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ABSTRACT

The Elav-like proteins are specific mRNA binding
proteins which are required for cellular differentiation.
They contain three characteristic RNP2/RNP1-type
RNA binding motifs. Previously we have shown that
the first and second RNA binding domains bind to
AU-rich elements in the 3 '-UTR of mRNA. In this paper
we show that the Elav-like proteins exhibit poly(A)
binding activity. This activity is distinct from poly(A)
binding activities that have been previously described.
The Elav-like proteins specifically bind to long chain
poly(A) tails. We have shown that the third RNA
binding domain encompasses this poly(A) binding
activity. Using poly(A)-Sepharose beads in a ‘sand-
wich’ assay we have shown that the Elav-like proteins
can bind simultaneously to the AU-rich element and to
the poly(A) tail.

INTRODUCTION

MRNAs that contain these elements have a very short half-life
and are usually present at a very low steady-state level. The level
of these mMRNAs can be dramatically increased by factors that also
bind to the AU-rich elements and inhibit the degradative activity.
Recent evidence has indicated that the Elav-like proteins are such
factors and selectively inhibit the decay of mMRNAs that contain
AU-rich elementsZ0-23). In previous studies we have shown
that the first and second RRMs of HuD and HuR bind specifically
and with high affinity to AU-rich elementg,(6). In this paper

we show that these Elav-like proteins also bind to the poly(A) tail
of MRNA. This is mediated by the third RRM and may promote
an interaction between AU-rich elements and the poly(A) tails of
mRNA.

MATERIALS AND METHODS

Materials

HuR, HuD and deletion mutants of HuD were purified as GST

fusion proteins as previously describéd 6). Poly(A)-Sepharose

4B and Sepharose 4B were from Pharmacia. BA 85 nitrocellulose
filters were from Schleicher & Schuell. RNase T1 was obtained

The Elav-like proteins are a group of closely related RNA bindinfom Calbiochem. Poly(A), poly(G), poly(U) and poly(C) were
proteins that were first described Dmosophila (1). Recently,  from Sigma.

Elav-like genes have been cloned from higher organi&r. (

There are four members of the human family, HuD, HuC, Hel-NPreparation of RNA transcripts

and HuR 8-5,7). HuR is expressed at the RNA level in all

proliferating cells, whereas HuD, HUC and Hel-N1 are normallYa-32P]ATP or £2P]GTP and were gel purified before us€)(

ﬁﬁﬂgﬁﬁigrﬁg etrir(r;'tr;‘?ls galmfr;eilri g?:%?g;{gj;ﬁ?i }e%)t s-!—r?:e th The specific activity of these transcripts is expressed as c.p.m./
: ; . X . ol nucleotide. The'3nyc and 3myc(A)g7 transcripts were
are tumor antigens associated with a wide variety of hum%\@ived fromAfil] andHinc)jllll digests )(;f(pl\)/zls;CS@, agﬁ‘t of Dr

tumors. 6,11,12). The Elav-like proteins contain three highly Gary Brewer 24). The 3 myc(l) transcript was derived from a

e o e o s 4 e S st of piYcSD, The 3 myc() ranscrtwas derved
(3,4,7,13). A significant insight into the mechanism of action of d;gggw g}gsrséfépf,'\_ﬂA\/gS %ﬁgmpew ?rso?;}/ﬁ,stﬁgggraﬁ:d

these proteins was provided by the observation that th? )g7 transcript was derived fromHindill digest of pSD, also

specifically bind to AU-rich elements in thé-uhtranslated a aift of Dr Garv Brewer. Pol was hvdrolvzed with
region (UTR) of mRNA. {,13-17). These AUich elements 2 o e S Sl using e bl?i?nvase A
were originally characterized by Shaw and Kamen, who were tfi

first to show that the AU-rich element in tHelBTR of GM-CSF %ecmc activity of 1x 10° c.p.m./pmol ends and gel purified.
MRNA regulates its expression at the post-transcriptional lev
(18). The current model is that the AU-rich elements ar
recognized by a specific endonuclease, which cleaves tleeaction mixtures (0.02 ml) contained 50 mM Tris, pH 7.0,
transcript and renders it acessible to an exonuclé&seThus, 150 mM NacCl, 0.25 mg/mI BSA, 0.25 mg/mltRNA, radiolabeled

RNA transcripts were synthesized from plasmid DNA using

Nase T1 selection assay
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Figure 1. The structure of the c-my¢-BTR and of the RNA transcripts used in this study.Hex1 and Hex2 indicate the hexanucleotide poly(A) addition signals

for the minor and major transcripts respectively. The major transcript is shown. AU1 and AU2 denote the HUR and HuDdsndlimg gien squares indicate the

Sp6 promoter element8)The sequence of Biyc(A)g7. The shaded boxes indicate the binding sites for HUR and HuD. The Hex1 and Hex 2 poly(A) addition signals
are indicated by the enclosed boxes of AAUAAA.
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Figure 2. HUR binds to the AU-rich elements and poly(A) tail afc(A)g7. (A) 32P-Labeled 3myc(A)g7 RNA (14 fmol, 1x 10 c.p.m./pmol GMP) was incubated

with the indicated concentrations of HUR and GST aC3or 10 min. After treating the reaction mixture with RNase T1 the reaction mixtures were filtered through
nitrocellulose. RNA fragments bound to the nitrocellulose were extracted and electrophoresed in a 12% acrylamide—8 Mneca sfebws the T1 digest of the
transcript prior to selectiorB] The indicated2P-labeled RNAs (20 fmol,  10* c.p.m./pmol AMP) were incubated with HUR af&7for 10 min. In the first and
second panels the concentration of HuR was 5, 10, 20, 50, 100 and 200 nM in lanes 1-6 respectively and the GST conse2fatibh Wnethe third panel the
concentration of HUR was 20, 50, 100, 200, 500 and 1000 nM in lanes 1-6 respectively and the GST concentration was 1088atibh Tiietures were treated

with RNase T1 and selected as described above. In each panel lane T shows the T1 digest of the transcript prior theeleatiant [daded corresponds to 50%

of the transcript used in the selection.

RNA and purified HUR as indicated. After 10 min incubation alNitrocellulose filter binding assay

37°C, RNase T1 (5 U) was added and the reaction continued for

a further 10 min. The mixtures were diluted 1:6 with buffer F ) . , ,

(20 mM Tris, pH 7.0, 150 mM NaCl) and filtered through Reaction mixtures (0.02 ml) contained 50 mM Tris, pH 7.0,
nitrocellulose (BA 85; Schleicher & Schuell). After washing thel50 MM NaCl, 0.25 mg/ml BSA, 2jfg/ml tRNA, labeled RNA
nitrocellulose twice with buffer F, the bound RNA was eluted byand purified protein as indicated. After 10 min incubation &€37
pheno|/ch|0r0form extraction. The resultant RNA was mixedhe mixtures were diluted 1:6 with buffer F and filtered through
with formamide buffer, denatured at%5for 3 min and analyzed hitrocellulose (BA85; Schleicher & Schuell). After washing the
by 12% polyacrylamide—urea gel electrophoresis. The gel wéier twice with buffer F, bound radioactivity was determined by
fixed with 1:1:8 acetic acid:methanol:water, dried on DE-81Cerenkov counting. Each point is corrected for the amount of
paper with a backing of gel drying paper and exposed to tHeNA bound in the absence of protein, which is usually <1% of the
XARS film at —=70°C overnight. input.
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RESULTS

The Elav-like proteins bind to AU-rich elements and to 16
poly(A) L 1l

L wT
We have previously shown that the human Elav-like proteins binc A, S ¥ i,
specifically to the 3UTR of c-myc mRNA {,16). Using RNase /
T1 selection analysis we discovered that thengc mRNA
contains two independent HUR binding sites that we have labele
AUL and AU2 (see Figl). The two sites were confirmed by
RNase T1 selection analysis of transcriptsm®c(l) and 3
myc(ll) (Fig. 1). In view of the relationship betweeen mRNA
decay and polyadenylatiof4), we decided to examine interac-
tion of the Elav-like proteins with a polyadenylated transcript.
Using pMycSD} and P2P]JGTP we synthesized a c-myc transcript
that contained a poly(A) tail of 87 nt. The HuR binding sites on
this transcript were assayed by the RNase T1 selection @gsay (
As expected, HUR bound specifically to the AU1 and AU2 sites. b I B &
(Fig. 2A, lanes 1-4). We were surprised, however, to observetha g . . . f \
a larger band was also selected (Efg.lanes 3 and 4). This band al
was the same size as thegfagment present in the total RNase | A,
T1 digest of the transcript [the (#)fragment is labeled by virtue il g e
of a G residue in the restriction site at the end of the template D 2 4 B 8 10
DNA]. Thus we concluded that HUR exhibits a poly(A) binding Miganion 5 Btarkae: (el i)
activity. This activity was intrinsic to the HuR protein, as no
fragments were selected by high concentrations of GST. We next
determined whether HUR could directly bind to poly(A). Using Figure 3. Size selection analysis of poly(A) binding activitg) (Poly(A) of
the pSD plasmid (see Fid.) we synthesized the (gytail itself. 600 nt (average size) was cleaved with dilute alkali and labeled to yield a
To increase the sensitivity of the assay we labeled the transcrigtgiform size distribution from 24 to 800 nt. This population of poly(A) was then
with [32P]ATP. Figure2B shows that HUR bound to () even  |aeled at the’send using ATP and T4 kinase. T¥-labeled poly(Als-soo
. . 50 fmol, specific activity 1.% 10° ¢.p.m./pmol) was then incubated with GST
!n the absence of the_ Apl a”q _AU2 _s@es. Thus HUR. has HuR (200 nM) at 37C. After 10 min the protein-bound poly(A) was selected
independent poly(A) binding activity. It is important to point out by absorption to nitrocellulose, eluted and electrophoresed in a 6% acryl-

that HUR exhibits a significantly lower affinity with (dgthan  amide—8 M urea gel. The labeled polyf4Jgoois shown in lane P. The selected
with the AU1 and AU2 elements. products after incubation with no protein, GST or HuR protein are shown in
lanes 1-3 respectively. A marker digestio€174 DNA is shown in lane M.
A guantitative analysis (by scanning in a Phosphorimager) of lanes P and 3 is

Characterization of the poly(A) binding activity shown in B) and () respectively.

Radioactivity (phosphor units)
L=
8]
B
o
o
b=

= W ELEEIE TLTm

Next we investigated the properties of the poly(A) binding

activity in more detail. We were surprised to observe that HUR did

not bind to poly(A3o. Thus we investigated whether HUR had aapparenKy for poly(A)soo is 146 nM. As before, the intrinsic
requirement for longer poly(A) tails. End-labeled poly(A) of nature of these activities is indicated by the lack of reactivity with
uniform size distribution was prepared and incubated with HURSST (Fig.4B). There is also little difference in binding between
or GST. The bound poly(A) was selected by nitrocellulos& myc and 3nyc(A)g7 (Fig.4B). Thus the AU-rich elementis the
filtration and analyzed by gel electrophoresis. Fi@ugieows that  primary determinant of HuR binding. Next we examined the
binding was first detectable with poly(&) was half-maximal specificity of the poly(A) binding activity. We investigated
with poly(A)1g0 and saturated at poly(dgp This result was whether the HuR—poly(A) complex could be displaced by other
confirmed by purification of poly(A) of defined size and homopolymers. FiguredC shows that the HuR—poly(4y)
determination of their binding affinity. As in previous studies, thecomplex was displaced by poly@y) (50% displacement at 0.2
interactions between the Elav-like proteins and RNA werenolar excess) and to a lesser extent by polyss§50%
guantitated using a nitrocellulose filter binding assg¥6). A displacement at 0.8 molar excess). Neither pobgdJ§50%

low concentration of labeled RNA was incubated with increasindisplacement at 32 molar excess) nor polyggino displace-
concentrations of HUR. The reaction mixtures were filterednent at 1000-fold molar excess) significantly displaced the
through nitrocellulose and the bound radioactivity determinedduR—poly(Ax7 complex.

As predicted from the selection analysis, virtually no complex

was formed with poly(Ado (Fig. 4A). Increasing reactivity was The poly(A) binding activity is resident in the third

observed with poly(A)o poly(A)1soand poly(Aroo reaching  pna binding domain
saturation at poly(Apo A plot of log[complex/free poly(A)]

versus log(HUR concentration) revealed a straight line in eadfhe most striking and unique structural feature of the Elav-like
case (Fig4A). This suggested a simple interaction with little family of proteins is the presence and organization of the three
cooperativity. The affinity of HUR for poly(A) is significantly less putative RNA recognition motifs (Fip). In each case the two
than that for the AU-rich elements. This is quantitatively showtandemly arranged RNA recognition motifs are connected to the
in Figure4B. The appareriy for 3 myc is 4 nM, whereas the third RNA recognition motif by a highly basic segment that we
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Figure 4. (A) The affinity of HUR for poly(A3o, poly(A)100 Poly(A)150 POly(A)200 POlY(A)300and poly(Axoo RNA—protein complex formation was assayed by
nitrocellulose filtration. An aliquot of 14 fmol each RNA (specific activity 2 1P ¢.p.m./pmol) was incubated with the indicated concentration of HuR for 10 min
at 37C. (i) Plot of percentage RNA bound versus log HUR concentration. (ii) Plot of log complex/free RNA versus log HUR conc@)tiidi® affinity of HUR

for 3 myc, 3 myc(A)g7and (Agoo RNA-protein complex formation was assayed by nitrocellulose filtr&8Br.abeled 3myc(A)g7, 3 myc (9 and 13 fmol, specific
activity 1x 10% c.p.m./pmol AMP) and (Ao (14 fmol, specific activity 1.k 10 c.p.m./pmol) were incubated with the indicated concentration of HUR and GST
for 10 min at 37C. (C) Competition analysis of poly(A) binding activity. RNA binding was determined by nitrocellulose filtratiogz[§28)fmol, specific activity

1 x 10* c.p.m./pmol) was incubated with 200 nM recombinant HuR and the indicated molar excess ogIFMN(Goo Poly(Usoo and poly(Cyoo Eight
femtomoles of p(Ag7 were bound in the absence of competitor and set as 100%.

have termed the ‘basic segment’. We have previously shown thghe Elav-like proteins bind simultaneously to the
the first and second RRMs of HuD are necessary and sufficieAt)-rich element and the poly(A) tail of mMRNA
for binding to AU-rich elementd.6). We now sought to establish

which domains are involved in poly(A) binding activity. We used\ext we investigated whether the Elav-like proteins can contact
the mutant constructs derived from HUIB(Fig.5). HUD bound  photh sites simultaneously. To examine this, we bound HuR to
to the ARE and poly(A) tail of 2-myc(Ak7 (Fig.5, lane 2). The  poly(A)-Sepharose beads (HUR/pA-S4B beads), removed un-
first and second RNA binding domains (HuD 1,11) did not bind tohound HuR by washing and then examined the ability of the beads
the poly(A) tail. Although HuD LI does bind to AU-rich to bind the AU-rich element. Figuiesshows that the labeled 3
elements, it does so with significantly lower affinity (the apparentyc transcript bound to poly(A)-Sepharose beads preincubated
Kg for HUD is 16 nM, whereas the apparggtfor HUD LIl is  with HUR (HUR/pA-S4B beads) but not to poly(A)-Sepharose
125 nM) (16). Thus, at the concentration used here, little or n@eads preincubated with GST (GST/pA-S4B beads). The amount
binding to the AU1 and AU2 elements was anticipated. Imf transcript bound increased with increasing concentration of
contrast, the third RNA binding domain (HuD I1I) bound avidly HuR. The labeled'3myc transcript did not bind to Sepharose
to the poly(A) tail (Fig5, lane 4). Thus we concluded that the firstbeads that were preincubated with HUR (HUR/S4B beads). This
and second RNA binding domains interact with AU-richis a difficult experiment to perform since the off-rate of the
elements whereas the third RNA binding domain interacts withiluR—poly(A) complex is fast. Thus the demonstration that 10%
the poly(A) tail. of the myc transcript can be simultaneously bound at saturating
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Figure 6. HUR binds to poly(A) and ARE simultaneously. Sepharose 4B and
poly(A)-Sepharose 4B beads were preincubated with the indicated concentra-
tion of HUR in a 5Qul reaction containing 50 mM Tris—HCI, pH 7.0, 150 mM
é E' ]3“ ]‘:I ;'|> NaCl, 2.5ug tRNA/mI, 250ug BSA/ml and 0.01% NP-40. The mixture was

shaken at room temperature for 1 h. The beads were spun down and the
supernatant removed. The beads were washed witll #&&h buffer (50 mM
Tris—HCI, pH 7.0, 150 mM NaCl, 0.01% NP-40). The washed beads were then

Figure 5. Analysis of RNA binding domainsAj Structure of the mutant Hup ~ 'eésuspended in 5l containing 50 mM Tris—HCI, pH 7.0, 150 mM NaCl,
derivatives. The residues of HuD contained in each construct are as follows:2->Hd (RNA/mI, 250ug BSA/ml and 0.01% NP-40 and 8myc RNA
PGEX-HUD 1,lI, 2-216; pGEX-HuD Ill, 279-373BJ The purified HuD transcript (50 fmol, specific activity 5:0103 c.p.m./p_mol AMI_D).The mixture
derivatives (200 nM) were mixed wifi#P-labeled 3myc(A)g7 (100 fmol was incubated at room temperature for 15 min with shaking. The beads were
specific activity 5« 103 ¢.p.m./pmol AMP). Following incubation at 32 for washed with 3 ml wash buffer (5Q0 each wash). Bound radioactivity was

10 min the reaction mixtures were analyzed by the RNase T1 selection assay€termined by Cerenkov counting.

HUR concentration is significant. We concluded that the Elav-likés surprising. Typically, proteins exhibit increased binding to
proteins can form a bridge between the poly(A) tail and thBolymers as aresult of protein—protein interactions. This does not

AU-rich element. appear to be the case with the Elav-like proteins. There is no
obvious cooperativity in their interaction with either short or long
DISCUSSION chain poly(A). Thus the possibility remains that the third RNA

binding domain recognizes a secondary or tertiary structure that
The Elav-like proteins, HuD, HuC, Hel-N1 and HuR, stabilizeis only evident in long chain poly(A).
specific MRNASs via an interaction with AU-rich elements in their The Elav-like proteins contain three RNA binding domains.
3-UTR (7,14-17,20-22). In this paper we have shown that HuD Previous studies have shown that the third RNA binding domain
and HuR proteins have an additional property, namely a novisl not required for AU-rich element bindintyd. This domain is
poly(A) binding activity. Recently (after this paper was submittedrucial, however, since mutation of Gly426 to glutamic acid in
for publication) the HuUC protein was also shown to have poly(AprosophilaElav leads to a temperature-sensitive phenoBfe (
binding activity 7). Thus this activity is probably a feature of all We have shown here that the third RNA binding domain contains
Elav-like proteins. This activity may not have been detected ithe poly(A) binding activity. The bifunctionality of the Elav-like
previous studies of Hel-N1 since poly(A) was used as proteins is not surprising. The first and second RNA binding
non-specific competitorl(7,28). The properties of the Elav-like domains are much more closely related in sequence to the
poly(A) binding activity are quite different from other poly(A) corresponding domains among different organisms than to the
binding proteins. The cytoplasmic poly(A) binding proteinthird RNA binding domain4,5-7,13). This supports the notion
(PABI) binds to (A)g and theKy does not significantly change that they have different functions.
with increased chain lengt29). The nuclear poly(A) binding  The demonstration of a poly(A) binding activity resident in the
protein (PABII) binds to an oligo(A) tail >10-11 nt and remainghird RNA binding domain of the Elav-like proteins has important
associated [in a complex with poly(A) polymerase] until the tailmplications for understanding their mechanism of action. Our
is elongated to a length of 250 B0). Thus these activities have current model is that binding of the Elav-like protein inhibits the
a minimal binding site of 10-15 nt, whereas the Elav-like proteinaction of a specific endonuclease that recognizes the AU-rich
prefer polymers >70 nt. The affinity of the Elav-like proteins forelement. Itis possible that effective inhibition of the endonuclease
poly(A) is relatively low [an appareitty of 146 nM for (Axod may require association of the Elav-like proteins with both the
compared with &4 of 5 nM for PABI £9,31) and &Kgof 2nM  AU-rich element and the poly(A) tail. This would ensure that
for PABII (32). The Elav-like poly(A) binding activity is, deadenylated message would not be stabilized. Alternatively, the
however, similar to both PABI and PABII in that its activity is Elav-like proteins may sequester the poly(A) tail of a target
displaced by a molar excess of poly(A) and poly(G) but nainRNA, with a consequent inhibitory effect on a poly(A)
efficiently by poly(U) or poly(C). The observation that theexonuclease activity. The poly(A) mRNA—protein complex
Elav-like proteins preferentially bind to long polymers of poly(A) described here and the recent development iof @tro system



that recapitulates the regulated turnover of mRNA) (may
provide a way to answer these questions.
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