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CPEB is an RNA binding protein that interacts with the maturation-type cytoplasmic polyadenylation
element (CPE) (consensus UUUUUAU) to promote polyadenylation and translational activation of maternal
mRNAs in Xenopus laevis. CPEB, which is conserved from mammals to invertebrates, is composed of three
regions: an amino-terminal portion with no obvious functional motif, two RNA recognition motifs (RRMs), and
a cysteine-histidine region that is reminiscent of a zinc finger. In this study, we investigated the physical
properties of CPEB required for RNA binding. CPEB can interact with RNA as a monomer, and phosphory-
lation, which modifies the protein during oocyte maturation, has little effect on RNA binding. Deletion muta-
tions of CPEB have been overexpressed in Escherichia coli and used in a series of RNA gel shift experiments.
Although a full-length and a truncated CPEB that lacks 139 amino-terminal amino acids bind CPE-containing
RNA avidly, proteins that have had either RRM deleted bind RNA much less efficiently. CPEB that has had
the cysteine-histidine region deleted has no detectable capacity to bind RNA. Single alanine substitutions of
specific cysteine or histidine residues within this region also abolish RNA binding, pointing to the importance
of this highly conserved domain of the protein. Chelation of metal ions by 1,10-phenanthroline inhibits the
ability of CPEB to bind RNA; however, RNA binding is restored if the reaction is supplemented with zinc.
CPEB also binds other metals such as cobalt and cadmium, but these destroy RNA binding. These data

indicate that the RRMs and a zinc finger region of CPEB are essential for RNA binding.

In many animals, maternal mRNAs that are synthesized and
stored in a translationally dormant form during oogenesis be-
come activated either upon reentry into the meiotic divisions
(oocyte maturation) or after fertilization. These mRNAs en-
code a number of important products such as those that drive
the early embryonic cell divisions, establish embryonic polarity,
and determine certain cell lineages (15, 40, 42). The transla-
tional repression/activation of maternal mRNA appears to be
quite complex and involves inhibitory (masking) cis elements
(10, 16, 32, 37), some clearly defined inhibitory proteins (4, 31),
positively acting cis elements (26, 33, 38, 41), and activator
proteins (14). In several cases, translational activation is not
direct but instead is mediated by changes in poly(A) tail length.
That is, in oocytes, several translationally dormant mRNAs
contain relatively short poly(A) tails, usually consisting of
fewer than 20 nucleotides. During oocyte maturation or early
embryogenesis, several specific mRNAs undergo poly(A) elon-
gation and resulting translational activation (15, 30, 42).

In maturing Xenopus oocytes, two cis elements located in the
3’ untranslated region (UTR) of target RNAsS, the cytoplasmic
polyadenylation element (CPE) and the hexanucleotide AAU
AAA, regulate poly(A) elongation. The CPE, which has the
general structure UUUUUAU, usually resides within 30 nu-
cleotides 5’ of the hexanucleotide but can be immediately ad-
jacent to the hexanucleotide, as in c-mos mRNA (UUUUAU

* Corresponding author. Present address: Department of Molecular
Genetics and Microbiology, University of Massachusetts Medical
School, 222 Maple Ave., Shrewsbury, MA 01545. Phone: (508) 842-
8921, ext. 340. Fax: (508) 842-3915. E-mail: joel.richter@banyan
.ummed.edu.

T Present address: Department of Biology, Boston College, Chest-
nut Hill, MA 02167-3811.

I Present address: Department of Molecular Genetics and Microbi-
ology, University of Massachusetts Medical School, Shrewsbury, MA
0154s.

685

AAUAAA), or even overlap with it, as in cyclin A1 mRNA
(UUUUUAAUAAA) (11, 39). All of these maturation-type
CPEs are bound by the protein CPEB, which is necessary for
cytoplasmic polyadenylation (14, 28, 39). Although the precise
function of CPEB is unclear, it may recruit or stabilize factors
on the hexanucleotide, such as CPSF (cleavage and polyade-
nylation specificity factor) (3), a group of four polypeptides
that is essential for nuclear pre-mRNA cleavage and polyade-
nylation. At least for nuclear polyadenylation, it is probably
CPSF that recruits poly(A) polymerase to catalyze poly(A)
addition. During maturation, cytoplasmic poly(A) addition, in
a mechanism as yet unknown, induces 5’ cap ribose methyl-
ation (i.e., cap II formation) (18). It is cap II formation, then,
that is at least partly responsible for translational activation
(18, 19).

Xenopus CPEB, a 62-kDa protein, is composed of three
regions. The amino-terminal portion (region 1) is conserved in
the mouse protein (13) but contains no known functional mo-
tif. Region 2 includes two RNA recognition motifs (RRMs)
that are conserved in Drosophila ORB (22) and three Caeno-
rhabditis elegans open reading frames (43), as well as in the
mouse protein (13). Region 3, which is also conserved in these
vertebrate and invertebrate proteins, is composed of a cys-
teine-histidine repeat that is similar to a metal-coordinating
region (2, 35).

In this report, we have examined the primary structure of
CPEB that is important for specific interaction with RNA.
First, we show that the phosphorylation of CPEB, which takes
place during oocyte maturation, enhances about twofold its
ability to be UV cross-linked to RNA (28). Using Escherichia
coli-expressed protein, we show that CPEB can bind RNA as a
monomer and that both RRMs, especially RRM1, are impor-
tant for RNA binding. In addition, the cysteine-histidine re-
gion is essential for RNA binding. Point mutations of specific
cysteine and histidine residues within this region abolish bind-
ing, thereby demonstrating the importance of these evolution-
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arily conserved amino acids. Chelation of metal ions also de-
stroys RNA binding by CPEB, but binding is restored by
subsequent addition of zinc. Other metals such as cobalt and
cadmium can be bound by CPEB, but these inhibit RNA bind-
ing, probably by altering the structure of the protein. There-
fore, CPEB contains three domains, two RRMs and a zinc
finger, that are crucial for RNA binding.

MATERIALS AND METHODS

RNA synthesis. Cloning and transcription details for the cyclin B1 clones were
described previously (39). Blwt was previously referred to as scyclin B1, and
Blcpel was previously referred to as scyclin BI/CPE1. Cloning and transcription
details for embryonic histone B4, previously referred to as sB4, were also de-
scribed previously (39). RNA transcripts were synthesized in vitro, using a kit
from Promega (Madison, Wis.). After transcription, the RNAs were electropho-
resed in 6% acrylamide-6 M urea gels and extracted in buffer containing 0.3 M
sodium acetate, 1 mM EDTA, and 0.1% sodium dodecyl sulfate (SDS).

Construction of full-length and mutant CPEB c¢DNAs. (i) Deletion mutations.
Plasmid pHis-CPEB (encoding H-CPEB) was constructed as described previ-
ously (39). Derivatives of pHis-CPEB containing selected portions of CPEB such
as the amino-terminal half (N region), RRM1, RRM2, and/or the cysteine-
histidine domain were constructed as follows. pN, encoding amino acids 1 to 288
of CPEB, was made by ligation of a Bg/II-BsgI**® (blunt ended) (superscript “v”
indicates that the restriction site is present in the vector polylinker; superscript
numbers indicate the restriction site location in CPEB cDNA) fragment from
pHis-CPEB into the pET15B vector (Novagen, Madison, Wis.) and then cut with
BipI (blunt ended) and Bgl/II. pNc/h contains only the N and cysteine-histidine
regions, with the intervening nucleotides encoding RRM1 and RRM2 (amino
acids 289 to 511) deleted. This construct was made by amplifying the cysteine-
histidine region (encoding amino acids 512 to 568) with 5’ primer 5'GTAGGC
CTTGGAAGACTCTGTTTGCCAG3' and 3’ primer 5'GAGGCCTTAGCTG
GAGTCACGACT3'. This amplification product was digested with Stul and
ligated, with the BglIIY-BsgI®*® (blunt) fragment isolated above, into BamHI
(blunt)- and Bgl/II-digested pET15B. pNr2c/h contains the N, RRM2, and cys-
teine-histidine regions and has a deletion of RRM1, which ranges from amino
acid 289 to 413. This clone was made by ligating two fragments from pHis-CPEB,
Bgl1I"-BsgI?*° (blunt) with Bsgl'3'3-4ar1l", into pET15B digested with Bg/IT and
AatIl. pNrlc/h contains the N, RRM1, and cysteine-histidine regions and has a
deletion of RRM2, which ranges from amino acid 431 to 511. This clone was
made by digesting pHis-CPEB with BamHI, removing the RRM2- and cysteine-
histidine-encoding nucleotides, and filling in the BamHI sites of the remaining
vector. The cysteine-histidine domain was reintroduced by ligation of the cys-
teine-histidine domain amplification product (see above) digested with Stul.
Clone pNrlr2 contains all of the CPEB coding region (amino acids 1 to 522)
except for the carboxy-terminal nucleotides that encode the cysteine-histidine
domain (amino acids 523 to 568). /2Nrlr2c/h contains amino acids 140 to 568 of
CPEB, with a deletion of nucleotides encoding the first 139 amino acids. This
clone was constructed by removing a 410-nucleotide Ncol fragment (Ncol'-
NecoI*?) from pHis-CPEB.

(ii) Point mutations. Point mutations within the cysteine-histidine domain
were made by using a Chameleon mutagenesis kit (Stratagene, La Jolla, Calif.)
as instructed by the supplier. The selection primer was located in the pHis-CPEB
polylinker, 5"CGACGACAAGGTCGACGATATGAATATGGCC3’, and
changed an Xhol site to a Sall site. This primer was used in conjunction with the
following point mutation primers to create new clones: C°*/A (5'GGGCCATT
CTTCGCCAGAGACCAGG3'), C**/A (5'TTTAAGTATTTCGCGCGCTCC
TGTTGGCACTGG3'), and H*/A (TGGCACTGGCAGGCCTCTATGGAA
ATC3').

Expression of CPEB in bacteria and their isolation. Expression of soluble
His-CPEB in E. coli and purification on a nickel column were performed as
described previously (39). Solubilization and purification of His-CPEB and de-
rivatives in the presence of 6 M urea were performed as described in the
Novagene pET system handbook. Eluted His-CPEB and derivatives were dia-
lyzed overnight at 4°C to 4 M urea-10 mM HEPES (pH 8.0)-1 mM dithio-
threitol, 100 mM KCIl-10% glycerol, aliquoted, and stored at —80°C until use.

Gel shift analyses. In a 20-pl reaction volume, 50 to 80 fmol of gel-purified,
radiolabeled RNA was incubated with 10 to 300 ng of His-CPEB or derivative
protein in block mix (10 mM HEPES-KOH [pH 7.7], 100 mM KCl, 1 mM MgCl,,
0.1 mM CaCl,, 10 mM dithiothreitol, 1 pg of tRNA, 2 ug of bovine serum
albumin, 8 U of RNasin [Promega]) and 5% glycerol for 20 min at 23°C. RNA
gel shifts with proteins isolated in the presence of urea also contained 1 M urea.
Heparin was then added to a final concentration of 5 pg/pl, and incubation
continued for a further 10 min. Samples were loaded onto a preelectrophoresed
4% polyacrylamide gel (80:1 acrylamide/bisacrylamide) and electrophoresed in
45 mM Tris-borate-1 mM EDTA buffer at 23°C for 15 min at 50 V and then at
200 V until the bromophenol blue dye reached the bottom of the gel. The gel was
dried briefly and exposed to a PhosphorImager screen (Molecular Dynamics).

A 1 M stock of 1,10-phenanthroline (Aldrich) was made with 100% ethanol,
and a 1 M stock of 4,7-phenanthroline (Aldrich) was made with 50% ethanol.
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FIG. 1. Phosphorylation of CPEB has a modest effect on RNA binding. (A)
A protein extract (30 ng) from stage VI oocytes (lane 1) and shed eggs (lane 2)
was resolved by electrophoresis, blotted to nitrocellulose, and probed with rabbit
anti-CPEB antisera and then horseradish peroxidase-labeled goat anti-rabbit
immunoglobulin G. The horseradish peroxidase was detected by enhanced
chemiluminescence. As noted previously (14, 28), CPEB is phosphorylated in the
egg, which slows its migration in an SDS-polyacrylamide gel. (B) To these same
extracts was added 3?P-labeled B4 RNA, which was followed by UV irradiation,
RNase digestion, and immunoprecipitation (IP) with CPEB antibody. Radioac-
tive CPEB was detected with a PhosphorImager. (C) One-half of a mature
oocyte extract was treated with potato acid phosphatase, and both untreated
(lane 1) and treated (lane 2) samples were Western blotted and probed with
anti-CPEB antisera. (D) One-half of an extract prepared from [**S]methionine-
labeled mature oocytes was treated with phosphatase, and CPEB was immuno-
precipitated from both untreated (lane 1) and treated (lane 2) samples and
resolved by SDS-PAGE and fluorography.

When used in gel shift analyses, reaction mixtures including block mix, protein,
and phenanthroline were incubated for 16 h at 23°C. Heat-denatured RNA was
then added, and the reaction mixture was incubated and analyzed as described
above. The overall percentage of ethanol was equalized in all reactions to control
for the phenanthroline vehicle.

UV cross-linking, immunoprecipitation, and Western blotting. UV cross-link-
ing and Western blot analysis were performed as described previously (14).
Immunoprecipitation of UV cross-link labeled CPEB was performed by incuba-
tion of a UV cross-linking reaction mixture containing 3.5 X 10° cpm of radio-
labeled B4 RNA and 72 pg of oocyte or egg extract with 25 wl of packed protein
A-Sepharose beads and 4 pl of crude anti-CPEB polyclonal antiserum in 500 .l
of 1X NET buffer (34). This reaction mixture was incubated for 1 h, rotating at
23°C. The beads were washed five times, each time with 1 ml of 1X NET. Fifty
microliters of 2X SDS sample buffer was added to the beads; the sample was
boiled and then analyzed by polyacrylamide gel electrophoresis (PAGE) and
exposure of the dried gel to a PhosphorImager screen.

In other experiments, oocytes were incubated overnight in medium containing
[**S]methionine (0.5 mCi/ml) and then induced to mature with progesterone. An
extract was prepared by homogenization in 2X PEM buffer [0.2 M piperazine-
N,N'-bis(2-ethanesulfonic acid) (PIPES, pH 6.6), 2 mM EGTA, 2 mM MgSO,],
which was followed by a brief centrifugation. Potato acid phosphatase was then
added as described previously (28), and CPEB was immunoprecipitated and
analyzed by SDS-PAGE and fluorography. Other mature oocytes were similarly
treated with phosphatase, and CPEB was analyzed by Western blotting.

RESULTS

Phosphorylation modestly increases CPEB cross-linking to
RNA. During oocyte maturation, CPEB becomes phosphory-
lated (14, 28), probably by p34<“2 (11). Although phosphoryla-
tion did not appear to affect the interaction of CPEB with
RNA (28), these experiments were performed before antibody
to the protein was available, and therefore it was not clear
whether possible changes in the level of CPEB could have
masked an altered binding affinity. Accordingly, protein ex-
tracts prepared from oocytes and ovulated eggs were probed
on a Western blot for CPEB (Fig. 1A). As shown previously,
egg CPEB had a reduced mobility relative to that from oocytes,
which is due to phosphorylation, and commensurately under-
went partial degradation (11, 14, 28). To these same extracts
was added CPE-containing **P-labeled RNA, which was fol-
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lowed by UV cross-linking, RNase digestion, and immunopre-
cipitation with CPEB antibody. Figure 1B shows that CPEB
was labeled in both oocyte and egg extracts, which again had a
decreased electrophoretic mobility. The quantification of the
amount of CPEB in Fig. 1A and the amount of CPEB UV
cross-linked to RNA in Fig. 1B demonstrates that the phos-
phorylation of CPEB results in a 2.3-fold enhancement of UV
cross-linking.

To determine whether the phosphorylation of CPEB affects
Western blotting or immunoprecipitation, two controls were
performed. First, one-half of a mature oocyte extract that con-
tained about 50% phosphorylated CPEB was treated with
phosphatase, and both treated and untreated samples were
analyzed by Western blotting (Fig. 1C). Although a single
dephosphorylated CPEB band is evident in the phosphatase-
treated sample (lane 2), the amount detected is nearly identical
to that in the untreated sample (both phosphorylated and
nonphosphorylated CPEB; lane 1). Thus, the phosphorylation
of CPEB has no effect on Western blotting. To assess whether
phosphorylation of CPEB affects immunoprecipitation, one-
half of a different mature oocyte sample containing [*>S]me-
thionine-labeled CPEB was treated with phosphatase, which
was followed by immunoprecipitation. Figure 1D demonstrates
that while the phosphatase correctly dephosphorylated CPEB,
this had no effect on the ability of this protein to be immuno-
precipitated (compare lanes 1 and 2). Therefore, phosphory-
lation modestly (2.3-fold) increases the ability CPEB to UV
cross-link to RNA.

CPEB can bind RNA as a monomer with a K, of 130 nM. To
determine whether CPEB binds RNA as a monomer or a
dimer, full-length (H-CPEB) and truncated (*2Nrlr2c/h) ver-
sions of CPEB were purified from bacteria as histidine-tagged
fusion proteins (Fig. 2A) and used in RNA gel shift assays (Fig.
2C). The truncated protein lacked 139 amino-terminal amino
acids, which we suspected would not be detrimental for RNA
binding (see below and Fig. 3). When used individually in RNA
gel shift assays with a small fragment of cyclin B1 RNA which
contains two CPEs plus the hexanucleotide (Fig. 2B, Blwt),
each protein bound both CPEs, as evidenced by two shifted
bands (the nature of complexes in Fig. 2C, lanes 2 and 3, is
indicated by a schematic to the left of lane 1). Because the
proteins differ in size, the magnitude of the shift was unique for
each protein. When the proteins were first mixed and then
added to RNA, five shifted bands were evident, four of which
corresponded to the original shifts observed with each protein
(lane 4). The new band (indicated by a schematic to the right
of lane 4) could be due to each protein binding a different CPE
on the same RNA or to a heterodimer between the proteins on
the same CPE. To distinguish between these possibilities, the
same experiments were performed with a small fragment of
histone B4 RNA (Fig. 2B, B4), which contains a single CPE
plus the hexanucleotide (Fig. 2C, lanes 5 to 9). Again, each
protein shifted the RNA uniquely, but in this case only one
shifted band was observed (lanes 5 and 6). Addition of both
proteins to the RNA resulted in the same shifted bands that
were evident when the individual proteins were used (lanes 7
and 8). This result suggests that the new shifted band observed
with Blwt RNA only when both proteins were present was due
to each protein occupying a different CPE on the same mole-
cule and demonstrates that CPEB can bind RNA as a mono-
mer.

The binding constant of CPEB was determined by gel shift
assays using a constant amount of RNA containing either one
or two CPEs and increasing amounts of CPEB. CPEB binds to
RNA with a K, of 130 nM (data not shown). Initial K, deter-
minations with Blwt RNA indicated that CPEB may bind
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B

Biwt 5'UGUUGGCACCAUGUGCUUCUGUAAAUAGUGUAUUGUGUUU
UUAAUGUUUUACUGG! CUCAUUUUAACAUG3"

B1 cpel 5' UGUUGGCACCAUGUGCUUCUGUAAAUAGUGUAUUGUGUUU
UUAAUGUUGGACUGGUUG GCG3'

B1cpe0d 5'UGUUGGCACCAUGUGCUUCUGUAAAUAGUGUAUUGUGUUY
GGGUGUUGGACUGGUUGGRAUAARLCG3 '

B4 5' AAUACAAGCUUAGGUUUUUAAUAGUUUAAUUCUAUA

EEDRRAGU3"

H-CPEB (pm) 0 1 0 1 101050
N rir2cth (pm) 0 0 1 1 01110
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FIG. 2. CPEB can bind RNA as a monomer. (A) Wild-type CPEB (H-
CPEB) and a deletion mutant CPEB (Y2Nrlr2c/h) lacking 139 amino-terminal
amino acids were expressed and purified from bacteria as histidine-tagged fusion
proteins. Both proteins contain two RRMs (RRM1 and RRM2) and a cysteine-
histidine (C/H) region. About one-half of the N region of CPEB has been
removed from the deletion mutant. (B) Sequences of the RNAs used in this
study. Blwt is a portion of the cyclin B1 RNA 3’ UTR containing two CPEs;
Blcpel is a similar portion of the cyclin B1 RNA 3’ UTR containing only one
CPE; Blcpe0 is a similar portion of the cyclin B1 3" UTR containing no CPEs;
and B4 is a portion of the 3" UTR of an embryonic histone containing one CPE.
CPEs are indicated in boldface. All RNAs contain a nuclear polyadenylation
hexanucleotide (boxed). (C) Wild-type and mutant versions of CPEB were in-
cubated individually or in combination with 50 fmol of radiolabeled Blwt RNA
containing two CPEs (lanes 1 to 4) or with 50 fmol of radiolabeled B4 RNA
containing one CPE (lanes 5 to 9); the resulting RNA-protein complexes were
resolved by electrophoresis in a nondenaturing acrylamide gel and visualized
with a PhosphorImager. Schematic representations of RNA protein complexes
are shown to the left and right of each panel. Symbols and abbreviations: solid
rectangle, AAUAAA; open oval, CPE; shaded oval, H-CPEB; shaded partial
oval, YaNrlr2c/h; pm, picomoles of protein.

cooperatively to RNA containing two CPEs. However, a Hill
plot of these data provided no evidence of cooperative binding
(data not shown).

RNA binding by CPEB is controlled by two RRMs and a
cysteine-histidine region. Using mutant recombinant proteins,
we analyzed the regions of CPEB required for binding with
RNA. Full-length and deletion mutant His-tagged CPEB pro-
teins were expressed from bacteria and purified. Figure 3A
depicts the salient features of these proteins visualized on a
Coomassie blue-stained SDS-gel (Fig. 3B). Three CPE-con-
taining RNAs, Blwt, Blcpel, and B4, were chosen for this
binding analysis to increase the likelihood that any CPEB-
RNA interactions would be detected. Figures 3C and D show
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FIG. 3. Mapping of the RNA binding domain: RNA gel shift analysis of CPEB deletion mutants. (A) Salient features of mutant CPEBs overexpressed in bacteria.
Nomenclature of the mutations refers to the regions of CPEB that are retained: N, amino-terminal half; r1, RRM1; r2, RRM2; c¢/h = cysteine-histidine-rich region.
(B) Coomassie blue-stained SDS-polyacrylamide gel of CPEBs used in RNA gel shift assays. Sizes of the protein standards are indicated to the right of the gel. (C) Gel
shift analysis of radiolabeled Blcpel RNA incubated with 0 or 1 pmol of various CPEBs. (D) Gel shift analysis of radiolabeled Blwt RNA incubated with 0 or 1 pmol
of various CPEBs. (E) Gel shift analysis of Blcpel RNA incubated with high concentrations (25 to 150 pmol) of various CPEB deletion mutant proteins. (F) Same
conditions as in panel E except that Blcpe0 RNA was used. Picomoles of each protein (pm protein) are indicated above each lane. #CPE’s, number of CPEs in the

RNA used.

that full-length CPEB efficiently bound to both transcripts
(lane 2 in each panel), but only when they contained CPEs
(lane 10 in each panel). CPEB protein Y2Nrlr2c/h, which
lacked 139 amino-terminal residues, also bound to both RNAs
with an efficiency similar to that of the full-length protein (Fig.
3C and D, lanes 3). However, CPEB proteins that lacked either
of the RRMs or the cysteine-histidine region failed to bind
either Blcpel or Blwt RNA (Fig. 3C and D, lanes 4 to 8).

To determine whether any of these mutant proteins at
higher concentrations could bind RNA, additional gel shifts
were performed with Blcpel and Blcpe0) RNAs. To obtain
higher concentrations of CPEB, the protein was solubilized
from pelleted material with 6 M urea and the subsequent gel
shift assays were performed in the presence of 1 M urea (Ma-
terials and Methods). The binding characteristics of CPEB
isolated from the soluble and insoluble fractions were virtually
identical (compare lanes 2 in Fig. 3D and 4D; also data not
shown). CPEB proteins that contained only one RRM (Fig.
3E, lanes 4 and 5) still retained the ability to bind Blcpel
RNA, but 7- and 400-fold, respectively, less efficiently than
full-length H-CPEB (Fig. 3E, lane 2). The RNA-protein com-
plex formed between Nrlc/h and Blcpel RNAs migrates more
slowly than the full-length H-CPEB-Blcpel RNA complex.
This is probably due to a difference in the ways these proteins
bend RNA and/or their solution structure (21). CPEB protein
Nrlr2, which lacked the cysteine-histidine region only, did not
bind Blcpel RNA even at a comparatively high concentration
(Fig. 3E, lane 3). Similarly, other CPEB proteins that lacked
both RRMs or the entire carboxy terminus of CPEB failed to
bind B1 RNA at high concentrations (Fig. 3E, lanes 6 and 7).
None of these proteins bound to BlcpeO RNA (Fig. 3F). We
therefore conclude that RRM2 and the cysteine-histidine re-
gion are necessary for the specific binding of CPE-containing
RNA. The RNA binding activity of each mutant relative to
wild-type CPEB binding is summarized in Fig. 3A.

The cysteine-histidine region is remarkably conserved in
CPEB-like proteins from mouse, frog, fly, and worm cells. Its
primary structure resembles that of a zinc finger in that it
contains regularly spaced cysteine and histidine residues sur-
rounded by conserved aromatic and hydrophobic residues (2,
8) (Fig. 4A). To examine more closely the contribution of this
region to RNA binding, several CPEB proteins with amino
acid substitutions (Fig. 4B and C) were used in RNA gel shifts
(Fig. 4D). These substitutions included alanine for C>*° or
H>*” alone or combinations of substitutions for C>2° and C>3°,
C% and H>, and C>*° and H>*" (Fig. 4B). Figure 4D shows
RNA gel shifts with Blwt (lanes 1 to 7), Blcpel (lanes 8 to 13),
and BlcpeO (lanes 14 to 20). While wild-type H-CPEB bound
RNA with two CPEs or one CPE (lanes 2 and 8), it did not
bind RNA with no CPE (lane 15). Importantly, all of the
substitutions destroyed RNA binding. Only the C3*°A substi-
tution showed trace binding activity (4% of wild-type activity;
Fig. 4D, lanes 3 and 9). These results (summarized in Fig. 4B)
clearly show that the targeted cysteine and histidine residues
are critical for RNA binding.

CPEB requires zinc for RNA binding. Because the cysteine-
histidine region is reminiscent of a zinc finger, we sought to
determine whether CPEB requires zinc for RNA binding. To

do this, we performed RNA gel shifts with full-length CPEB
that was incubated with either 1,10-phenanthroline or 4,7-
phenanthroline. The former is a chelator of divalent cations,
while the latter, its analog, cannot act as a chelator (1, 20, 21,
27). 1,10-Phenanthroline inhibited RNA binding by about 60%
at 500 pM, whereas the analog had no effect at this concen-
tration (Fig. 5A [lanes 7 and 11] and B), indicating that CPEB
interaction with RNA requires a metal ion.

To determine whether zinc can restore RNA binding by
CPEB, gel shift mixtures containing various amounts of 1,10-
phenanthroline were supplemented with 100 puM ZnCL,. In
these experiments, as little as 100 wM phenanthroline resulted
in a loss of B4 RNA binding. (Note that this agent was freshly
prepared for these experiments, whereas that used for Fig. 5
was older and partly inactive. The 4,7-phenanthroline, how-
ever, was freshly prepared.) Zinc very clearly restored RNA
binding in the presence of up to 300 wM chelating agent (Fig.
6, lanes 5 to 13). Similar observations were made with Blwt
RNA. In this case, a minimum of 100 wM phenanthroline was
necessary to reduce binding. Zinc restored RNA binding in the
presence of up to 500 wM chelating agent (Fig. 6, lanes 15 to
26). This result demonstrates that CPEB requires a metal
cofactor for RNA binding, which is most likely coordinated by
the cysteine and histidine residues noted above.

We also note that it might appear that 1,10-phenanthroline
inhibited CPEB binding to two of the CPEs but not to the third
(compare lanes 15 and 23 in Fig. 6). However, it should be
borne in mind that this agent probably had not chelated all of
the zinc; hence, the protein still contained enough of the metal
to be partially active and thus occupied different CPEs in the
population of RNA molecules, producing mostly a single
shifted band. This is also similar to the case with mutant C*°A,
which retained some ability to bind RNA even in the presence
of excess zinc (Fig. 4B). Thus, it, too, could induce a gel shift
of RNA, but mostly interacted with a single CPE per RNA.

Metal-coordinating regions bind not only zinc but also other
metals (29). To assess whether this is the case with the metal
coordination region of CPEB, full-length protein (without
prior treatment with 1,10-phenanthroline) was supplemented
with several concentrations of ZnCl,, CdCl,, or CoCl, and
then used in a gel shift assay with Blwt RNA (Fig. 7). Although
CPEB shifted RNA in the presence of ZnCl, (lanes 3 to 5), it
lost the ability to do so with either CdCl, (lanes 6 to 8) or
CoCl, (lanes 9 to 11). These data suggest that Cd** and Co*"
can compete with Zn?* and that they may alter the structure of
the protein in such a way as to destroy RNA binding. We
therefore conclude that Zn*" is the likely physiological cofac-
tor that is required for CPEB to bind RNA. Based on this
finding, and on a general comparison with other zinc finger
proteins (2), Fig. 8 shows a hypothetical structure of two zinc
fingers in CPEB where the zinc ions are coordinated by four
cysteine residues in finger 1 and two cysteine and two histidine
residues in finger 2.

DISCUSSION

We show that the binding of CPEB to its specific recognition
sequence, the UUUUUAU-type CPE, is mediated through
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FIG. 4. Mapping the RNA binding domain: effect of substituting cysteine and histidine residues with alanine. (A) Amino acid sequence alignment of the
cysteine-histidine region among CPEB homologs. xCPEB, Xenopus CPEB (accession no. u14169); mCPEB, mouse CPEB (accession no. Y08260); ORB, Drosophila
ORB (accession no. X64412); three open reading frames from C. elegans with unknown function: B0414 (accession number AF003145), C40H1 (accession no. Z19154),
and C30B5 (accession no. U23450). Conserved cysteine and histidine residues are in white inside a black box. Numbers below the boxes denote positions of amino acids
in xCPEB. Note the additional conservation (open boxes) of glutamine (Q), proline (P), aromatic residues (phenylalanine [F], tyrosine [Y], and tryptophan [W]), and
basic residues (arginine [R] and lysine [K]). (B) Point mutant clones containing alanine substitutions for specific residues and effects of these mutations on RNA binding
expressed as a percentage of wild-type CPEB binding. C>?°A indicates that C°?° was replaced with an alanine, etc. (C) Coomassie blue-stained SDS-polyacrylamide
gel of mutant CPEBs used in RNA gel shift analyses. Protein standards are indicated to the left. WT, wild type. (D) RNA gel shift of radiolabeled Blwt RNA (lanes
1 to 7), Blcpel RNA (lanes 8 to 13), or Blcpe0 (lanes 14 to 20) incubated with 1 pmol of various CPEBs.

two RRMs and a novel zinc finger domain. Although the
RRMs, especially RRM1, contribute significantly to RNA
binding, it is the metal coordination region, together with a
Zn>" cofactor, that is essential for this to occur.
Recombinant CPEB binds to RNA with a K, of 130 nM, a
value that is similar to those for other RNA binding proteins

(5) and only slightly higher than the oocyte concentration of
CPEB (32 nM [14]). A Hill plot of the kinetics of the binding
of CPEB with the two-CPE-containing cyclin Blwt RNA pre-
sented no evidence of binding cooperatively (data not shown).
In addition, the experiment presented in Fig. 2, which is based
on a procedure used to determine whether GAL4 binds DNA
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FIG. 5. Metal chelation inhibits RNA binding by CPEB. (A) Wild-type
CPEB was incubated overnight with various amounts of 1,10-phenanthroline or
4,7-phenanthroline (100 to 500 wM) and then used in a gel shift with radiola-
beled B4 RNA. (B) Quantification of the binding data, plotted as percent RNA
bound versus concentration of phenanthroline. Closed bars, reaction mixtures
containing 1,10-phenanthroline; open bars, reaction mixtures containing 4,7-
phenanthroline.

as a monomer or dimer (7, 21), demonstrates that CPEB binds
RNA as a monomer. Previous evidence indicates that RNAs
containing multiple CPEs bind multiple CPEBs and are poly-
adenylated more efficiently, presumably due to an enhanced
ability to attract polyadenylation complexes (39).

CPEB RRMs greatly enhance RNA binding. Both RRMs of
CPEB, each of which is composed of two canonical RNP do-
mains (6), strongly contribute to RNA binding. The K, of
CPEB increases about 400-fold in the absence of RRM1 and
nearly 7-fold in the absence of RRM2. It is not surprising that
these RRMs differ in affinity for RNA given that these motifs,
even among highly related proteins, can have different binding
specificities. For example, HuD, a human RNA binding pro-
tein related to Drosophila ELAV, which regulates alternative
splicing in neurons (17), contains three RRMs, two of which,
RRM1 and RRM2, are necessary for specific RNA binding (9).
However, Hel-N1, a close relative of HuD which contains
virtually the same three RRMs, employs RRM3 for specific
RNA binding (24). Moreover, even within the same protein,
two RRMs can have different binding specificities. The yeast
poly(A) binding protein contains four RRMs, yet only the two
most amino-terminal ones bind poly(A) (5). Another, perhaps
more extreme example is the Ul snRNP A protein, whose two
RRMs bind entirely different RNAs: RRM1 binds to Ul
snRNA, while RRM2 binds to pre-mRNA (25).

CPEB contains a novel zinc finger that is essential for RNA
binding. Several lines of evidence indicate that CPEB is a
novel zinc finger-containing RNA binding protein. First, the

CPEB RNA BINDING DOMAINS 691

1, 10 Phenanthroline (PM) 9 0 0 50 100 200 300 500

100uMZnCl, - - + -+ -+ - + - + - +
HCPEBO + + ++ +++ + + + + +

RNA-protein {
B4 RNA complexes '“ “'H" L B
T LB B
12345678 910111213
‘s-,, R T Y ] W‘ N -
RNA-protein
B1wt RNA complexes

MM“M

free RNA *...'“M

14 15 16 171819 20 212223 24 25 26

FIG. 6. Zinc restores the ability of 1,10-phenanthroline-treated CPEB to
bind RNA. H-CPEB was mixed with 50 to 500 uM 1,10-phenanthroline and 0 or
100 pM ZnCl,, incubated with radiolabeled B4 (top) or Blwt (bottom) RNA,
and analyzed by RNA gel shift.

remarkable conservation of the cysteine and histidine residues
in the carboxy region of the proteins compared in Fig. 4 argues
that it is a functionally important region. The distinct con-
served motif CX VCX,QX,P(F/Y)FCX,CFXY(F/Y)CX,
CWX,HXHXPX,(R/K) has not been found in any previously
characterized zinc-coordinating proteins to date. Second, mu-
tations of putative zinc coordination residues, C>*°, C>*°, and
H>*, obliterate RNA binding. Third, chelation of metal ions
by phenanthroline abolishes binding, and this is reversed by the
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FIG. 7. Other metals cannot substitute for zinc in promoting RNA binding by
CPEB. Wild-type CPEB (H-CPEB) was incubated overnight with 10 to 250 pM
ZnCl,, CdCl,, or CoCl, and then analyzed for activity in an RNA gel shift with
radiolabeled Blwt RNA.
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FIG. 8. Hypothetical structure of the zinc finger region of CPEB. CPEB is
predicted to have two zinc fingers: the first Zn?>* coordinated by cysteines 517,
520, 529, and 534, and the second Zn>"* coordinated by cysteines 539 and 542 and
histidines 547 and 555.

addition of zinc ions. Fourth, addition of Cd*>* or Co*" ions
abolishes RNA binding, probably by competing with zinc for
interaction with CPEB.

We propose that CPEB has two zinc fingers arranged in the
structure shown in Fig. 8. In this model, one zinc atom is
coordinated by the first four cysteine residues, and a second is
coordinated by a subsequent two cysteine and two histidine
residues. This structure is based on the fact that the eight
putative metal coordinating residues are conserved from mam-
mals to invertebrates and that alanine substitution of C>*° or
H>*7 greatly lowers, or completely destroys, RNA binding (Fig.
5). The most straightforward explanation of the effects of these
alanine substitutions is that C3%° resides in finger 1 and H>*’
resides in finger 2 and that both fingers are important for RNA
binding. In addition, loop 1 (the residues between C°'7 and
C°%) contains five hydrophobic residues (A, P, P, F, F) that
could stabilize the geometry of the metal binding center (2),
although only the second proline is conserved in mouse, Dro-
sophila, and C. elegans proteins. In loop 2 (the residues be-
tween C>*7 and H>>®), the two tryptophans may supply hydro-
phobic stability; the first tryptophan is conserved among all the
animal groups mentioned above, while the second is absent
only from the C. elegans protein. Although other structures are
possible (2), this one is the most consistent with the available
data.

The chelating agent 1,10-phenanthroline has been used un-
der a variety of conditions to determine the necessity of metal
cofactors for the binding of other proteins to nucleic acids (20,
23, 29). 1,10-Phenanthroline, but not its nonchelating 4,7 an-
alog, inhibited CPEB RNA binding, which demonstrates a
requirement for a metal cofactor. The fact that zinc restores
RNA binding indicates that it is the physiological cofactor (Fig.
6 and data not shown). This is underscored by the observation
that other metals such as Cd** and Co?" actually destroy RNA
binding (Fig. 7). This is probably caused by a competition
between zinc and these other metals for coordination by the
cysteine or cysteine-histidine tetrad, with the result that they
introduce an altered geometry of the protein that prevents
RNA recognition. Similar disruption of nucleic acid binding by
proteins induced by various metals has been observed (20).

RNA binding proteins that utilize both RRMs and a zinc
finger for binding specificity seem to be relatively rare. Perhaps
the reason CPEB does so is that spurious binding to other
sequences may lead to cellular catastrophe. The CPEB inter-
action sequence is UUUUAU, UUUUUAAU, or UUUUU
UAU, depending on the RNA (39). However, eukaryotic 3’
UTRs tend to be UA rich, and thus CPE-like sequences are
not uncommon in mRNAs that do not undergo cytoplasmic
poly(A) elongation. If these mRNAs should erroneously be-
come polyadenylated, they might be prematurely translated,
which could abort normal development. Alternatively, a com-
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petition for CPEB between functional CPEs and sequences
that are merely U rich might inhibit the polyadenylation and
translation of, for example, c-mos mRNA, which would block
oocyte maturation (12, 36). Highly selective recognition of
appropriate CPEs by CPEB may therefore require a complex
and discerning RNA recognition domain.
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