRs. Two ARE binding proteins, HuR and AUF1, are
associated with mRNA stabilization and destabilization, respectively. Previous studies have demonstrated homomultimerization
of each protein and the capacity to bind simultaneous or competitively to a single ARE. To investigate this possibility further, cell
biological and biophysical approaches were undertaken. Protein–protein interaction was monitored by fluorescence resonance
energy transfer (FRET) and by immunocytochemistry in live and fixed cells using fluorescently labeled CFP/YFP fusion proteins
of HuR and p37AUF1. Strong nuclear FRET between HuR/HuR and AUF1/AUF1 homodimers as well as HuR/AUF1
heterodimers was observed. Treatment with the MAP kinase activator, anisomycin, which commonly stabilizes ARE-containing
mRNAs, caused rapid nuclear to cytoplasmic shuttling of HuR. AUF1 also underwent shuttling, but on a longer time scale. After
shuttling, HuR/HuR, AUF1/AUF1, and HuR/AUF1, FRET was also observed in the cytoplasm. In further studies, arsenite rapidly
induced the formation of stress granules containing HuR and TIA-1 but not AUF1. The current studies demonstrate that two
mRNA binding proteins, HuR and AUF1, are colocalized and are capable of functional interaction in both the nucleus and
cytoplasm. FRET-based detection of AUF1/HuR interaction may serve as a basis of opening up new dimensions in delineating the
functional interaction of mRNA binding proteins with RNA turnover.
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INTRODUCTION

The life cycle of an mRNA transcript from its genesis
through its subsequent translation and ultimately to its
degradation in the cytoplasm is a highly complex and
tightly controlled biochemical process. One level of regu-
lation is the differential interaction of numerous mRNA
binding proteins that bind to a transcript and form a
ribonucleoprotein complex (RNP) (Dreyfuss 1986; Parker
and Song 2004; Moore 2005). Each mRNA transcript has
several proteins that bind to its 59-cap structure and to its
39-untranslated region (39-UTR), while other proteins bind
to specific sequence motifs on the mature mRNA transcript
and perform tasks such as delineating exon junctions,
facilitating the translocation of the mRNA from the nucleus

to the cytoplasm and to specific intracellular sites for
translational silencing or for degradation (Kuersten and
Goodwin 2005). Of particular interest is the class of A+U-
rich (ARE) mRNA binding proteins involved in regulating
mRNA turnover. Recent estimates indicate that 5%–8% of
all genes (z4000) contain AREs (Bakheet et al. 2006) and
are thus subject to rapid decay rates (Chen et al. 1995; Yang
et al. 2003).

A number of ARE binding proteins have been identified.
Among these is HuR (Ma et al. 1996), a member of the
ELAV/Hu family (Robinow and White 1988), which con-
tains the closely related proteins, HuB, HuC, and HuD.
Under unstimulated conditions, HuR is primarily localized
to the nucleus, but its movement to the cytoplasm has been
associated with stabilization of mRNA transcripts (Atasoy
et al. 1998; Fan and Steitz 1998a,b). HuR itself has also been
shown to be regulated at the protein level (Martinez-
Chantar et al. 2006), with changes in expression correlating
with a growth phenotype (Blaxall et al. 2000a; Gouble and
Morello 2000) and with changes in phosphorylation affect-
ing localization and function (Abdelmohsen et al. 2007;
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Doller et al. 2007). In contrast to HuR, a number of other
proteins, e.g., TTP, KSRP, and BRF1, confer instability to
ARE-containing mRNAs (Taylor and Blackshear 1995;
Taylor et al. 1996; Carballo et al. 2000; Ming et al. 2001;
Stoecklin et al. 2002; Gherzi et al. 2004; Lu and Schneider
2004; Raineri et al. 2004; Schmidlin et al. 2004; Linker et al.
2005; Ogilvie et al. 2005). Interestingly, the family of AUF1/
hnRNPD mRNA binding proteins appears to be able to
confer either stability or instability to target mRNAs, the
effect being cell type and AUF1 isoform-dependent (Laroia
and Schneider 2002). The AUF1 gene is expressed as four
isoforms designated by their molecular weights as p37, p40,
p42, and p45, which are generated by alternative splicing of
a single pre-mRNA transcript (Wagner et al. 1998). Com-
mon to all four isoforms of AUF1 is an N-terminal, alanine-
rich stretch of 28 amino acids putatively required for
dimerization of the isoforms in solution and a C-terminal
glutamine-rich domain required for high-affinity ARE bind-
ing (DeMaria et al. 1997). All four isoforms of AUF1 are
predominantly nuclear (Sarkar et al. 2003a) and are able to
shuttle between the nucleus and cytoplasm in response to
environmental stimuli (Kawamura et al. 2002; Sarkar et al.
2003a; Suzuki et al. 2005).

In this report, we focus on the ARE binding proteins,
HuR and AUF1, using a combined cell biological and
biophysical approach. Previous reports describing HuR and
AUF1 have relied on biochemical techniques that allow for
the elucidation of protein–protein and protein–RNA inter-
actions by immunoprecipitation and UV cross-linking
studies. However, these biochemical techniques are unable
to address the subcellular localization and interactions of
ARE binding proteins and RNA in real time. Further,
immunoprecipitation colocalization studies are inherently
limited in terms of absolute resolution. In contrast, fluo-
rescence microscopy and immunocytochemistry, when
combined with fluorescence resonance energy transfer
(FRET), allows for the detection of stably associated
proteins in live cells in real time (Gordon et al. 1998;
Vogel et al. 2006). Using these techniques, we were able to
detect protein–protein interactions for p37AUF1 with itself,
HuR with itself, and HuR with p37AUF1, in both the
nucleus and cytoplasm in real time. We also show that the
association of HuR with AUF1 is responsive to the
intracellular environment and is subject to conditions of
cellular stress such that the association between HuR and
AUF1 can be disrupted resulting in the proteins being
relocalized to different subcellular compartments within
the cytoplasm.

RESULTS

Validation of FRET detection in DDT1-MF2 cells

Fluorescent resonance energy transfer is a powerful
technique capable of identifying stable interactions

between proteins both in fixed cells and in live cells in
real time. To accurately measure FRET, the raw FRET
signal is corrected for by subtracting the spectral bleed-
through of each fluorescent protein into the FRET
channel. A number of CFP and YFP constructs were
individually transfected into DDT1-MF2 cells to measure
the bleed-through of each fluorescent protein (FP) con-
struct into the FRET channel. The calculated bleed-
through number for the individual fluorophores was then
used to verify the lack of FRET between noninteracting
FP–protein constructs. The spectral bleed-through num-
ber empirical correction (see Materials and Methods)
allowed for the determination of CFP and YFP values
that produce a slight overcorrection (negative value) for
FRET. Using this method ensures that the FRET signals
detected between pairs of FP labeled proteins are a true
indicator of protein interaction.

Empirically corrected CFP and YFP spectral bleed-
through values were used to calculate FRET intensity using
a tandem CFP:YFP construct (Galperin and Sorkin 2003),
which served as a positive control. By definition, a one-to-
one molar ratio of CFP to YFP yields the desired 1:10 signal
intensity ratio of CFP:YFP. Figure 1 shows a representative
image of a DDT1-MF2 smooth muscle cell transfected with
the tandem CFP:YFP construct. Figure 1A depicts the
individual channel signals as well as the merged CFP/YFP
channel and FRETc signal. As expected, the tandem
CFP:YFP protein is expressed uniformly throughout the
cell. Due to the spherical nature of DDT1-MF2 cells, an
architecture particularly evident in live cells, the FRETc
image is of higher signal intensity at the center and of lower
intensity at the cell’s periphery. Mean CFP, YFP, and raw
FRET intensity values collected from identically sized
masks (1.7 mm in diameter) across the entire cell were
used to calculate two different FRET indices, FRETc and
FRETn, and the theoretical FRET efficiency, Et, (Fig. 1B–
D). When FRETc is plotted versus CFP, a linear relation-
ship independent of CFP intensity is observed. A linear
relationship is also obtained if FRETc is plotted versus the
mean YFP intensity (data not shown). Although FRETn can
be a highly useful means of FRET correction, because of the
nonlinear relationship between the abundance of donors or
acceptors and FRETn (Vogel et al. 2006), we chose not to
use this method of correction. Whereas FRETc and FRETn
values are specific to each experimental setup, the FRET
efficiency, E, allows direct comparison between experimen-
tal setups for the same cell type and fluorescent protein
FRET pairs (Vogel et al. 2006). The theoretical FRET
efficiency (percent) for the tandem CFP:YFP construct,
which is the maximal FRET efficiency obtainable for
this fluorescent protein pair in DDT1-MF2 cells, is 0.22
(Table 1). The FRET efficiencies for HuR/HuR, p37AUF1/
p37AUF1, and HuR/p37AUF1, by definition, will be lower
than the theoretical maximum obtained for the tandem
CFP:YFP protein. Of the three interactions measured (see
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below), the HuR homodimer exhibited the highest FRET
efficiency with E=0.11. The efficiency of the p37AUF1
homodimer was somewhat less with E=0.07. Finally, the
HuR/p37AUF1 heterodimer exhibited the lowest efficiency
with E=0.04 (Table 1).

Homo- and heterocomplex formation of HuR
and AUF1 detected via FRET in live and fixed cells

It is generally accepted that both HuR and AUF1 can
compete for binding to the same ARE on a specific RNA.
More recently, it has been reported that HuR and AUF1 are
capable of associating with the same target RNA on non-
overlapping ARE sites (Lal et al. 2004). This leads to the
possibility of HuR and AUF1 binding to target mRNAs
simultaneously and the possibility of direct protein–protein
interaction for HuR and AUF1. Therefore, we wished to
examine the potential for protein–protein interaction of
HuR and p37AUF1 using FRET in both
fixed cells and in live cells in real time.

In previous studies, AUF1 has
been shown to form homomultimers
(DeMaria and Brewer 1996; DeMaria
et al. 1997; Wilson et al. 1999). How-
ever, the multimeric state of AUF1 in
the nucleus and cytoplasm has not been
determined in vivo. Figure 2A shows the
intracellular localization of p37AUF1

proteins labeled with either eYFP or eCFP and cotransfected
into DDT1-MF2 cells. In unstimulated cells, and at times of
<4 h, p37AUF1 protein was present almost exclusively in
the nucleus. The formation of higher-order stable complexes
between the two fluorescently labeled monomers of
p37AUF1 is indicated by the strongly positive FRETc signal.

Figure 2B shows a similar experiment for eYFP- and
eCFP labeled HuR proteins. In unstimulated cells, both
fluorescently labeled forms of HuR are localized to the
nucleus. The strongly positive FRETc signal indicates that
HuR is also forming a stable homomultimeric complex in
the nucleus.

Given that both HuR and AUF1 may be part of a larger
RNA mRNA binding protein complex, we wished to
examine the possibility that there was direct protein–
protein interaction between the two proteins in both nuclear
and cytoplasmic compartments. Since HuR is typically
found associated with the ribosomal and higher molecular

FIGURE 1. FRET positive control and representative FRET calculations. A tandem vector construct of eCFP and eYFP was used as a positive
control for the detection of FRET in DDT1-MF2 cells (Galperin et al. 2004). Slidebook software (v4.1.0.4) was used to obtain mean intensity
values from identically sized areas sampled from the entire cell for CFP, YFP, and the raw FRET signal. These data were used to calculate FRETc,
FRETn, and the FRET efficiency value, E, which are shown plotted vs. the mean CFP intensities. The maximal FRET efficiency (Et) obtained for
CFP:YFP in DDT1-MF2 cells is 0.2260.02. (A) DDT1-MF2 cell images. The CFP, YFP, and merged channel views show the uniform intracellular
distribution of the CFP and YFP proteins throughout the cell. The FRETc image is shown in thermal gradient pseudocolor, where red indicates
the strongest signal. The size scale bar (mm) applies to all images. (B) FRETc versus mean CFP intensity. (C) FRETn versus mean CFP intensity.
(D) Et versus mean CFP intensity.

TABLE 1. FRET efficiency for the YFP:CFP pair in DDT1-MF2 cells

Tandem CFP:YFP
protein

HuR YFP/HuR
CFP

AUF1 YFP/AUF1
CFP

HuR YFP/AUF1
CFP

Ed 0.218 6 0.017 0.112 6 0.030 0.071 6 0.010 0.041 6 0.021

Ed values based on the following criteria: CFP intensity was >100, 9 <(YFP:CFP ratio) <11,
data from a minimum of 100 data points.
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weight polysome fractions, compart-
ments that typically lack AUF1 (Pende
et al. 1996; Lal et al. 2004), the possibil-
ity existed that the association of HuR
and AUF1 might be location specific.
Figure 2C shows a cell transiently co-
transfected with both HuR-eYFP and
p37AUF1-eCFP. In unstimulated cells,
HuR and p37AUF1 colocalize to the
nucleus. As indicated by the robust
FRETc signal, HuR and p37AUF1
appear to form stable heterodimers.

To verify the specificity of these
protein–protein interactions, additional
FRET studies were performed with pro-
teins not expected to interact with HuR.
To this end, eCFP versions of the
cytoplasmically expressed protein, PK-
A R11A, and the nuclear and cytoplas-
mically localized protein, PH-PL-C,
were analyzed. In each case, no evidence
of FRET pairing with HuR-eYFP was
evident (data not shown).

We have previously shown that aniso-
mycin, a MAPK (p38, JNK) activator,
increases the half-life of the b2-adren-
ergic receptor (AR) mRNA, an ARE-
containing mRNA endogenously
expressed in DDT1-MF2 cells (Headley
et al. 2004). Thus, the b2-AR is similar
to other ARE-containing mRNAs in
that MAPK activation prolongs their
half-lives (Mahtani et al. 2001; Dean
et al. 2003). Further, the movement of
HuR from nucleus to cytoplasm has
been correlated with its ability to stabi-
lize ARE-containing mRNAs (Atasoy
et al. 1998). The anisomycin-dependent
increase in the half-life of ARE-contain-
ing mRNAs could be due to increased
binding of stabilizing factors, such as
HuR, a decrease in the binding of
destabilizing factors, such as AUF1, or
a combination of both. Therefore, we
wished to determine the effect of aniso-
mycin on the intracellular localization
of HuR and AUF1 in live cells.

To explore HuR shuttling at the level
of higher-order associations, FRET was
used to assess the interaction of HuR
with itself once it has transited from
nucleus to cytoplasm. As demonstrated
in Figure 2B (bottom row), movement
of HuR from the nucleus to the cyto-
plasm does not alter its ability to form

FIGURE 2. FRET-based detection of p37AUF1/p37AUF1, HuR/HuR, and p37AUF1/HuR
protein pair interactions in live cells. DDT1-MF2 cells were transiently transfected with pairs of
complimentary, fluorescently labeled constructs of HuR and/or p37AUF1. Transfected cells
were treated with anisomycin to stimulate nuclear/cytoplasmic shuttling of mRNA binding
proteins. (A) p37AUF1-eYFP and p37AUF1-eCFP interaction. After 4 h of treatment with
anisomycin, p37AUF1 remains localized to the nucleus (top row) and exhibits colocalization
(merged channel column) detectable by FRETc, which is indicative of a stable homodimeric
interaction (top row, FRETc column). After 25 h of anisomycin treatment, cytoplasmic
shuttling of p37AUF is readily apparent (bottom row). The p37AUF1 present in the cytoplasm
colocalizes, which is detectable by the merged channel view and the FRETc signal present in
both the nucleus and cytoplasm. (B) HuR-eYFP and HuR-eCFP interaction. At time zero, HuR
is present in the nucleus, and exhibits colocalization and a robust FRETc signal (top row).
Anisomycin causes rapid shuttling of HuR to the cytoplasm, and a FRET-detectable, stable
interaction between HuR is present in both the nucleus and cytoplasm (bottom row). (C) HuR-
eYFP and p37AUF1-eCFP interaction. At time zero, p37AUF1 and HuR are present in the
nucleus, colocalize, and display a FRETc signal indicative of a stable heteromeric interaction
(top row). Treatment with anisomycin causes shuttling of both HuR and p37AUF1 into the
cytoplasm. HuR and p37AUF1 colocalize in the cytoplasm and exhibit a FRET-detectable
interaction in both the nuclear and cytoplasmic compartments. FRETc images are shown in
thermal gradient pseudocolor. The scale bars in the FRETc image applies to all images in the
same row.
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homodimers. In contrast to the rapid shuttling observed
for HuR, anisomycin-induced shuttling of p37AUF1 is a
prolonged process that can take in excess of 24 h (Fig. 2A,
bottom row). Like HuR, and as indicated by the FRETc
signal, p37AUF1 maintains its ability to form homodimers
in the cytoplasm. Similarly, anisomycin stimulated shut-
tling of AUF1 and HuR does not alter their heterodimeric
association (Fig. 2C, bottom row).

These FRETc images indicate that HuR and AUF1 are in
sufficient proximity to functionally associate in both the
nucleus and the cytoplasm. Interestingly, the length of time
required for anisomycin-induced shuttling of p37AUF1
appears greatly different when p37AUF1 is present as a
complex with HuR (cf. Fig. 2C, bottom row, and Fig. 2A,
bottom row). Although speculative, it is possible that the
formation of a stable complex of p37AUF1 with HuR
permits AUF1 to shuttle out of the nucleus on a shorter

‘‘HuR’’ time scale, when stimulated by anisomycin. This
remains to be demonstrated.

To verify that the images obtained for AUF1 and HuR in
live cells could be recapitulated in fixed cells, a parallel set
of experiments was performed. Figure 3, A and B, shows
the intracellular localization of HuR-eYFP and p37AUF1-
eCFP in fixed DDT-MF2 cells. Under control conditions,
HuR and p37AUF1 remain colocalized within the nucleus,
producing a high-intensity FRET signal. A graph depicting
the intensity of each fluorescent protein and their associ-
ated FRET signals is presented to the right of each panel of
images. The line intensity graph demonstrates clearly that
in the control, untreated cells, there is no movement of
HuR or p37AUF1 from the nucleus to the cytoplasm.
However, following 24 h of anisomycin treatment, a sub-
stantial proportion of p37AUF1-eCFP and HuR-eYFP
shuttled from nucleus to cytoplasm. A FRETc signal is

FIGURE 3. Anisomycin-induced shuttling of HuR and p37AUF1 in fixed cells. DDT1-MF2 cells were transiently transfected with HuR-eYFP and
p37AUF1-eCFP and treated with anisomycin for up to 24 h. HuR-eYFP and p37AUF1-eCFP are present in the nucleus of both the vehicle- and
anisomycin treated cells at time zero (A,B, t=0 h, CFP and YFP columns). The merged CFP:YFP image shows that both proteins colocalize to the
nucleus but also exhibit a non-identical nuclear distribution (see graphs in right panel). The FRETc image indicates that HuR and p37AUF1 are in
sufficiently close proximity in the nucleus to be of functional significance (A,B, t=0 h, FRETc column). After 24 h of vehicle treatment, HuR and
p37AUF1 remain in the nucleus (A, t=24 h). After 24 h of anisomycin treatment, shuttling of HuR and p37AUF1 from nucleus to cytoplasm is
readily apparent (B, t=24 h). The FRETc image indicates the continued stable interaction of HuR and p37AUF1 in the nucleus and that the
proteins retain this interaction in the cytoplasm. (Free-form line) Cell boundary for each image. The intensity for each image in the FRETc
column is represented in a thermal gradient pseudocolor. The scale bar in the FRETc image applies to the entire row. (Graphs) The CFP and YFP
intensities (left axis) and calculated FRETc (right axis) as described by the white directional arrow in the FRETc panel. (Black arrows) Location of
the nuclear/cytoplasmic/background transition, (N) nucleus, (C) cytoplasm, (B) background.
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present in the nucleus and throughout
the entire cytoplasm with the highest
signal intensity being found closest to
the nucleus. Whether the decrease in
FRET signal intensity further away from
the nucleus is due to dissociation of
HuR from p37AUF1 or due merely to
lower concentrations of HuR/p37AUF1
complexes is not known. As has been
noted previously, both HuR and
p37AUF1 are excluded from the nucle-
oli of the nucleus (Fan and Steitz 1998a;
Fawal et al. 2006). This can be seen
clearly from the line graphs, which
indicate that the concentration of both
HuR and p37AUF1 in the nucleus is
nonhomogeneous. The concordance of
the results presented in Figures 3 and 2
demonstrates that data obtained from
fixed cells can be an accurate represen-
tation of the live cell conditions in
DDT1-MF2 cells.

Detection of endogenously
expressed HuR and AUF1

To ensure that the results observed for
ectopic expression of fluorescently
tagged HuR and p37AUF1 are not
artifactual, immunocytochemistry was
employed to detect endogenously ex-
pressed HuR and AUF1. These data,
represented in Figure 4, reveal that
under both unstimulated and anisomy-
cin-stimulated conditions, endogenous
HuR and AUF1 exhibit a highly
similar intracellular localization to that
of ectopically expressed, fluorescently
tagged proteins. In general, the immu-
nostained cells show a somewhat greater
amount of HuR and AUF1 present in
the cytoplasm at ‘‘t=0’’ than do tran-
siently transfected cells. It is possible that this result is due
to the relative ability of the antibody to detect cytoplasmic
HuR. AUF1 is also detected to a greater extent at time zero
in both control and anisomycin-treated cells. It is possible
that this may be due to the ability of the antibody to detect
all four isoforms of AUF1, whereas in overexpression
studies only p37AUF1 was examined.

To examine in greater detail the time frame of HuR
nuclear/cytoplasmic shuttling, a series of time-lapse images
of a single live cell transiently transfected with HuR-eYFP
was examined (Fig. 5A). Upon treatment of anisomycin,
HuR moves rapidly from its primarily nuclear localization

to a high concentration in the cytoplasm. To verify this
result biochemically, Western blots of HuR and AUF1 were
performed on both cytosolic and nuclear fractions from
anisomycin-treated DDT1-MF2 cells. Figure 5B demon-
strates that anisomycin induces marked shuttling of both
HuR and AUF1 from nucleus to cytoplasm with notable
detection of HuR protein by 1 h. In contrast, the time
course of AUF1 accumulation in the cytoplasm was
somewhat slower and proportionately less robust. These
results confirm that stabilization of ARE-containing tran-
scripts by MAPK activation temporally coincides with the
increased presence of HuR in the cytoplasm.

FIGURE 4. Colocalization of endogenously expressed HuR and AUF1. Immunocytochemistry
was used to detect the intracellular location of endogenously expressed HuR and AUF1
proteins in DDT1-MF2 cells. (A) In control cells, endogenous HuR (Alexa Fluor 488
conjugated 2° antibody) and AUF1 (Cy3 conjugated 2° antibody) are expressed almost
exclusively in the nucleus and are shown to colocalize. (B) Anisomycin treatment induces
shuttling of endogenous AUF1 and HuR from the nucleus to the cytoplasm (cf. t=0 h and
t=24 h). The merged view shows the colocalization of HuR and AUF1 in the nucleus and the
cytoplasm after 24 h of anisomycin treatment. The scale bars in the merged view apply to all
images in the same row.
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HuR, not AUF1, is present in stress granules

The formation of nuclear and cytoplasmic complexes
of HuR and AUF1 shown above builds significantly on
previous reports indicating the presence of HuR and AUF1
in the cytoplasm. Further, previous reports have shown
HuR to be present on polysomes in cytoplasmic cell
fractions, whereas AUF1 was not found in these same
fractions (Lal et al. 2004). However, data are emerging
indicating that ARE mRNA binding protein complexes are
both large and dynamic (Tenenbaum et al. 2002; Mazan-
Mamczarz et al. 2003; Lal et al. 2004; Keene and Lager
2005). Under conditions of stress, discrete cytoplasmic
entities composed of high concentrations of proteins and
RNA have been identified (Abraham et al. 2002; Kedersha
and Anderson 2002; Cougot et al. 2004; Brengues et al.
2005; Kedersha et al. 2005; Anderson and Kedersha 2006).
These ‘‘cytoplasmic’’ or ‘‘stress’’ granules have been shown
to be composed of proteins involved in mRNA translation
initiation, translation control, and mRNA decay (Newbury
et al. 2006).

We were interested in determining the localization and
interaction of HuR with AUF1 during times of cellular
stress. Figure 6 shows immunocytochemical detection of
several mRNA binding proteins in DDT1-MF2 cells in
response to sodium arsenite. TIA-1 was used as a marker of
stress granules (Kedersha et al. 1999, 2000, 2005). The left-
hand column of Figure 6 shows the individual channel data
at time zero prior to arsenite treatment. As noted pre-
viously, endogenous AUF1 and HuR are present mainly in
the nucleus, whereas TIA-1 is present in both the nucleus

and to some degree in the cytoplasm. In the absence of
arsenite treatment, no stress granules are detected (left
column). However, 30 min after arsenite treatment, TIA-1-
positive stress granules are readily detected (Fig. 6, center
column). Arsenite-induced stress also causes HuR to move
into stress granules, and the colocalization of HuR and
TIA-1 to the stress granules is readily apparent. The
observed stress-induced movement of HuR to cytoplasmic
granules is consistent with previous results using other
types of stressors (Kedersha et al. 2000, 2005; Kedersha and
Anderson 2002). In contrast, arsenite treatment had no
obvious effect on the intracellular localization of AUF1.

AUF1 and HuR are able to bind to a target ARE
in an additive manner

To examine the interaction of AUF1 and HuR biochemi-
cally, nondenaturing gel shift assays were used to determine
whether or not HuR and p37AUF1 proteins can bind to
target AREs and whether they can compete for a single ARE
or bind to it additively. First, we demonstrate that purified
recombinant GST-HuR and GST-p37AUF1 bind individu-
ally to the relatively simple 53-nucleotide (nt) ARE from
TNFa mRNA (Fig. 7, top), and to the more complex ARE
231 nucleotides from the b2-AR mRNA (Fig. 7, bottom).
As has been shown previously, the banding pattern of the
gel shift assays indicates that the size and composition of
the protein–mRNA complex formed is dependent on the
amount of protein present (Wilson et al. 1999), as both
HuR and p37AUF1 are able to form multiple complexes

FIGURE 5. MAPK-induced nuclear/cytoplasmic shuttling of ARE binding proteins. (A) DDT1-MF2 cells were transiently transfected with HuR-
eYFP. Anisomycin was added to the cells to stimulate nuclear to cytoplasmic shuttling. A single cell was tracked for the time course indicated.
eYFP-labeled HuR rapidly shuttles from the nucleus to the cytoplasm. Cells were maintained at 37°C, 5% CO2 for the duration of the experiment.
(B) Following treatment with anisomycin (1–24 h), DDT1-MF2 cells were harvested and nuclear and cytosolic fractions isolated.
Immunodetection of endogenous AUF1 (p37, p40, p42, p45) and HuR was performed by Western blotting. For normalization, blots were
stripped and reprobed for actin protein.
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with a single ARE. Competition of p37AUF1 with a
preformed HuR–mRNA complex had the potential to yield
several possible results. If p37AUF1 displaced HuR, then no
substantial change in the relative migration of bands should
be observed, as HuR and p37AUF1 are relatively close in
molecular weight. However, if p37AUF1 is able to bind to
a preformed HuR–mRNA complex, then larger, more
slowly migrating bands should form. Figure 7 shows that
for both TNFa and the b2-AR AREs, the addition of GST-
p37AUF1 (or His6-p37AUF1, data not shown) leads to
larger protein–mRNA complexes, indicating that both HuR
and p37AUF1 are complexing with a single RNA. Although
the data do not directly support the conclusion that
the two proteins are competing for individual binding
sites on the ARE, the resolution of a gel shift assay with a
large complex ARE is likely insufficient to eliminate this
possibility.

Competition between p37AUF1 and HuR for the TNFa

demonstrates that p37AUF1 is able to bind to the ARE
simultaneously with HuR and form a single complex. Due
to the size of this mRNA molecule, 53 nt, the possibility
exists for one stable nucleoprotein complex. This result,
however, is not able to distinguish between the possible
order and location of binding of HuR and p37AUF1 to the
ARE. For the b2-AR ARE, a greater number of combina-

tions of protein and mRNA are possi-
ble. However, only two ribonuclear
protein complexes are formed at the
highest protein concentrations. These
results clearly demonstrate that HuR
and AUF1 can bind additively to the
AREs tested and presumably have the
potential to do so on other ARE con-
taining RNAs.

RNA dependence of the ARE
binding protein interaction

To address whether the stable, cytoplas-
mic interaction of HuR and p37AUF1
that we have shown in Figures 2 and 3 is
RNA dependent, DDT1-MF2 cells were
transiently transfected with HuR-eYFP
and p37AUF1-eCFP, incubated for 4 h
with anisomycin, and treated with ribo-
nuclease A prior to fixation (Maison
et al. 2002). Figure 8 demonstrates that
there is no qualitative difference in the
HuR/p37AUF1 interaction, as indicated
by the FRETc signal, between mock
treated and cells treated with ribonucle-
ase A. To further verify this result, the
FRET efficiency value, E, was calculated
for the HuR/p37AUF1 interaction in
mock- versus ribonuclease A treated

cells. The E value, calculated from a sampling of >100
individual cells, was 0.04, a value identical to that found for
the HuR/p37AUF1 heterodimer in live and fixed cells. This
result supports the conclusion that at least in the whole cell
context, RNA binding is not an absolute requirement for
the AUF1/HuR protein–protein interaction.

Potential ARE binding protein interactions

Figure 9 is a model illustrating potential binding inter-
actions between AUF1 and HuR and a target ARE. As
stated above, the results of the gel-shift competition assays
depicted in Figure 7 do not support scenario B (mutually
exclusive binding); however, this finding may simply be
due to issues of resolution. In fact, data published by Lal
et al. (2004) support the ability of AUF1 and HuR to
directly compete for binding but only at select AREs. For
both the TNFa 53mer and the b2-AR 231mer AREs, the
data also do not permit us to distinguish between scenarios
A and C (Fig. 9). What is apparent, however, is that a small
amount of a higher molecular weight complex is formed in
both competition experiments. Thus, scenario D may occur
if, after the binding sites on the ARE are saturated, proteins
are then able to bind to themselves to form even
larger mRNA–protein–protein complexes. This result

FIGURE 6. HuR, but not AUF1, is present in arsenite-induced stress granules. Sodium
arsenite was used to induce stress granule formation in DDT1-MF2 cells. TIA-1 was used as a
marker for stress granule formation. Immunocytochemistry employing triple antibody staining
shows that in untreated cells, HuR, TIA-1 and AUF1 are all localized in the nucleus with a
lesser amount of TIA-1 and HuR present in the cytoplasm (left column, t=0 min Arsenite).
Rapid formation of stress granules containing HuR and TIA-1 occurs after 30 min of arsenite
treatment, (center column, t=30 min Arsenite; right column, merged views). Sodium arsenite
did not affect the cellular localization of AUF1, (center column, t=30 min Arsenite;
right column, merged views). The scale bar in the left column applies to all images in
this column. The scale bar in the center column applies to all images in this and the right
column.
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has previously been shown for AUF1 alone, forming a
dimer in solution but a hexamer when bound to an ARE
(DeMaria and Brewer 1996; DeMaria et al. 1997; Lal et al.
2004).

DISCUSSION

In this manuscript, immunocytochem-
istry and immunofluorescence tech-
niques, including live-cell FRET, were
used to demonstrate that two ARE
binding proteins, HuR and AUF1/
hnRNP D, are capable of intracellular
interaction. Although biochemical
methods have previously demonstrated
AUF1/AUF1 and HuR/HuR interac-
tions, the results herein demonstrate
for the first time that interactions
between these two proteins are detect-
able in live cells. The advantage of FRET
over immunoprecipitation and colocal-
ization experiments using standard con-
focal microscopy is that for FRET to
occur, the proximity of proteins is such
that it is sufficient for true functional
interaction.

FRET is a powerful biophysical tech-
nique that is increasingly being used
to visualize cellular processes in vivo

(Galperin et al. 2004; Vogel et al. 2006). Intrinsically, FRET
is dependent on both the absolute distance between, and
the correct orientation of, two fluorophores that constitute
defined FRET pairs (Forster 1948). The strength of the
FRET signal obtained from a pair of interacting, fluores-
cently labeled proteins is also dependent on the FRET

FIGURE 7. Competitive binding of p37AUF1 and HuR to 39 -UTR ARE. Nondenaturing gel-shift assays were performed to assess the
competitive interaction of purified recombinant p37AUF1 and HuR proteins for the TNFa 53 nt ARE and the hamster b2-AR 231 nt ARE.
32P-UTP labeled RNAs encoding the hamster b2-AR 231 nt ARE or TNFa 53-nucleotide AREs were incubated with either p37AUF1 alone (left),
HuR alone (center), or HuR in competition with p37AUF1 (right). Holding the concentration of HuR at z33Kd (60 nM), increasing amounts of
purified recombinant GST-p37AUF1 were added in an attempt to displace HuR binding.

FIGURE 8. RNA dependence of HuR/p37AUF1 heterodimer. DDT1-MF2 cells were tran-
siently transfected with HuR-eYFP and p37AUF1-eCFP. Anisomycin was added to the cells for
4 h to stimulate nuclear to cytoplasmic shuttling. Following permeabilization with Triton
X-100, cells were either treated with ribonuclease A or mock treated prior to fixation. Both
the mock- and ribonuclease-treated cells shows cytoplasmic localization of HuR and AUF1
(CFP and YFP channels), colocalization of HuR and AUF1 (merged view), and the presence
of a FRETc signal in both the nucleus and cytoplasm. (A) Mock treated DDT1-MF2 cells,
(B) ribonuclease treated cells.
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efficiency, E, which is the maximum energy transfer from
the FRET donor to acceptor.

To attempt to quantify the relative efficiency of FRET
between the ARE binding proteins p37AUF1 and HuR,
the maximum theoretical FRET efficiency, Et, was first
obtained by using a tandem CFP:YFP protein construct
(Galperin and Sorkin 2003). Under these conditions, the
maximum efficiency obtained in our live cell system was
22%. In the same system, HuR homodimers, p37AUF1
homodimers, and p37AUF1/HuR heterodimers yielded Ed

values of 11%, 7%, and 4% respectively, Table 1. These Ed

values are in the range measured for other protein pairs in
other cellular systems (Galperin et al. 2004). The calculated
Ed values for HuR and p37AUF1 show that both HuR and
p37AUF1 have the potential to form strong homodimers in

the cell (Figs. 2, 3). The lesser Ed for the HuR/AUF1
heterodimer may be due to any number of factors. One
possibility is that the formation of HuR and p37AUF1
homodimers sequesters HuR and p37AUF1, thereby pre-
venting the formation of p37AUF1/HuR heterodimers.
If so, this would result in an artifactual reduction in the
FRET signal. It is also possible that mRNA-dependent
binding of HuR and p37AUF1 imposes steric factors onto
the respective proteins such that the protein–RNA inter-
action(s) precludes or diminishes the FRET detectable
interactions. Alternatively, and perhaps most simply, the
possibility exists that the heteromeric interactions between
p37AUF1 and HuR are weaker than the respective homo-
meric interactions. In support of this later interpretation is
the fact that Ed is independent of the concentration(s) of
fluors (and thus is likely not an artifact of differential
expression), and the fact that FRET efficiency can under
certain circumstances be correlated directly with the affinity
of protein–protein interaction (Chilibeck et al. 2006).

Results obtained from nondenaturing electrophoresis
experiments (Fig. 7) indicate that biochemical associations
between HuR and p37AUF1 are indeed observable. For
both p37AUF1 and HuR, binding either to the TNFa

53mer ARE or the b2-AR 231mer ARE, homomeric higher-
order structures are observed. These results are concordant
with our previous observations and with those of others
(Wilson et al. 1999; Blaxall et al. 2000b; Blaxall et al. 2002).
In competitive binding experiments where p37AUF1 is
added to mRNA pre-bound to HuR, rather than displacing
HuR from either ARE, p37AUF1 appears to further shift
the mRNA–protein complex. These data provide strong
evidence that for both a simple ARE, such as that of TNFa

53mer, or for a long, complex ARE, that of the b2-AR
231mer, co-residence of both proteins on an ARE can
occur. What nondenaturing gel shift assays cannot reveal is
the RNA dependence of these protein–protein interactions.
In this regard, it is well established that AUF1 can form
RNA-independent homomultimers (DeMaria et al. 1997;
Wilson et al. 1999). HuR also appears to homomultimerize
(Soller and White 2005), the RNA dependence of that
interaction being unknown. Conversely, coexistence of
HuR and AUF1 on AREs appears to be dependent on the
specific ARE. What remained unclear was the RNA depen-
dence of these interactions. As demonstrated by Lal et al.
(2004), coimmunoprecipitation of HuR and AUF1 does
not occur when the protein–RNA complex is subjected to
RNase pretreatment. In contrast, in the current manuscript,
we demonstrate that HuR/AUF1 interaction (Fig. 8) can
be detected by FRET even after RNase treatment.
These findings are not incongruous as the preparations
and conditions are entirely different, one being in the whole
cell context and the other being in a purified biochemical
preparation. Regardless, the dependence or independence
of protein–protein interaction on RNA binding in no
way diminishes or precludes the possibility of functionally

FIGURE 9. Model of potential interactions of HuR and AUF1. AUF1
has been shown to form homomultimers in solution (DeMaria et al.
1997) as well as when bound to an ARE (Fig. 2A; Wilson et al. 1999;
Blaxall et al. 2000b, 2002). HuR has also been shown to be able to
form dimers (Fig. 2B; Soller and White 2005). AUF1 and HuR have
also been shown to bind to mRNA concurrently and in a competitive
manner (Lal et al. 2004). Based on these results and those presented in
Figure 6, potential protein–protein and protein–RNA interactions of
HuR and AUF1 are presented.
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relevant interactions between the two proteins, both
direct or indirect, e.g., by RNA remodeling affecting
the binding of one or the other protein (Wilson et al.
2001a,b).

As detailed in Figure 9, there are several ways in which
AUF1 and HuR might compete for binding to, or co-reside
on, a single ARE. Each of the AREs examined herein, as well
as other AREs we have examined previously (Blaxall et al.
2000b, 2002), are capable of binding both AUF1 and HuR
with high affinity. However, certain AREs appear to bind
only AUF1, others bind only HuR, whereas still others bind
either AUF1 or HuR (Lal et al. 2004). Other studies have
clearly demonstrated that binding of HuR to the AREs of a
broad spectrum of mRNAs is associated with their stabi-
lization (Fan and Steitz 1998b; Peng et al. 1998; Dean et al.
2001; Figueroa et al. 2003; Raineri et al. 2004). Although
somewhat less consistent, and perhaps splice-form depen-
dent, there is a general association between AUF1 binding
and mRNA destabilization (Buzby et al. 1996; Sirenko et al.
1997; Laroia et al. 1999; Sarkar et al. 2003b). What remains
to be examined, especially in the case of an mRNA con-
taining a complex ARE, is the functional significance of
more than one protein simultaneously occupying the same
ARE or the same mRNA on sequential AREs.

Regulation of the life cycle of an mRNA molecule is a
complex process dependent on a number of variables. One
level of regulation is that of the abundance of the mRNA
binding proteins themselves. To this end, the functional,
intracellular concentrations of HuR and AUF1 are regu-
lated by multiple factors including external stimuli, the cell
cycle, and pathophysiological processes such as cellular
hypertrophy or hyperplasia (Pende et al. 1996; Lafon et al.
1998; Blaxall et al. 2000a; Gouble and Morello 2000; Wang
et al. 2000a). A second level of regulation is that of the
intracellular localization of the mRNA binding protein and/
or the mRNA. There is well-documented evidence both in
the literature and presented herein that AUF1 and HuR
undergo nuclear/cytoplasmic shuttling.

One major regulatory pathway for both the binding and
function of AUF1 is phosphorylation. As demonstrated by
Wilson and colleagues (2003a), phosphorylation of AUF1
can markedly affect its affinity for an ARE. Phosphorylation
of AUF1 can also induce structural remodeling of the ARE
(Wilson et al. 2003a,b; Fialcowitz et al. 2005). Further, the
peptidyl–prolyl isomerase, Pin1, binds to AUF1 (Shen et al.
2005). Isomerization by Pin1 could potentially alter the
binding affinity of AUF1 by inducing conformational
changes in phosphorylated forms of the protein. Like
AUF1, and other mRNA-destabilizing proteins including
TTP, BRF1, and KSRP, there is recent evidence to date that
HuR is also a phosphoprotein. In the case of HuR, induc-
tion of cytoplasmic shuttling and increased binding to
COX-2 mRNA has recently been linked to phosphorylation
by PK-Ca (Doller et al. 2007). HuR has also been shown to
be phosphorylated by the cell cycle checkpoint kinase Chk2

(Abdelmohsen et al. 2007). However, phosphorylation
by Chk2 does not appear to effect HuR shuttling. Given
the impact of phosphorylation state on the binding of
AUF1 to an mRNA, it is reasonable to conclude that this
mode of regulation might impact the interaction of AUF1
and HuR.

The persistent association of HuR and/or AUF1 with a
target mRNA throughout the life of an mRNA in the cell
has yet to be definitively tested. HuR has been associated
with the stabilization of mRNA transcripts in the cyto-
plasm, and studies have been conducted on the movement
of HuR from the nucleus to the cytoplasm (Atasoy et al.
1998; Fan and Steitz 1998a,b; Seko et al. 2004). However,
it is not clear whether HuR binds to a target mRNA and
remains bound to a particular mRNA transcript, not only
as it is translocated from the nucleus to the cytoplasm, but
also through its lifespan in the cytoplasm. This idea can be
extended to include whether or not AUF1 also binds to one
mRNA transcript for its lifespan and whether or not
combinations of other destabilizing and stabilizing RBPs
do so as well.

Anisomycin, by virtue of its ability to activate MAPKs,
stabilizes ARE-containing mRNAs (Winzen et al. 1999;
Mahtani et al. 2001; Neininger et al. 2002; Dean et al. 2003;
Stoecklin et al. 2004; Brook et al. 2006; Martinez-Chantar et
al. 2006), and causes rapid shuttling of HuR from nucleus
to cytoplasm. Figure 5A demonstrates that the time course
of shuttling of HuR (30 min) coincides with previous data
on the stabilization of ARE-containing mRNAs by MAPK
activation (Headley et al. 2004). Conversely, short-term
exposure to anisomycin has a more modest effect on the
localization of AUF1. These observations lead to the
question of how RNPs move from the nucleus to the
cytoplasm. The nuclear pore complex (NPC) allows passive
diffusion of protein complexes under 60 kDa; larger
molecules require assistance for transport. Monomeric
HuR and AUF1 are between 30 and 45 kDa. However,
when they are bound to an ARE as multimers, the size of an
ABP-bound RNA complex necessitates assistance for trans-
location from the nucleus. Studies detailing the nucleocy-
toplasmic shuttling of HuR and AUF1 demonstrate that
two different mechanisms appear to be utilized for the
shuttling of each of these proteins. HuR has been shown to
use the CRM1 assisted method of shuttling (Gallouzi et al.
2001; Kimura et al. 2004; Higashino et al. 2005; Cherradi et
al. 2006; Fries et al. 2006; Prechtel et al. 2006). The exact
mechanism of AUF1 nucleocytoplasmic shuttling has yet to
be elucidated; however, AUF1 shuttling appears to be carrier-
mediated but not CRM1 associated (Sarkar et al. 2003a).

One condition under which the protein composition
bound to a particular mRNA can be altered is that of
cellular stress. Upon stress, such as that engendered by
treating cells with arsenite, specific, well-defined granules
appear. These so-called stress granules (SGs) are known to
be protein- and mRNA-dense foci. The mRNA transcripts

FRET-detectable HuR/AUF1 interactions

www.rnajournal.org 1463



present in these SGs are those present in the cytoplasm at
the onset of the stress conditions and by one mechanism or
another are transported into these structures. An example
of this would be the TNFa mRNA, which appears to be
localized to SGs when associated with the ARE binding
protein, tristetraprolin (TTP) (Kedersha et al. 2005; Lian
et al. 2006). Other proteins commonly found in stress
granules are those involved in RNA deadenylation and in
translational silencing (Kedersha et al. 2005). In our model
system, we have demonstrated that HuR is present and
colocalizes with TIA-1 in stress granules. In contrast, AUF1
does not appear to colocalize to SGs, at least not under con-
ditions of arsenite induction. This result is fully consistent
with results obtained in other cell types (Newbury et al.
2006; Eulalio et al. 2007). As stress granules are an accumu-
lation of cytoplasmic mRNA putatively not required during
the stress response and which are stabilized and held in
translational arrest (Kedersha et al. 2000, 2005; Kedersha
and Anderson 2002), the presence of a stabilizing ARE
binding protein, such as HuR, would be fully expected. The
lack of AUF1 in stress granules implies either that (1) a
cellular mechanism exists for removing AUF1 from an
mRNA transcript prior to localization to a stress granule,
(2) that mRNA transcripts with AUF1 bound to them are
excluded from stress granules and remain present in the
cytoplasm at times of stress, or (3) AUF1-bound mRNA
would be more rapidly degraded under these conditions
with AUF1 returning to the nucleus. The results presented
here show that sodium arsenite-induced stress does not
alter the cellular AUF1 localization. However, the data
presented here do not address the fate of cellular AUF1-
bound mRNA transcripts at the onset of a stress response.

In conclusion, the results presented herein demonstrate
that two ARE binding proteins with potentially opposite
functional effects on mRNA stability can co-associate in
mRNA–protein complexes. These interactions occur in
both the nucleus and cytoplasmic compartments. What
remain to be determined are the functional consequences
of this interaction. An extension of the current findings is
that the use of FRET to detect these interactions opens up
distinct new possibilities in the ability to detect the
interactions of multiple individual mRNA binding proteins
in live cells in real time.

MATERIALS AND METHODS

Vector constructs

An 860 nt HindIII/ApaI fragment of myc-tagged p37AUF1 was
subcloned into either pEYFP.C1 or pECFP.C1 (Clonetech),
yielding the p37AUF1-eYFP and p37AUF1-eCFP vector con-
structs. Similarly, a HindIII/EcoRI fragment of myc-tagged HuR
was subcloned into either pEYFP.C1 or pECFP.C1, yielding the
HuR-eYFP and HuR-eCFP vector constructs. In all constructs the
fluorophor is N-terminal to the protein of interest.

Cell culture

DDT1-MF2 hamster smooth muscle cells were grown in 100 mm
dishes at 37°C, 5% CO2 in Dubelcco’s Modified Eagle Medium
(Invitrogen) supplemented with 5% Fetal Bovine Serum (Hyclone)
and 0.1% penicillin/streptomycin solution (Invitrogen). For tran-
sient transfections, cells were grown on either 18-mm or 25-mm
glass coverslips to z80% confluence. For immunocytochemistry,
cells were grown on 18-mm glass coverslips to z60% confluence.
Where indicated, cells were treated with anisomycin (75 nM in
dimethyl sulphoxide) or sodium arsenite (0.5 mM).

Transient transfection

Vectors were transfected into DDT1-MF2 cells using FuGene 6
(Roche) following the manufacturer’s protocol. The amount of
plasmid DNA transfected was adjusted empirically to yield the
desired 1:1 molar ratio of the CFP protein construct to the YFP
protein construct.

Immunocytochemistry

DDT1-MF2 cells were fixed with 4% paraformaldehyde (Electron
Microscopy Sciences), permeabilized with 0.2% Triton X-100,
treated with 0.1% sodium borohydride (Sigma), and blocked with
10% horse serum in 1% BSA. Cells were incubated overnight at
4°C with 1°Ab and with 2°Ab for 1 h at room temperature in the
dark. Coverslips were mounted on glass slides using a 12.5%
solution of Mowiol (Calbiochem) in 50% glycerol. Detection of
HuR was via a 1:400 dilution of monoclonal 1°Ab (Santa Cruz
Biotechnology) and a 1:2000 dilution of 2°Ab labeled with Alexa
Fluor 488 (Molecular Probes); detection of AUF1 was via a 1:500
dilution of a polyclonal 1°Ab (Upstate), which recognizes all four
isoforms of AUF1, and a 1:800 dilution of 2°Ab labeled with Cy3
(Jackson ImmunoResearch); detection of TIA-1 was via a 1:500
dilution of polyclonal 1°Ab (Santa Cruz Biotechnology) and a
1:400 dilution of 2°Ab labeled with Alexa Fluor 647 (Molecular
Probes).

Subcellular fractionation

Cytoplasmic and nuclear fractions were produced as described by
Wang et al. (2000b). Briefly, cells were rinsed with cold phosphate
buffered saline followed by incubation on ice in hypotonic buffer
A (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl2)
containing protease inhibitors (leupeptine [1 mg/mL], aprotinin
[1 mg/mL], and 0.5 mM PMSF). Cells were lysed by the addition
of buffer A with protease inhibitors containing 2.5% Nonidet
P-40. Lysed cells were centrifuged (3500 rpm for 4 min) to pellet
nuclei. The resultant supernatant was isolated, subjected to five
freeze–thaw cycles, and recentrifuged. Cytosolic fractions were
prepared by centrifugation of the second supernatant (14,000 rpm
for 60 min at 4°C). Nuclear pellets were incubated on ice in
extraction buffer C (20 mM HEPES [pH 7.9], 0.45 M NaCl, 1 mM
EDTA) with protease inhibitors followed by centrifugation
(14,000 rpm for 10 min at 4°C).

Western blotting

Endogenous HuR and AUF1 proteins were detected as described
previously (Blaxall et al. 2000a). Briefly, AUF1 and HuR proteins
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were detected using polyclonal 1° antibodies (1:1000, Upstate)
and detected by a GAR 2° antibody (1:2000, Jackson Immuno-
Reserearch). For normalization, blots were stripped and reprobed
with a mouse monoclonal anti-actin antibody (1:1000) with detec-
tion by a GAM 2° antibody (1:4000, Jackson ImmunoResearch).

Cell fixation

DDT1-MF2 cells were fixed with 3.4% formaldehyde. The cover-
slips were mounted on glass slides using a 12.5% solution of
Mowiol (Calbiochem) in 50% glycerol.

Microscopy

Images of live and fixed cells were captured at 1003 magnification
under oil immersion, in 232 binning mode using a Nikon Eclipse
TE3000 fluorescence microscope running Slidebook software (3I,
version 4.0.1.43), or a Zeiss Axiovert 200M fluorescence micro-
scope, fitted with an atmosphere controlled chamber, running
Slidebook software, (3I, version 4.1.0.12). All images were col-
lected using the following criteria: integration time >25 msec,
channel intensity <4000. All images shown are background
corrected by subtracting the intensity of a cell devoid area from
each individual image. For images containing CFP- and YFP-
labeled proteins, integration time was between 25 and 250 msec.
Cells containing CFP- and YFP-labeled proteins were viewed via
the CFP channel to prevent photobleaching of YFP. All images
presented have a signal intensity >100 after background correc-
tion. FRETc images were produced by Slidebook using spectral
bleed-through numbers determined experimentally. FRETc data
was calculated using the raw intensity values obtained from
Slidebook.

Spectral bleed-through number calculations

The following constructs were used to determine the average CFP
spectral bleed-through number: eCFP vector, p37AUF1-eCFP,
HuR-eCFP, TTP-eCFP and KSRP-eCFP. To determine the YFP
spectral bleed-through number, the following vector constructs
were used: eYFP vector, HuR-eYFP, and BRF1-eYFP. As a further
proof of the bleed-through numbers, transient transfection of
non-FRET pairs was used for empirical correction of the spectral
bleed-through number; eCFP vector and eYFP vector; HuR-eYFP
and eCFP vector; p37AUF1-eCFP and eYFP vector; HuR-eYFP
with both an unrelated cytoplasmically localized protein (PKA
R11A) and an unrelated nuclear and cytoplasmically localized
protein (PH-PLC), labeled with CFP. Both unrelated protein
vector constructs were kindly provided by Dr. Mark Dell’Acqua,
University of Colorado.

Calculation of FRETc, FRETn, and FRET efficiency E:

To calculate FRETc, FRETn, and the FRET efficiency, E, the
following equations were used:

FRETc = raw FRET � ðD 3 XÞ � ðA 3 YÞ

FRETc is the corrected FRET value, raw FRET is the uncor-
rected FRET intensity, D is the donor fluorophore intensity, X is
the donor fluorophore spectral bleed-through number, A is the

acceptor fluorophore intensity, and Y is the acceptor fluorophore
spectral bleed-through number.

FRETn = FRETc=ðD 3 AÞ

FRETn is the normalized FRET value, FRETc is the corrected
FRET value, D is the donor fluorophore intensity, and A is the
acceptor fluorophore intensity.

E = FRETc=ðD 3 GÞ + FRETc

E is the FRET efficiency, FRETc is the corrected FRET value, D
is the donor fluorophore intensity, and G is a constant determined
for the specific filter set used (Gordon et al. 1998; Galperin et al.
2004). To calculate the FRETc, FRETn, and E calculations, the
following criteria were used: YFP:CFP ratio between 9 and 11,
CFP intensity >100.

Production of ARE-containing mRNAs

PCR amplification of a 231 nt section of the 39 -UTR of the
hamster b2-AR gene using the following primers (59-CCGCT
CGAGCAGGCTTT; 39-GATCTCTAGATTTAAGTT, both shown
in the 59-39 direction) was cloned into the pCDNA3.1 zeo+ vector.
This construct was used to make the 231 nt ARE containing
mRNA fragment utilized for the nondenaturing gel shift assays.
The production of the TNFa 53 nt mRNA was as described
(Stoecklin et al. 2001).

Production of recombinant GST-p37AUF1 protein

The coding region of p37AUF1 (Pende et al. 1996) was inserted
into a pGEX-2T plasmid (Amersham Biosciences). The resulting
pGEX-2T-AUF1 plasmid was transformed into Escherichia coli
BL21 cells, and protein expression was induced with 1 mM IPTG
at 37°C for 3–4 h. Cells were centrifuged at 4000 rpm for 10 min,
4°C, and resuspended in 5 mL of Buffer A (50 mM Tris pH 8.0,
200 mM NaCl, 1 mM EDTA). When fully resuspended, 500 mL of
10 mg/mL lysozyme was added. The cell suspension was incubated
on ice for 20 min followed by centrifugation at 13,000 rpm,
30 min, 4°C. The supernatant was incubated with 1 mL of
glutathione sepharose beads slurry (50% slurry) for 1 h at 40°C
with agitation. The beads were washed twice with Buffer B (50 mM
Tris-HCl pH 8, 200 mM NaCl, 1 mM EDTA, and 1% Triton
X-100), and fractions were eluted with Elution Buffer (50 mM
Tris-HCl [pH 8], 5 mM Glutathione). Human alpha-lactalbumin
(Sigma) was added to a final concentration of 100 mg/mL prior to
storage at �80°C. Production of recombinant GST-HuR and
His6-p37AUF1 has been described previously (Blaxall et al. 2002).

Nondenaturing gel shift assays

Briefly, 1 fmol of 32P-labeled, in vitro transcribed RNA (z5000
CPM) (Pende et al. 1996) was incubated with increasing concen-
trations of purified recombinant protein in a final volume of
10 mL of binding buffer (10 mM Tris-HCl [pH 7.5], 5 mM
magnesium acetate, 100 mM potassium acetate, 2 mM DTT, 0.1
mg/mL of BSA, 10 units of RNasin [Promega], 0.2 mg/mL yeast
tRNA, 5 mg/mL heparin, and 0.1 mg/mL poly[C]) for 10 min on
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ice. Complexes were resolved by electrophoresis through non-
denaturing, 5%–6%, polyacrylamide gels and visualized by auto-
radiography.

In vivo RNA digestion

DDT1-MF2 cells grown on 18 mm glass coverslips were tran-
siently transfected as above. Cells were permeabilized with 0.01%
Triton X-100, treated with 1 mg/mL ribonuclease A (Sigma) for
10 min at room temperature, and fixed with 4% paraformalde-
hyde (Maison et al. 2002). Coverslips were mounted on glass
slides using a 12.5% solution of Mowiol in 50% glycerol.
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