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Human neuron-specific RNA-binding protein HuD belongs to the family of Hu proteins and consists of two
N-terminal RNA recognition motifs (RRM1 and -2), a hinge region, and a C-terminal RRM (RRM3). Hu
proteins can bind to AU-rich elements in the 3* untranslated regions of unstable mRNAs, causing the
stabilization of certain transcripts. We have studied the interaction between HuD and prototype mRNA
instability elements of the sequence UU(AUUU)nAUU using equilibrium methods and real-time kinetics
(surface plasmon resonance using a BIACORE). We show that a single molecule of HuD requires at least three
AUUU repeats to bind tightly to the RNA. Deletion of RRM1 reduced the Kd by 2 orders of magnitude and
caused a decrease in the association rate and a strong increase in the dissociation rate of the RNA-protein
complex, as expected when a critical RNA-binding domain is removed. In contrast, deletion of either RRM2 or
-3, which only moderately reduced the affinity, caused marked increases in the association and dissociation
rates. The slower binding and stabilization of the complex observed in the presence of all three RRMs suggest
that a change in the tertiary structure occurs during binding. The individual RRMs bind poorly to the RNA
(RRM1 binds with micromolar affinity, while the affinities of RRM2 and -3 are in the millimolar range).
However, the combination of RRM1 and either RRM2 or RRM3 in the context of the protein allows binding
with a nanomolar affinity. Thus, the three RRMs appear to cooperate not only to increase the affinity of the
interaction but also to stabilize the formed complex. Kinetic effects, similar to those described here, could play
a role in RNA binding by many multi-RRM proteins and may influence the competition between proteins for
RNA-binding sites and the ability of RNA-bound proteins to be transported intracellularly.

Hu proteins are a family of highly conserved RNA-binding
proteins that show homology to the Drosophila protein ELAV
(embryonic lethal-altered visual system) (recently reviewed in
references 3 and 43). All ELAV-related proteins contain three
RNA recognition motifs (RRMs; also referred to as RNP
domains [54] or consensus sequence RNA-binding domains
[6]) and have a very similar organization: two closely spaced
N-terminal RRMs, a hinge region of 60 to 90 residues, and a
C-terminal RRM. RRM-containing proteins represent the
largest family of RNA-binding proteins and perform critical
functions at all levels of posttranscriptional gene regulation
(54). Four human Hu proteins, which all have strongly con-
served homologues in other vertebrates, have been identified:
HuR, Hel-N1, HuD, and HuC. The latter three are neuronal
proteins (3, 22) and have been identified as target antigens in
paraneoplastic encephalomyelitis-sensory neuronopathy, an
autoimmune disease associated with small-cell lung cancer and
neuroblastoma (15, 30, 53). Patients with this disease are char-
acterized by high titers of antibodies against the Hu proteins
(which are present in their tumors) and suffer widespread
neuronal destruction (reviewed in references 16 and 45). The
fourth Hu family member, HuR, is ubiquitously expressed (22,
34). The neuronal Hu proteins have been proposed to be
important regulators of neuron-specific gene expression that
act at the posttranscriptional level and regulate neuronal
growth and differentiation (3, 43). All four proteins can bind

tightly to AU-rich sequences similar to those that cause rapid
degradation of unstable mRNAs (1, 13, 14, 19, 25, 26, 30–32,
34–37, 44, 55). This has suggested a role for Hu proteins in
regulating mRNA stability (see below).

An in vitro selection experiment using Hel-N1 (30) identi-
fied an RNA target consensus sequence similar to the proto-
type mRNA-destabilizing nonamer independently identified by
Zubiaga et al. as UUAUUUAUU (58) and Lagnado et al. as
UUAUUUA(U/A)(U/A) (27). Hel-N1 has since been shown
to bind to AU-rich elements in the 39 untranslated regions
(UTRs) of a variety of mRNAs, such as unstable cytokine and
proto-oncogene mRNAs (21, 30), the glucose transporter
mRNA (24, 25), and neurofilament M mRNA (4). In the latter
two cases, the presence of Hel-N1 led to increases in transla-
tion and/or stability of the bound mRNAs. The HuD protein
was also found to bind tightly to AU-rich regions of mRNAs
encoding growth-controlling proteins such as c-FOS (14, 32)
and the cell cycle regulator p21 (26), as well as to neuron-
specific mRNAs such as N-myc (47), GAP-43 (encoding a
neuron-specific phosphoprotein) (13), and tau (encoding a mi-
crotubule-associated protein) (5). Tau mRNA levels were
down regulated by treatment of neuronal cells with antisense
HuD oligonucleotides (5), suggesting that HuD may be re-
quired for a long tau mRNA half-life. The third neuronal Hu
protein, HuC, also binds tightly to AU-rich sequences (1, 48),
but a possible role in modulating mRNA stability has not yet
been tested. The final Hu family member, HuR, shows a
marked binding preference for those AU-rich sequences that
can function as mRNA destabilizers (34–37) and can cause
stabilization of vascular endothelial growth factor mRNA and
other unstable transcripts in a variety of systems when overex-
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pressed (19, 31, 44). HuR was recently shown to mediate UV
light-induced stabilization of cell cycle regulator p21 mRNA
(55). Thus, the ability to bind to AU-rich mRNA appears to be
a common characteristic of Hu proteins, and in a number of
cases, the formed complexes have been demonstrated to en-
hance the stability of labile mRNAs.

While the ability of Hu proteins to bind to AU-rich se-
quences has been extensively documented, the molecular in-
teractions allowing specific binding are still very poorly under-
stood. One reason for this is that all previous studies used
heterogeneous RNA sequences that carried a variety of possi-
ble target sequences, each of which might be bound with a
different affinity. Multiple proteins could be bound to such
RNAs, further complicating the determination of the binding
affinity. We addressed these problems by using a simple RNA
target consisting of UU(AUUU)nAUU repeats, which we used
to determine the minimal binding element. Another reason for
the limited understanding of these interactions is that thus far,
the complexes between AU-rich RNA and Hu proteins have
been studied only under equilibrium conditions. Since the
binding of proteins in the cellular environment is a dynamic
process, a clear understanding will be achieved only if the
kinetics of the interactions are also taken into consideration.
We used surface plasmon resonance to measure the kinetics of
the interaction between HuD and AU-rich target RNAs. This
powerful approach, which has only begun to be used to study
RNA-protein interactions and has never been applied to the
study of Hu proteins, can visualize complex formation in real
time and can provide unique insights into the dynamics of
association and dissociation (40). HuD was chosen for our
studies because the function of its RNA-binding domains has
been best characterized (14, 35). However, the strong conser-
vation among Hu protein family members and the neuronal
Hu proteins in particular suggests that our analyses will pro-
vide broadly applicable insights into the mechanism by which
this family of proteins binds to AU-rich RNA sequences.

MATERIALS AND METHODS

Construction of HuD expression plasmids. The plasmid for the expression of
the full-length recombinant human HuD protein was generated by high-fidelity
PCR using oligonucleotides to engineer an NcoI-compatible BspHI site at the
ATG and an NotI site immediately following the last codon. The NcoI site
originally present at the ATG was destroyed for cloning purposes, since the gene
contains an internal NcoI site in the RRM3 region. This resulted in a Glu-to-Ser
mutation of the first residue following the initiator Met. The template used was
a cytomegalovirus-HuD expression vector (provided by G. Manley). It contained
the most common HuD isoform, “HuD,” lacking the second alternative exon in
the hinge domain (residues 252 to 265) (32). RRM1 and RRM112 mutants were
made by internal deletion of C-terminal sequences using NotI in combination
with the naturally occurring restriction sites for Ecl136II and MspI, respectively.
All other mutants were made by PCR using high-fidelity polymerase and oligo-
nucleotides designed to engineer NcoI- and NotI-compatible ends at the 59 and
39 ends, respectively. The single RRM deletion mutants contain a SalI site at the
position of the deleted RRM. All HuD fragments were inserted into a derivative
of the pET3d vector (Novagen, Madison, Wis.) encoding a C-terminal hexahis-
tidine and c-myc epitope tag (28). The composition of the clones is summarized
below (see Fig. 5). Care was taken to choose the boundaries far enough from the
RRMs so as to minimize the risk of disrupting the RRM tertiary structure.

Purification of HuD and mutants. HuD full-length protein and mutants were
expressed in Escherichia coli BL21(DE3) (Novagen) and purified as described for
U1A (28), except for the following modifications. The sonication buffer consisted
of 10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.5% Triton X-100, 1 mM dithio-
threitol, and 5 mM imidazole. Proteins were eluted from Ni21 beads (Qiagen,
Valencia, Calif.) using a sonication buffer that contained 10% glycerol and
increasing concentrations of imidazole and were eluted mainly at 50 to 150 mM
imidazole. Protein aliquots were stored at 280°C, and thawing and refreezing
were minimized. Protein concentrations were determined by the Bradford assay,
followed by extensive comparisons on Coomassie blue-stained gels to ensure that
the relative concentrations of the protein stocks were very similar (less than 10%
different). The identity of the protein preparations was confirmed by assessing
protein size on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels

for all mutants except RRM1121h and RRM11h13, which are very similar in
size and were therefore analyzed by mass spectrometry.

Preparation of RNA targets. Templates for RNA targets were generated by
annealing the appropriate complementary oligonucleotides and ligating them
into a HindIII-PstI-cleaved pGEM-derived vector (pEP40) (28). To generate
labeled RNA for gel shift analysis, plasmids were linearized with AccI, which cuts
just downstream of the RNA target, and T7 polymerase-mediated in vitro tran-
scription was performed in the presence of [a-33P]CTP. To generate RNA
targets for BIACORE analysis, unlabeled RNA was in vitro transcribed from
templates linearized with AvaI, resulting in an RNA with a 39 extension. This
allowed annealing to a biotinylated DNA oligonucleotide for attachment to the
BIACORE sensor chip surface. All RNAs were gel purified before use.

Gel shift analysis. Gel shifts were performed as described previously (28) with
the following modifications. The binding buffer consisted of 10 mM Tris-HCl
(pH 8.0), 150 mM NaCl, 0.5% Triton X-100, 0.25 mg of bovine serum albumin
per ml, 1 mM dithiothreitol, 0.5 mg of tRNA per ml, 10% glycerol, and 1 to 2
fmol of labeled RNA probe. Reactions were equilibrated for 1 h at room tem-
perature before being loaded on a running Tris-glycine gel (to minimize complex
dissociation) as described previously (28). (Increasing the incubation time to 2 or
3 h did not substantially increase the amount of complex.) All gel shifts were
done at least three times. Bands were quantitated using a phosphorimager with
ImageQuant software (Amersham Pharmacia Biotech Inc., Piscataway, N.J.). Kd
values were calculated by plotting the logarithm of ratio of complexed/free RNA
against the logarithm of the protein concentration, which yields log(Kd) as the x
intercept. Lines were obtained by linear regression.

Surface plasmon resonance (BIACORE) analysis. BIACORE X and SA sen-
sor chips were from Biacore Inc. (Piscataway, N.J.). Both flow cells of an SA
streptavidin sensor chip were coated with a low concentration (about 60 response
units) of a biotinylated 20-nucleotide oligomer complementary to a 19-nucleo-
tide extension present at the 39 end of the target RNAs (Table 1). The target
RNA was captured on flow cell 2 by manually injecting a 500 nM solution of the
target RNA in 1 M NaCl at a 2-ml/min flow rate. To minimize mass transport
effects, small amounts of RNA were used to coat the surface (30 to 50 response
units). No target RNA was captured on flow cell 1, so it could be used as a
reference surface. The biosensor assay was run at 25°C in the buffer used for the
gel shifts (above). The proteins (from the same stocks that were used for the gel
shifts) were injected over flow cells 1 and 2 for 2 min at concentrations of 1.2, 3.6,
and 11 nM using a flow rate of 30 ml/min. All experiments included multiple
injections of each protein concentration to determine the reproducibility of the
signal and control injections to assess the stability of the RNA surface during the
experiment. Bound protein was removed with a 60-s wash with 2 M NaCl, which
did not damage the RNA surface. Data from flow cell 1 were used to correct for
refractive index changes and nonspecific binding (38). The association and dis-
sociation phase data were fit simultaneously using the nonlinear data analysis
program CLAMP (41). Binding data were described by a single-site interaction
model including a term for mass transport of the protein to the sensor surface
(39).

RESULTS

HuD binds to two linked nonamers. Previous analyses of
HuD–AU-rich-RNA interactions were performed using vari-
ous fragments of the c-fos 39 UTR for gel shift analyses and
filter-binding assays (14, 35). The shifted sequences were be-
tween 27 and 214 nucleotides long, contained a variety of
U-rich and AU-rich elements, and gave rise to multiple shifted
bands, complicating the interpretation of the data. In order to
be able to define the minimal binding site and the affinity of the

TABLE 1. In vitro-transcribed AU-rich RNA targetsa

Target name Sequence (length in nucleotides)b

AU-1
(nonamer) .......gggagacccaagc UUAUUUAUUgcaggucg (30)

AU-3 ....................gggagacccaagcUUAU UUAUUUAUUUAUUgcaggucg (38)
(AUUU)2A .........gggagacccaagcuugcAUUUAUUUAccugcaggucg (37)
MUT ....................gggagacccaagcUUAUCUAUCUAUCUAUUgcaggucg(38)
AU-2 ....................gggagacccaagcUUAU UUAUUUAUUgcaggucg (34)
AU-11..................gggagacccaagcUUAUUUAUUUgcaggucg (31)

a 59 (left) to 39 (right) direction. Targets shown were used for gel shift analyses.
The AU tract is uppercase, flanking sequences are lowercase. For attachment to
BIACORE sensor chips, RNAs carried the 39 extension gacucuagaggauccccgg.

b The nonamer motif UUAUUUAUU is indicated by an underline or bold
type. In two adjacent nonamers the abutting U’s were not marked for reasons of
clarity. Two adjacent nonamers yield three overlapping nonamer sequences.
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interaction, we chose as the RNA target the previously iden-
tified prototype destabilizing nonamer UUAUUUAUU (27,
58). This nonamer is present in one or more copies in the 39
UTR of a variety of unstable mRNAs (9, 12, 52), yielding RNA
sequences with the pattern UU(AUUU)nAUU. The repetitive
nature of these sequences ensures that the complexity of the
number of possible target sequences remains low, thereby sim-
plifying the interpretation of binding data.

Although a single nonamer forms the minimal functional
destabilizing element, two nonamers linked together [resulting
in three overlapping nonamers, or UU(AUUU)3AUU] (Table
1) were shown to be much more potent destabilizers (27, 58).
Therefore, our initial studies utilized a single nonamer (AU-1),
two linked nonamers [UU(AUUU)3AUU, or AU-3], an in-
complete nonamer [(AUUU)2A], and a mutated AU-3 in
which the middle U in each of the triple U sets was replaced by
C (MUT). The AU-rich RNAs, flanked by short constant
polylinker sequences derived from the transcription vector
(Table 1), were tested for binding using gel shift analysis (Fig.
1). HuD bound to AU-3 with a Kd of 19 6 3 nM. Although
some complex formation was seen with the shorter target
RNAs, binding was at least 250-fold weaker, indicating that the
AU tracts in those targets are too short to promote stable
complex formation. The weaker binding of the nonamer was
not caused by the absolute length of the RNA, since a
nonamer-containing RNA of the same length as AU-3 (extend-
ed with polylinker sequences) showed the same pattern of
binding as the nonamer (data not shown). The mutation of
each central U to C in the MUT target also greatly diminished
binding (Fig. 1D), demonstrating that the interaction with this
target is specific.

In the gel shift of HuD with AU-3, a faint additional band
was seen above the major band at a concentration of 200 nM
(Fig. 1C), indicating that as the RNA is saturated, a small
fraction can be bound by a second protein molecule. This
suggested to us that the AU-3 target might be shortened while
still maintaining RNA binding. In order to determine the min-
imal binding sequence, we analyzed HuD binding to RNAs
containing shortened AU-rich tracts. The data in Fig. 1 already
showed that a single nonamer sequence is insufficient for op-

timal binding. Two sequences of intermediate length [UUAU
UUAUUU, or AU-11, and UU(AUUU)2AUU, or AU-2],
(Table 1) were tested and found to be bound with an interme-
diate affinity (Fig. 2), demonstrating that these AU-rich tracts
were still too short to interact optimally. Thus, we conclude
that the minimal target site required for optimal binding of a
single molecule of HuD is 14 to 17 nucleotides long.

RRM1 is the primary AU-rich-RNA-binding domain. Previ-
ous studies by Chung and coworkers indicated that RRM1 and
-2 are critical for RNA binding, while RRM3 only marginally
affects the equilibrium-binding affinity (its loss weakens bind-
ing approximately fivefold) (14). However, these experiments
were done using a 214-nucleotide AU-rich tract derived from
the c-fos 39 UTR. We used gel shifts to test the ability of HuD
mutants lacking each individual RRM to bind to the AU-3
target (Fig. 3A to C). In accordance with the previously re-
ported results, we determined that removal of RRM3 causes
only a small (twofold) loss in affinity (Kd is 36 6 5 nM).
Surprisingly, deletion of RRM2 caused a similar minor reduc-
tion in binding affinity (Kd is 36 6 4 nM), suggesting that this
domain is not critical for binding to the AU-3 target. Only
deletion of RRM1 strongly reduced binding and produced an
aberrantly shifted complex that remained in the gel slot. This
was not due to abnormal aggregation of this particular mutant
protein, since normal shifting could be seen when high con-
centrations of RRM21h13 were added to poly(A) RNA [data
not shown; the RRM3 domains of HuD and HuC have been
demonstrated to have poly(A) binding ability (1, 35)]. These
results suggested that RRM1 is the most important RNA-
binding domain, while RRM2 and -3 have an accessory func-
tion. However, the RRM21h13 clone lacks the N-terminal 35
amino acids upstream of RRM1 as well as RRM1 itself. There-
fore, it could not be excluded that the removal of these resi-
dues, not RRM1 loss, caused the loss of binding affinity to
AU-3. Consequently, we tested RNA binding of a HuD mutant
lacking only the N-terminal 35 residues (dNterm). This protein
binds to RNA as well as the wild-type protein (Fig. 3G), sug-
gesting that the 35 residues N terminal to RRM1 do not play
a role in AU-rich-RNA binding. A role for the hinge region in
RNA binding was also tested by removing this region from the
RRM1121h mutant, generating RRM112. The removal of
the hinge did not affect equilibrium binding (Fig. 3G).

Shifts using the individual RRMs and AU-3 showed weak
but clearly detectable binding by RRM1 only (Fig. 3D to F),
confirming the primary role of RRM1. The Kd of the RRM1–
AU-3 complex was estimated to be over 100 mM. Shifted bands

FIG. 1. Analysis of HuD binding to different AU-rich RNA targets. (A to D)
Increasing concentrations of HuD were equilibrated with different targets and
analyzed by gel shift assays. The protein concentration in nanomolar units is
given below each gel. p and P-, complex and probe (free RNA), respectively. (E)
The data from panels A to D were quantitated and plotted as the percentage of
RNA bound versus the protein concentration.

FIG. 2. Analysis of HuD binding to nonamer repeats of different lengths.
Increasing concentrations of HuD were equilibrated with RNA targets contain-
ing nonamer sequences ranging in length from a single nonamer to two linked non-
amers. Gel shift assays were quantitated and the data were plotted as in Fig. 1.
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were also seen with 5 mM RRM2 or RRM3 upon prolonged
exposure of the gels. Although the low amount of signal made
it difficult to determine the affinity, we estimated that the Kd
was at least 1 mM. The weak binding of RRM2 and -3 does not
appear to be specific for AU-3 RNA, since at comparable
concentrations, these RRMs also bind to RNAs lacking
AUUU sequences (data not shown). Our analysis of the dele-
tion mutants (see Fig. 5) suggests that RRM1 is critical for
AU-rich RNA binding but that at least one additional RRM is
required to achieve a Kd in the nanomolar range.

RRM2 and RRM3 stabilize the RNA-protein complex. The
gel shift data above show that RRM2 and -3 can be individually
deleted without markedly affecting equilibrium binding to
AU-3 RNA. This might suggest that they play a minor role in
RNA binding. However, all three RRMs are highly conserved.
In addition, removal of RRM3 has been shown to profoundly
affect the biological activity of members of the Hu protein
family (2, 19). We reasoned that loss of RRM2 or -3 might
affect the kinetics of complex formation. To address this ques-
tion, we analyzed the interaction of HuD and mutants lacking
the individual RRMs with AU-3 by surface plasmon resonance
using a BIACORE X. The sensorgrams for HuD, injected over
an AU-3 RNA surface, are shown in Fig. 4A. A single-site
interaction model, including a term for mass transport, pro-
vided an excellent fit to the binding data, yielding an associa-
tion rate (ka) of 4.21 3 106 M21 s21, a dissociation rate (kd) of

3.05 3 1023 s21, and a resulting Kd of 0.7 nM (Table 2). The
fact that this value is lower than that obtained by gel shift
analysis is probably due to technical differences. While associ-
ation and dissociation are observed in real time when the
BIACORE is used, equilibrium measurements obtained by gel
shifts rely on the maintenance of the intact complex. However,
the complex might (partially) dissociate during gel loading or
running, in which case the affinity would be underestimated
(see Discussion). Interestingly, analysis of the interaction be-
tween AU-3 and the mutant lacking RRM3 showed a pro-
nounced change in the kinetics of complex formation to higher
association and dissociation rates (Fig. 4B; Table 2). Addi-
tional removal of the hinge region from the RRM1121h mu-
tant led to a further change in the kinetics of binding (Fig. 4C;
Table 2). While the HuD complex dissociates relatively slowly
with an estimated half-life of approximately 4 min, the half-life
of the RRM1121h complex is less than 16 s and that of the
RRM112 complex is less than 4 s. Deletion of RRM2 causes
kinetic changes comparable to those caused by deletion of
RRM3 (Fig. 4D; Table 2), suggesting that RRM2 and -3 play
similar roles in binding. The increased dissociation rate of
these mutants can be explained by possible contacts of RRM2
and -3 with the RNA, which are lost upon removal of the
RRMs. However, this enhanced dissociation rate is accompa-
nied by an increased association rate, suggesting that the mu-
tants can bind more easily to the RNA. The likeliest explana-
tion for this observation is that a change in tertiary structure
may accompany binding of HuD to AU-3 and that the mutant
proteins are less restricted and can therefore bind more readily
to the RNA. In contrast, deletion of RRM1 causes a decrease
in the association rate and a strong increase in the dissociation
rate, as would be expected when a domain critical for binding
is removed. We conclude that RRM2 and -3 are functionally
distinct from RRM1 and that the hinge region and RRM2 and
-3 play a role in stabilizing the RNA-protein complex, possibly
by mediating a change in tertiary structure. Our analyses em-
phasize the importance of taking binding kinetics into account,
since the remarkable kinetic effects of the mutants would have
gone undetected by relying on equilibrium analysis alone.

DISCUSSION

Our results demonstrate that HuD binds tightly and specif-
ically to the sequence UU(AUUU)3AUU, which is known to
be a very potent mRNA instability element. This motif and
variations thereof are found in ubiquitous mRNAs such as
cytokine mRNAs, immediate early proto-oncogene mRNAs,
and cell cycle-regulatory mRNAs (9). They are also found in
transcripts relevant to neuronal signaling and/or differentia-
tion, such as c-fos and other immediate early genes that are
induced upon neuronal stimulation (reviewed in reference 20)
and neuritin mRNA, which encodes a protein that promotes
neuritogenesis and which contains a perfect AU-3 sequence in
its 39 UTR (42). AU-rich instability elements are thought to
mediate two steps in mRNA decay: the loss of the poly(A) tail,
which is the first and rate-limiting step in this decay pathway,
and the subsequent destruction of the mRNA body (reviewed
in references 12 and 46). Proteins that bind to these sequences
have the potential to promote or prevent mRNA decay. Re-
cent studies involving the overexpression of Hu proteins sug-
gest that increased expression of these proteins is associated
with mRNA stabilization and could be involved in proto-on-
cogene deregulation in cancer (10, 11, 19, 31, 44, 55). In con-
trast, overexpression of AUF1 (also known as hnRNP D), an
AU-rich binding protein isolated through work with an in vitro
mRNA decay system (57), appears to promote decay (29, 33).

FIG. 3. Analysis of binding of HuD deletion mutants to AU-3 RNA. (A to F)
Increasing concentrations of HuD or deletion mutants were equilibrated with
AU-3 RNA and analyzed by gel shift assays. The protein concentration is given
below each gel. p and P-, complex and probe (free RNA), respectively. (G) The
gel shift data were quantitated and plotted as in Fig. 1. The graph includes data
from RRM112 and dNterm binding reactions (gels not shown) and HuD bind-
ing reactions (Fig. 1) for comparison.

4768 PARK ET AL. MOL. CELL. BIOL.



It has been suggested that Hu proteins might compete with
AUF1 for binding to AU-rich sequences and that the identity
of the bound protein might determine the fate of the mRNA.
If such a competition for binding actually takes place inside the
cell, issues of affinity and kinetics are of prime importance. For
example, replacement of an Hu protein on mRNA by AUF1
would require that the Hu protein dissociate from the RNA
and would depend on the relative concentrations of the two

proteins and their respective affinities. For this reason, it is
essential to study not only the equilibrium binding affinities of
Hu-RNA complexes but also the kinetics of complex forma-
tion. This will increase our understanding of how Hu proteins
might compete with other AU-rich-RNA-binding proteins and
will be crucial for dissecting the exact mechanism of RNA
recognition and binding.

A previous study, which identified HuD RRM1 and RRM2

FIG. 4. Kinetic analysis of HuD-RNA interactions. The binding of wild-type HuD and RRM mutants to an AU-3 RNA target surface is shown. Black lines represent
the binding responses for three replicate injections of each protein at 1.2, 3.6, and 11 nM over the RNA surface. In order to detect the much weaker binding of
RRM21h13, the concentrations represented in panel E were 3.6, 11, and 33 nM, and threefold more RNA was used for coating. Protein was injected at time zero
and exposed to the surface for 120 s (association phase), followed by a 3-min flow of running buffer during which dissociation could be observed. Red lines represent
a global fit of each data set to a single-site interaction model including mass transport. The resulting parameter values are given in Table 2.

TABLE 2. Kinetic values for complexes of HuD and mutants with AU-3 RNA

Fig. 4 panel Protein ka (M21 s21) kd (s21) Kd (nM)

A HuD (4.21 6 0.12) 3 106 (3.05 6 0.047) 3 1023 0.7 6 0.02
B RRM1121h (15.0 6 0.13) 3 106 (43 6 0.5) 3 1023 2.9 6 0.04
C RRM112 (34.9 6 0.49) 3 106 (190 6 3.4) 3 1023 5.4 6 0.12
D RRM11h13 (11.4 6 0.07) 3 106 (108 6 1) 3 1023 9.4 6 0.1
E RRM21h13 (0.20 6 0.02) 3 106 (310 6 15) 3 1023 1,550 6 17
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as critical for binding to AU-rich sequences derived from the
c-fos mRNA 39 UTR, reported that RRM2 alone could bind as
well as RRM1 to the c-fos 39 UTR (14). However, our data
(summarized in Fig. 5) show that RRM2 binds much more
weakly than RRM1, suggesting that the role of RRM2 is sec-
ondary to that of RRM1. This conclusion is supported by
binding experiments with HuD mutants lacking RRM1 or
RRM2. Deletion of RRM2 only marginally reduces the affinity
for the AU-3 target, while deletion of RRM1 causes a pro-
found change in the shifted pattern and a strong loss in affinity.

Two reasons could explain why our results do not agree with
previously published HuD data. First, the borders of the
RRM2 fragments used for the studies are not identical. Our
RRM2 fragment is eight amino acids shorter at the N-terminal
end than the RRM2 fragment in the previous study. However,
our RRM2 fragment does include the full RRM motif and
does show weak binding to AU-3 RNA at high concentrations.
Secondly, the RNA targets are different, since we used small,
well-defined repeats of the nonamer sequence, while the other
investigators used a 214-nucleotide fragment from the c-fos 39
UTR. The c-fos fragment contains a variety of sequences and
might allow RRM2 binding through interactions with parts of
the mRNA outside the AU-rich element. It is noteworthy that
our results closely resemble those obtained in a study of HuC
binding to a 27-nucleotide in vitro-selected AU-rich RNA (1).
In this HuC study, RRM1 was determined to be the major
RNA-binding determinant, but strong binding was seen only
when RRM2 was added. A mutant lacking RRM2 but contain-
ing RRM3 (our RRM11h13) was not tested in previous HuD
or HuC studies. The RNA-binding ability of Hel-N1 has also
been studied by deletion analysis (30). The RNA target used
was a large fragment of the c-myc 39 UTR, which was not
bound by Hel-N1 fragments consisting of RRM1 alone or
RRM1 and part of RRM2 (an RRM112 clone was not tested)
but only by a fragment consisting of RRM3. This led some
investigators to conclude that RRM3 encodes AU-rich-RNA-
binding activity. However, the strong conservation among the
three neuronal Hu proteins suggests that this is unlikely. Bind-
ing of RRM3 to sequences other than AU-rich elements (such
as an A-rich tract) could have resulted in binding of Hel-N1
RRM3 to the c-myc UTR, and the AU-rich affinity of the two
N-terminal RRMs may have been missed because the clone
was not complete. It would be useful to test the RNA-binding
specificity of a Hel-N1 RRM112 clone to resolve this issue.

It is of interest that binding of HuD to AU-3 with a nano-
molar affinity is achieved only in the presence of RRM1 with at
least one additional RRM. A similar phenomenon is observed
with many multi-RRM proteins. For example, in Sx1 (49),
hnRNP A1 (51), poly(A)-binding protein (7), nucleolin (50),

SF2 (also known as ASF) (8), and U2AF (56), binding by a
single RRM is much weaker and/or less specific than binding
by a combination of two or more RRMs. Of the multiple
RRMs these proteins contain, one is often found to confer the
predominant RNA-binding activity and/or specificity (e.g.,
RRM2 in hnRNP A1 [51], RRM2 in poly(A)-binding protein
[17], RRM1 in nucleolin [50]). Thus, our HuD results fit the
idea that tight and specific binding is usually not achieved with
a single RRM domain. What is new about our observations is
that the different RRMs appear not only to play a role in
increasing specificity and affinity but also to be able to change
the kinetics of complex formation. Perhaps stabilization by the
third RRM occurs by locking the RNA-bound complex in a
stable three-dimensional structure. Achieving this structure
would slow association, but once achieved, the structure would
be quite stable. This is exactly what we observe when compar-
ing the kinetics of the full-length protein with those of mutants
lacking RRM2 or RRM3. Our results indicate that all three
RRMs are required and that in contrast to previous sugges-
tions (14), RRM3 is not dispensable for binding.

The importance of RRM3 is shown by experiments demon-
strating that HuR lacking the C-terminal RRM cannot stabi-
lize RNA when transfected into tissue culture cells (19) and
that the RRM3 fragment of HuC or Hel-N1 can act in a
dominant negative fashion to prevent Hu protein-induced dif-
ferentiation of PC12 cells (2). A possible regulatory function of
RRM3 might be linked to its ability to bind to long poly(A)
tracts (1, 35). If the presence of Hu proteins is correlated with
increased mRNA stability, one would expect these proteins to
be bound to newly made mRNAs with long poly(A) tails. Such
binding could be enhanced by RRM3, whose bond with the
poly(A) tail could stabilize the interaction of the two N-termi-
nal RRMs with the AU-rich tract. Loss of the poly(A) tail (the
first step in decay) might then be followed by release of the Hu
protein, allowing a destabilizer protein (e.g., AUF1) to bind
and mediate the next decay step. These ideas suggest that
studying the effect of poly(A) tracts on the kinetics of AU-rich-
RNA binding is highly relevant. Such studies are in progress.

Our observation that the effect of certain deletions on bind-
ing is not detected using equilibrium binding analyses such as
gel shift assays reinforces the concept that the study of RNA-
protein interactions must be expanded to include analyses of
the kinetics of complex formation. A further caveat of gel shift
assays is that they depend on the detection of complexes
formed in equilibrated binding assays. Even though the “caging
effect” is thought to prevent complexes from dissociating after
they have entered the gel, complexes could dissociate during
loading (although samples were loaded on a running gel to
minimize this possibility). Because of this, complexes that as-
sociate slowly and/or dissociate quickly may not be fully de-
tected. In contrast, binding in the BIACORE is recorded in
real time, allowing the process of complex formation to be
visualized. We note that, in spite of these differences, the
rankings of the affinities of the full-length protein and deletion
mutants obtained by gel shift analysis and the BIACORE are
consistent.

The studies of the interaction between HuD and AU-rich
mRNA described here form a solid basis for establishing a
deep understanding of the dynamic process of RNA recogni-
tion by Hu proteins, as well as by multi-RRM proteins in
general. As mentioned above, RNA-binding proteins contain-
ing multiple RRMs abound (54). While the role of the different
RRMs has been studied for several of these proteins using
equilibrium analyses and the cocrystal structure of the RNA–
multi-RRM protein complex has been elucidated in two cases
(18, 23), the mechanisms of complex formation remain largely

FIG. 5. Comparison of equilibrium binding affinities of HuD and deletion
mutants for AU-3 RNA. Names of clones and residues present are given at left.
Kd values as determined by gel shift analyses are given at right. No error margin
was given for the RRM1, RRM2, and RRM3 values, since binding was too weak
to allow an accurate estimation of the Kd. p, value based on quantitation of RNA
trapped in the slot. Since it is unclear whether this represents true RNA-bound
complex, the actual affinity may be much weaker.
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unknown. Kinetic studies like those described here will be
critical for understanding how the dynamics of the interaction
and the interplay between the different RRMs allow these
proteins to recognize and trap their RNA targets. Kinetic ef-
fects could play a role in RNA binding by many multi-RRM
proteins and may influence the competition between proteins
for RNA-binding sites and the ability of RNA-bound proteins
to be transported intracellularly.
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