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Cytoplasmic mRNA localization regulates gene expression by spatially restricting protein translation.
Recent evidence has shown that nuclear proteins (such as hnRNPs) are required to form mRNPs capable of
cytoplasmic localization. ZBP1 and ZBP2, two hnRNP K homology domain-containing proteins, were previ-
ously identified by their binding to the zipcode, the sequence element necessary and sufficient for (3-actin
mRNA localization. ZBP1 colocalizes with nascent -actin mRNA in the nucleus but is predominantly a
cytoplasmic protein. ZBP2, in contrast, is predominantly nuclear. We hypothesized that the two proteins
cooperate to localize 3-actin mRNA and sought to address where and how this might occur. We demonstrate
that ZBP2, a homologue of the splicing factor KSRP, binds initially to nascent (-actin transcripts and
facilitates the subsequent binding of the shuttling ZBP1. ZBP1 then associates with the RNA throughout the
nuclear export and cytoplasmic localization process.

Cells are organized into discrete compartments harboring
distinct complements of proteins. There are several mecha-
nisms to sort proteins to their proper destinations. One way is
to localize mRNA to the compartment where its protein prod-
ucts are needed (31). This mechanism is widely used to gen-
erate cell polarity and to target cell fate determinants in vari-
ous organisms. ASHI mRNA is localized to the bud tip of
dividing yeast so that the Ashl protein is present only in
daughter cell nuclei to promote mating type switching (39, 50).
During Drosophila oogenesis and embryogenesis, morphogen
mRNAs are targeted to specific parts of oocytes or embryos to
dictate the future direction of differentiation (29, 30). In de-
veloping neurons, cytoskeleton component mRNAs, such as
B-actin, MAP2, and arc mRNAs, are transported into den-
drites and/or growth cones, where their protein products are
involved in rapid cytoskeleton dynamics important for neurite
growth and plasticity (4, 40, 53). Proper localization of B-actin
mRNA to the leading edge of chicken embryo fibroblasts
(CEFs) and growth cones of developing neurons is important
for maintenance of cell polarity and directed cell motion (18,
48). mRNAs localize through a cis-acting signal(s), termed a
zipcode(s), which resides mostly in their 3’ untranslated re-
gions (UTRs). B-Actin localization is dependent on a 54-nu-
cleotide (nt) zipcode located in the 3" UTR (32, 33, 40, 53).
Several categories of frans-acting factors required for mRNA
localization have been identified, including zipcode binding
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proteins, motor proteins, and scaffolding proteins (3, 44). A
predominantly cytoplasmic protein, zipcode binding protein 1
(ZBP1), was identified by its association with the B-actin zip-
code (23, 47). A second zipcode binding protein, ZBP2, was
identified from chicken embryo brain extract by RNA affinity
chromatography (23). The protein is a chicken homologue of
human KH domain-containing splicing regulatory protein
(KSRP) (41). KSRP is also known as fuse binding protein 2
(FBP), one of three vertebrate FBP family members (13, 41)
found to participate in many steps of RNA metabolism, in-
cluding transcription (14), pre-mRNA splicing (1, 25, 36, 41),
mRNA editing (38), and exosome-mediated mRNA degrada-
tion (6, 20). Protein sequences of many known FBP family
members were aligned to generate a phylogenetic tree (see Fig.
S1 in the supplemental material). Several ZBP2 orthologues
from different species are implicated in RNA localization.
Overexpression of RNA binding KH domains of ZBP2 par-
tially delocalized B-actin mRNA in both CEFs and developing
neurons (23). A rat homologue of ZBP2, MARTAI, was iden-
tified by its association with the dendritic targeting element of
MAP2 mRNA (45). Rat ZBP2 also bound to the B-actin zip-
code and an AU-rich element that mediates rapid RNA decay
(49). Recently, mouse ZBP2 (mKSRP) functioning as a major
molecular determinant of B-catenin mRNA instability has
been reported (21). VgRBP71, the Xenopus orthologue of
ZBP2, was identified by virtue of its binding to g/ mRNA
localizing element (35). These observations suggest that ZBP2
is utilized in evolutionally conserved pathways to target differ-
ent mRNA targets in both germ line and somatic cells.
Although substantial data demonstrated that ZBP1 and
ZBP2 are involved in B-actin mRNA localization, several ques-
tions remain to be addressed. First, most ZBP1 and ZBP2 are
in separate compartments although a small fraction of ZBP1
can be detected at B-actin transcription sites (28, 42) and some
ZBP2 can be found in the cytoplasm (23, 45). We hypothesized
that these two proteins engage in transient interactions to
direct the fate of the B-actin mRNA from the nucleus into the
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cytoplasm. Second, ZBP2 and ZBP1 both bind to the wild-type
zipcode but not a mutated zipcode (23, 47). Hence, they may
either compete for or cooperatively bind to a single RNA
molecule. Third, the binding of one protein to the zipcode
could be a prerequisite for the other protein to bind efficiently.
In this work, we provide evidence for the hypothesis that the
two zipcode binding proteins, ZBP2 and ZBP1, act coopera-
tively. The evidence demonstrates that ZBP2 is recruited to
B-actin mRNA transcription sites in the nucleus, and this event
is required for the efficient binding of ZBP1 to nascent mRNA.
We propose that this cooperation on nascent chains of B-actin
mRNA regulates the formation of localizable mRNPs.

MATERIALS AND METHODS

Constructs. Three cDNA fragments of chicken ZBP2, KH1-2 (amino acids 195
to 373), KH3-4 (amino acids 374 to 557), and KH1-4 (amino acids 195 to 557),
as well as the full-length protein were amplified by PCR and cloned into pTOPO
cloning vectors (Invitrogen) for sequencing confirmation. These fragments were
then cloned into appropriate pFASTBAC His-Tag vectors (Invitrogen) to ex-
press recombinant proteins. mZBP2 (see below) and human KSRP were also
cloned into fluorescent protein vectors (Clontech) for transient transfections.

Northern blotting and quantification analysis. A 451-nt cDNA fragment en-
coding the carboxyl terminus of human KSRP was 2P labeled using Stratagene’s
random labeling kit and was used as probe to detect KSRP expression. This
fragment was chosen because it shared low homology with other ZBP2 family
members. The human B-actin full-length open reading frame was labeled as a
probe for actin mRNA detection. The human multitissue blot (Clontech) was
hybridized in Stratagene’s QuickHyb buffer according to the manufacturer’s
instructions. The blot was exposed to X-ray film or a phosphorimager and
quantified with Storm (Amersham Biosciences) software.

Protein purification. His-tagged chicken ZBP2 and various KH domain frag-
ments were cloned into pFASTBAC vectors and expressed in SF9 insect cells
according to Invitrogen’s manual. Briefly, ZBP2 constructs and packaging helper
phage were transfected into adherent SF9 cells of variable confluence. Accumu-
lated phage particles were collected after 72 h. High-titer supernatant was then
used to infect fast-growing SF9 cells. Cells were collected 48 h after infection.
Cell lysates were obtained by brief sonication and ultracentrifugation. His-tagged
proteins were then purified using Ni-nitrilotriacetic acid beads (QIAGEN). Full-
length ZBP1 and KH1-4 fragment were cloned into pGEX6P-1 at EcoRI and
Xhol sites (Amersham Bioscience) and purified. Crude His-tagged proteins and
glutathione S-transferase fusion proteins were further purified by fast protein
liquid chromatography using HiTrap heparin HP columns (Amersham Bio-
sciences).

In vitro RNA binding assays. (i) Gel mobility shift assay. >P-labeled chicken
zipcode of B-actin mRNA was generated from linearized plasmids using the SP6
RNA in vitro transcription kit (Promega). Gel shift reactions were performed as
previously described (23).

(ii) Nitrocellulose filter binding assays. Filter binding assays (5) were used to
measure the binding dissociation constants between the zipcode RNA and re-
combinant ZBP2 or its truncations. Binding reaction mixtures (50 pl) contained
the following: 200 mM K acetate, 50 mM Tris acetate (pH 7.7), 5 mM Mg
acetate, 10,000 cpm labeled zipcode RNA, and threefold serially diluted recom-
binant ZBP2 protein fragments. Reaction mixtures were incubated for 10 min at
room temperature, followed by filtering (Millipore HAWP 25-mm filter/1225
Sampling Manifold) and washing. The fraction of bound RNA was plotted
graphically versus the log of protein concentration to determine dissociation
constants (19).

(iii) SELEX. Systematic evolution of ligands by exponential enrichment
(SELEX) experiments for ZBP2 were performed as described previously (19).

RNase footprinting assay. The 54-nt chicken B-actin zipcode was in vitro
transcribed and purified by 6% denaturing urea-polyacrylamide gel electro-
phoresis (PAGE) and eluted in buffer containing 1 M ammonium acetate and
1% sodium dodecyl sulfate (SDS) overnight at 37°C. Purified RNA was 5’
dephosphorylated and 2P labeled using Ambion’s end labeling kit according to
the manufacturer’s protocols. Labeled RNA probe (10,000 cpm) was incubated
with different concentrations of ZBPs for 30 min, followed by 10 min of RNase
V1 (Ambion) digestion (0.1 unit/20 wl). The mixtures were resolved by 12%
urea-PAGE with an alkaline-hydrolyzed probe as a size ladder.
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Cloning of the mZBP2 gene. The mouse expressed sequence tag database was
queried with human KSRP, FBP1, and FBP3 sequences. Several clones showed
high homology to KSRP but not to FBP1 or FBP3. One clone (IMAGE no.
6335620) was ordered and sequenced. It contains a full open reading frame of
2,247 bp and about 1.3 kb of 3" UTR. Since several expressed sequence tag
clones omit about 100 bp of coding sequence near the start codon, PCR ampli-
fication of the N-terminal region was done using Clontech’s mouse embryo
marathon ready cDNA (catalog no. 7458-1) as the template. The PCR product
was cloned into the pTOPO vector. Several clones were sequenced, and all of
them contained the 100-bp region.

Cell culture and transfection. CEFs were cultured in minimal essential me-
dium with 10% fetal bovine serum (FBS) as previously described (23). NG108-15
cells were maintained in Dulbecco’s modified Eagle medium (DMEM) with 1X
hypoxanthine-aminopterin-thymidine (Sigma) and 10% FBS. Differentiated
NG108-15 cells were initiated in DMEM with 0.1X hypoxanthine-aminopterin-
thymidine and 1% FBS for 12 to 24 h. 293 cells were cultured in DMEM with
10% FBS. Various cDNA constructs expressing ZBP2 or ZBP1 were transfected
into these cultured cells with Lipofectamine 2000 (Invitrogen) or Nucleofector
(Amaxa).

Immunofluorescence and in situ hybridization. Immunofluorescence and in
situ hybridization were performed as previously described (23). Monoclonal
anti-KSRP antibody or rat polyclonal antibody against ZBP2 was diluted 1:1,000
in phosphate-buffered saline (PBS)-1% bovine serum albumin for immunoflu-
orescence (25). When both immunofluorescence and in situ hybridization were
performed on the same sample, a 10-min fixation using 5% paraformaldehyde
after immunofluorescence was applied to avoid significant loss of antibody signal
(43).

Microscopy and imaging. Cells were viewed under an Olympus BX61 fluores-
cence microscope equipped with an Olympus PlanApo60X, 1.4NA oil objective.
Images were acquired with a Roper coolSNAP HQ cooled charge-coupled de-
vice camera (Roper Scientific) operated by the IPlab software package (Scana-
lytics, Inc). Quantification of arbitrary fluorescence units in RNA interference
(RNAI) experiments was performed with IPlab.

RNAi. Double-stranded small interfering RNA (siRNA) oligonucleotides were
designed with the software packages from Ambion Inc. and QIAGEN Inc. and
synthesized by Dharmacon Inc. The sequences of the three oligonucleotides we
designed were as follows: Z2-322, ATAACAACACTCCTGATTT; Z2-646, AG
ATGATGCTGGATGACAT; and Z2-1981, AGTACTACAAGAAGCAAGC.
siRNA was transfected into 293 cells or NG108-15 cells with Lipofectamine 2000
(Invitrogen). Cells were analyzed 24 to 72 h after transfection by either Western
blotting, reverse transcription-PCR (RT-PCR), or imaging. Quantification of
RNAI experiments was performed with IPlab software. The freehand tool was
used to measure the fluorescence intensity in the nucleus as well as the cyto-
plasm. The ZBP2 nuclear signal was at least two times higher than the cytoplas-
mic signal. We considered that ZBP2 was knocked down if the nuclear signal was
equal to or less than the cytoplasmic intensity.

Real-time RT-PCR analyses. RNA was isolated using the RNeasy minikit
(QIAGEN) and RNase-free DNase set (QIAGEN) according to the manufac-
turer’s protocol. cDNA was generated by reverse transcription via the Super-
script first-strand synthesis kit (Invitrogen) using equal amounts of total RNA as
the template. Real-time PCR was performed using TagMan universal PCR
master mix and gene-specific TagMan Assay-on-Demand primers and probes on
a Prism 7900HT sequence detection system and analyzed with SDS software
(ABI).

Immunoprecipitation and Western blotting. Cell lysate was prepared either in
radioimmunoprecipitation assay buffer (150 mM NaCl, 10 mM Tris [pH 7.2],
0.1% SDS, 1.0% Triton X-100, 1% deoxycholate, 5 mM EDTA) or in low-salt
NP-40 buffer (150 mM NaCl, 50 mM Tris [pH 7.4], 0.5% NP-40) with freshly
added complete protease inhibitor cocktail (Roche). Immunoprecipitation and
Western blotting were performed as previously described (23).

ChIP. MTC cells were grown to 85% confluence in DMEM supplemented
with 10% FBS for 3 days either after being transfected for 12 h with ZBP2
siRNAs (chromatin immunoprecipitation [ChIP] after RNAI) or with no trans-
fection (ChIP only). Cells were serum starved overnight, followed by 10 min of
serum stimulation or mock treatment. Cells were washed twice with PBS and
cross-linked with 1% formaldehyde at room temperature for 10 min. Cells were
then rinsed with ice-cold PBS twice, collected into 100 mM Tris-HCI (pH 9.4)-10
mM dithiothreitol, incubated for 15 min at 30°C, and centrifuged for 5 min at
2,000 X g. Cells were washed sequentially with 1 ml of ice-cold PBS, buffer I
(0.25% Triton X-100, 10 mM EDTA, 0.5 mM EGTA, 10 mM HEPES, pH 6.5),
and buffer IT (200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10 mM HEPES, pH
6.5). Cells were resuspended in 0.3 ml of lysis buffer (1% SDS, 10 mM EDTA,
50 mM Tris-HCI [pH 8.1], 1X protease inhibitor cocktail [Roche]) and sonicated
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FIG. 1. ZBP2 binds to the chicken B-actin zipcode with all four KH domains. (A) Purification of ZBP2 from SF9 insect cells. His-tagged ZBP2
(lane E) was purified from insect cell lysates (lane L) after three washes (lanes W1 to W3). Ld is benchmark protein ladder (Invitrogen). (B) Three
ZBP2 truncations, i.e., the first and second KH domains (KH1-2), the third and fourth KH domains (KH3-4), and all four KH domains (KH1-4),
were expressed and purified using the same system as for panel A. Ld indicates a 10-kDa protein ladder (Invitrogen). (C) Gel shift with **P-labeled
chicken B-actin zipcode probe using various truncations of ZBP2 KH domains. The full-length ZBP2-zipcode complex is indicated by an arrow.
All four KH domains of ZBP2 were required for efficient binding. (D) Nitrocellulose filter binding assay of the ZBP2 fragments in panel C, showing
affinity curves for the B-actin mRNA zipcode. Recombinant full-length ZBP2 and three fragments, i.e., KH1-2, KH3-4, and KH1-4, at various
concentrations were incubated with *?P-labeled zipcode RNA probe. Bound probe was detected by Cerenkov counting after binding of the

protein-RNA complex to the filter and intensive washing.

three times for 10 s each at the maximum setting, followed by centrifugation for
10 min at 15,000 rpm. Supernatants were collected and diluted in buffer (1%
Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCI, pH 8.1), followed
by immunoclearing with 2 wg sheared salmon sperm DNA, 20 pl preimmune
serum, and protein A-Sepharose (45 pl of a 50% slurry in 10 mM Tris-HCI [pH
8.1] and 1 mM EDTA) for 2 h at 4°C. Immunoprecipitation was performed
overnight at 4°C with specific antibodies. In some experiments, supernatants
were pretreated with RNase A (10 pg/ml) for 1 hour on ice before incubation
with antibodies. After immunoprecipitation, 45 wl protein A-Sepharose slurry
was added, and the incubation was continued for another 1 h. Precipitates were
washed sequentially for 10 min each in TSE I (0.1% SDS, 1% Triton X-100, 2
mM EDTA, 20 mM Tris-HCI [pH 8.1], 150 mM NacCl), TSE 1I (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCI [pH 8.1], 500 mM NaCl), and
buffer IIT (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM
Tris-HCI [pH 8.1]). Precipitates were then washed three times with TE (10 mM
Tris [pH 7.4], 1 mM EDTA) buffer and extracted three times with 1% SDS-0.1
M NaHCO3. Eluates were pooled and heated at 65°C for at least 6 h to reverse
the formaldehyde cross-linking. DNA fragments were purified with a QIAquick
spin kit (QIAGEN). For PCR, 1 pl from a 50-pul DNA extraction and 20 to 25
cycles of amplification were used.

RESULTS

The four KH domains of ZBP2 are required for zipcode
binding. We have previously determined ZBP2 protein expres-
sion levels in developing chicken brain lysates (23). Examining
the expression profile of ZBP2 (KSRP) in a variety of human
tissues showed that ZBP2/KSRP mRNA levels were higher in
tissues with more B-actin mRNA, suggesting that the expres-
sion of KSRP/ZBP2 is correlated with that of B-actin (see Fig.
S1 in the supplemental material). ZBP2 and ZBP1 each have
four KH domains responsible for RNA binding (8). For ZBP1,
KH domains 3 and 4, but not 1 and 2, are essential for zipcode
binding in vitro, mRNP particle formation, and cytoskeletal
attachment in vivo (18). To test which domains within ZBP2
were responsible for binding to the zipcode, we expressed and
purified recombinant ZBP2 and KH domain fragments. Full-
length ZBP2 could not be efficiently expressed in Escherichia
coli, presumably because of its GC-rich regions which encoded
proline and arginine (23). Therefore, we chose insect cells to
express ZBP2 and obtained full-length protein with a satisfac-
tory yield. A lysate of SF9 cells expressing His-tagged ZBP2
(Fig. 1A, lane L) was incubated with Ni-nitrilotriacetic acid

beads, and nonspecific proteins bound to beads were removed
by intensive washing (lanes W1 to 3). His-tagged ZBP2 (lane
E) was eluted, concentrated, and analyzed by SDS-PAGE to be
over 95% pure. We also expressed three ZBP2 truncations, i.e.,
the first and second KH domains (KH1-2), the third and fourth
KH domains (KH3-4), and all of the domains (KH1-4), to test
their RNA binding affinity (Fig. 1B). We determined that all
four KH domains of ZBP2 were required for efficient binding
to chicken B-actin zipcode in gel shift experiments. The first
two KH domains (KH1-2) or the third and fourth KH domains
(KH3-4) did not have strong binding, while KH1-4 and the
full-length protein (ZBP2) bound more efficiently (Fig. 1C).
Nitrocellulose filter binding assays were then used to calculate
the binding affinities of ZBP2 and its truncations to the zip-
code. Recombinant full-length ZBP2, KH1-2, KH3-4, or
KH1-4 was incubated with **P-labeled zipcode RNA probe at
various concentrations. Bound probe was detected by Ceren-
kov counting after binding of the protein-RNA complex to the
filters and intensive washing. The dissociation constant (K,)
was then plotted from the association curve. Full-length ZBP2
and KH1-4 have a K, of around 10 nM, while KH1-2 and
KH3-4 have K, s approximately 10 times higher, indicating
that efficient RNA binding of ZBP2 requires all KH domains
(Fig. 1D).

ZBP2 binds to pyrimidine rich sequences. ZBP2 bound to
the zipcode of B-actin mRNA but did not bind to a mutated
zipcode incapable of asymmetrically localizing a reporter (23).
The exact sequences that ZBP2 recognized were unknown.
Thus, we used SELEX to specifically amplify RNA ligands of
ZBP2 (9, 17). RNAs in vitro transcribed from a random 20-
mer SELEX pool were incubated with full-length ZBP2. The
protein-RNA complexes were collected with a nitrocellulose
filter and then amplified by RT-PCR. and in vitro transcribed
into RNAs for another round of selection. With this approach,
we analyzed 14 PCR products after 10 rounds of amplification.
Sequence analysis revealed that 11 of them fell into two
groups. One group contained a CCCC motif while the other
group contained a GUCC motif (Fig. 2A) near their 3’ ends.
Noticeably, we did not find a degenerate ACACC conserved
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FIG. 2. ZBP2 binds to pyrimidine-rich RNA ligands. (A) SELEX was used to select RNA motifs specifically recognized by ZBP2. After 10
rounds of selection and amplification, 20 clones were sequenced, and two groups with conserved patterns are aligned and underlined: the CCCC
motif and the GUCC motif. (B) RNA competitor sequences used for panels C and D. The zipcode was in vitro transcribed as described in Materials
and Methods. SELEX competitors were in vitro transcribed from PCR products amplified from SELEX clones S1 (ZBP1 SELEX), S2, and S3 by
T7 polymerase. (C) RNA competition shows that the two SELEX oligonucleotides efficiently competed with the zipcode for ZBP2 binding. No
competitor or 100X concentrations of different competitors were preincubated with ZBP2 for 15 min. **P-labeled chicken B-actin zipcode probe
was added to the mix and incubated for a further 30 min. The RNA-protein complexes were resolved in a 6% native gel. The arrow indicates the
position of the ZBP2-zipcode complexes. (D) Binding of the zipcode to ZBP1 was not competed with the CCCC or GUCC motif. RNA
competition assays were performed as for panel C. The position of the ZBP1-zipcode complexes is indicated.

motif in this amplification as was found using the KH3-4 do-
main of ZBP1 as a bait (18). In order to verify the specificity of
binding of ZBP2 to the CCCC- and GUCC-containing SELEX
clones, we performed two RNA competition experiments (Fig.
2C and D). RNA competitors used in the experiments were
full-length chicken zipcode; a 27-mer RNA fragment with two
ACACC repeats but without any of the two conserved ZBP2
binding sequence motifs, which was identified using full-length
ZBP1 in a SELEX assay (SELEX1) (S. Hiittelmaier et al,,
unpublished data); and RNAs transcribed from two SELEX
clones containing CCCC and GUCC motifs, respectively
(SELEX2 and SELEX3) (Fig. 2B). Different competitors were
preincubated with recombinant ZBP2 or ZBP1 for 15 min. A
32P_labeled chicken B-actin zipcode probe was then added to
the mix and incubated for a further 30 min. The RNA-protein
complexes were resolved in a 6% native gel. Both the CCCC
motif and the GUCC motif competed efficiently for zipcode
binding of ZBP2 (Fig. 2C). However, these motifs were not
able to specifically compete with the zipcode for ZBP1 binding
(Fig. 2D). Quantification showed that the efficiency of binding
of ZBP1 to the zipcode was decreased only modestly (15% and
16%, respectively) when a 100X excess of the CCCC or GUCC
motif was used (Fig. 2D, compare lane 1 with lanes 2 and 3,
respectively), suggesting that the motifs were ZBP2 specific.
There is a CCCC motif that extends the second ACACCC on
the wild-type chicken zipcode, possibly indicating that it could

be a ZBP2 binding site. To identify whether this CCCC-con-
taining region was responsible for ZBP2 binding, we generated
a mutant zipcode in which the CCCC motif was mutated to
GGGG. We found that the mutation affected zipcode binding
of both ZBP2 and ZBP1 (data not shown). We reasoned that
this effect resulted from the disruption of the secondary struc-
ture of the zipcode, which was also important for ZBP1 bind-
ing. In addition, structural prediction (RNAfold) suggested
that the ZBP1-specific SELEX1 clone forms a stable stem-loop
structure, with the first copy of ACACC on the double-
stranded stem and the second copy of ACACC on a small loop
(data not shown). In contrast, neither SELEX2 nor SELEX 3
could form stable stem-loop structures (data not shown). To-
gether, these findings suggested that ZBP2 most likely bound
to a CCCC motif in single-stranded RNAs.

ZBP2 stabilizes a double-stranded RNA stem-loop struc-
ture. The different consensus sequences for ZBP1 and ZBP2
binding suggested that they could bind to different sites on the
zipcode. In order to determine the precise binding sites of
ZBP1 and ZBP2 on the chicken B-actin zipcode, an RNase
footprinting assay was performed. The 5'-labeled zipcode
probe was incubated with ZBP2 or ZBP1 before digestion by
several RNases. A double-stranded-RNA-specific enzyme,
RNase V1, showed the best consistency and specificity. After
incubation, the reaction products were precipitated, dena-
tured, and resolved on gels. ZBP1 protected a 7-nt region

1002 ‘T 18qwanoN uo a3 40 110D NIFLSNIT 14397V 1e Bio'wse'qow woly papeojumod


http://mcb.asm.org

8344 PAN ET AL.

A

ZBP1 & +
ZBP1 ZBP2
K14 KH1-4
2050205 0uM ZBP2 + +
40 -
-
L8828
30 : .‘ P
Protected
by ZBP1 e «
20 . T
1 2 3
123 456

FIG. 3. Recombinant ZBP2 and ZBP1 do not simultaneously bind
to the zipcode. (A) RNA footprinting assays using V1 nuclease diges-
tion to determine the binding sites for ZBP1 and ZBP2 on the 54-nt
zipcode of chicken B-actin mRNA. ZBP2 increased RNase V1 diges-
tion efficiency in the ZBP1 binding region, resulting in stronger bands
(arrowheads and torpedo) as well as a moderate protection of addi-
tional bands (arrow). (B) The **P-labeled chicken 56-nt zipcode was
incubated with recombinant ZBP1 KH1-4, ZBP2, or both proteins and
then resolved on a 6% native gel. ZBP1 KH1-4 bound to the probe
most likely as a monomer (arrow), with minor signal above, presum-
ably ZBP1 dimers. The results indicated that in solution, when both
ZBP1 and ZBP2 were present, the zipcode preferentially bound to
recombinant ZBP2 (arrowhead).

including the first conserved motif of ACACCC of the chicken
zipcode, which had been shown to be important for its func-
tionality (Fig. 3A, lane 1). Interestingly, ZBP2 increased
RNase V1 digestion efficiency in the ZBP1 binding region,
resulting in stronger bands as well as a moderate protection of
additional bands. When the probe was preincubated with both
proteins, a digestion pattern similar to that of ZBP2 alone was
obtained (data not shown). A band mobility shift experiment
was also performed in which ZBP2, ZBP1 KHI1-4, or both
proteins were incubated with the chicken zipcode probe and
then resolved on a native gel. One band was detected for ZBP2
binding (Fig. 3B), as seen in Fig. 2. ZBP1 KH1-4 bound to the
probe most likely as a monomer (Fig. 3B, lane 1), with a minor
signal above, presumably ZBP1 dimers. When both ZBP2 and
ZBP1 were available, only ZBP2 bound to and shifted the
zipcode probe (Fig. 3B, lane 3). These data suggested a few in
vitro characteristics of ZBP binding to the zipcode. First, re-
combinant ZBP2 and ZBP1 did not bind simultaneously to the
zipcode or bind to the same sequence motif on the zipcode
because they did not recognize the same region. Second, ZBP2
bound the zipcode and stabilized nearby double-stranded
structures, thus making the zipcode a better substrate for
RNaseV1. Third, when both recombinant ZBP2 and ZBP1
were present, ZBP2 preferentially bound the zipcode and was
retained on it. This retention could prevent the subsequent
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association of recombinant ZBP1 to the zipcode, and thus the
ZBP1 protection was not observed for the first ACACC motif.

Cloning of mKSRP. Although CEFs are a model system
preferably used to study mRNA localization in nonneuronal
cells, they have some limitations. Few chicken gene expression
profiles are available for analysis. NG108-15 can differentiate
to a neuron-like phenotype in vitro (26). Recent studies re-
vealed that similar to the case for primary neurons, B-actin
mRNA was localized to the cell periphery and neurites upon
inducing differentiation (28). To study the role of ZBP2 in
these cells, the mZBP2 orthologue was cloned. mZBP2 has a
domain structure similar to that of human KSRP and chicken
ZBP2 (see Fig. S3A in the supplemental material). It shares
97% sequence identity with human KSRP on the amino acid
level. The homology is 60% with FBP1 and 49% with FBP3,
respectively. mZBP2 was expressed in all mouse cell lines we
tested, including 3T3, C2C12, NG108-15, and N1E-115 cells
(46), with the highest expression in NG108-15 cells (see Fig.
S3B in the supplemental material). Analysis of the subcellular
distribution of endogenous ZBP2 by indirect immunofluores-
cence revealed colocalization with a transiently expressed
green fluorescent protein (GFP)-tagged mZBP2 fusion pro-
tein. Endogenous mZBP2, as the GFP-fused mZBP2 protein,
formed nuclear foci that localized around nucleoli (see Fig.
S3C and D in the supplemental material). These findings were
in agreement with previous reports demonstrating the local-
ization of KSRP to perinucleolar centers and other nuclear
foci (25, 27).

ZBP2 binds to nascent 3-actin mRNA cotranscriptionally.
To test whether ZBP?2 is recruited to B-actin mRNAs cotrans-
criptionally before the nascent transcripts are released from
the sites of transcription, we performed ChIP experiments. We
used mouse cells in ChIP experiments based on the ease of
obtaining large amounts of material, the fact that localization
of B-actin mRNA in the cells was also ZBP1 and ZBP2 de-
pendent, and the fact that expression of the B-actin gene could
be serum induced. MTC cells were serum starved overnight,
followed by either mock treatment or serum stimulation to
activate B-mRNA transcription for 15 min before formalde-
hyde cross-linking. Equal amounts of anti-mZBP2 antibody,
normal rabbit immunoglobulin G (IgG) or antihistone anti-
body were used for immunoprecipitation. Two primer pairs
were designed to amplify the 5" or 3’ region of the B-actin-
coding sequence, with expected sizes of 170 bp and 130 bp,
respectively. ZBP2 antibody was able to precipitate only the
chromatin region comprising the 3’-end of the B actin gene,
including the stop codon as well as the adjacent zipcode (Fig.
4A, upper panel). In contrast, the 5’ region of the B-actin-
coding sequence was not isolated in the control of ZBP2 pull-
downs (Fig. 4A, lower panel). Notably, the association of ZBP2
with the chromatin region comprising the B-actin 3’ end was
observed only upon serum stimulation.

ZBP2 and ZBP1 colocalize in nuclear foci with nascent
B-actin mRNA. Recent studies revealed that ZBP1 is a nuclear-
cytoplasmic shuttling protein and is recruited to B-actin tran-
scription sites upon serum stimulation (42). ZBP1-B-actin par-
ticles are then probably coexported into the cytoplasm and
localized to the cell periphery by a motor-driven process (37).
To determine if ZBP2 was targeted to B-actin transcription
sites as well, yellow fluorescent protein-ZBP1 and cyan fluo-
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FIG. 4. ZBP2 binds to and colocalizes with nascent B-actin mRNA. (A) MTC cells, which were serum responsive, were either serum starved
overnight or stimulated with serum for 15 min. The cells were subjected to ChIP using anti-acetylated histone antibody, normal rat IgG, or
polyclonal antibodies against the C terminus of mZBP2 (a generous gift from Doug Black). Two primer pairs, one amplifying the 3" end of the
-actin-coding region and the other amplifying the 5’ end, which was approximately 3 kb upstream of stop codon, were used in PCR experiments
after ChIP. mZBP2 was associated only with the 3" end of the B-actin-coding region after serum stimulation (A, upper panel, arrow) and not with
the 5" end (A, lower panel, arrow). (B to E) ZBP2 and ZBP1 colocalize at the B-actin mRNA transcription site. Yellow fluorescent protein-ZBP1
(green) (B) and cyan fluorescent protein-mZBP2 (blue) (D) were cotransfected overnight into NG108 cells. Cells were plated on Cell-Tek (BD
Bioscience)-coated coverslips and then serum starved for 12 h for differentiation. Nuclear foci were observed with colocalization (arrow) of ZBP1
(B), ZBP2 (D), and B-actin mRNA (red) (C). The merged image is shown in panel E. Bar, 10 pm.

rescent protein-mZBP2 were cotransfected into NG108-15
cells. Both ZBP1 and ZBP2 were localized to active B-actin
transcription sites identified by in situ hybridization with the
B-actin probe (Fig. 4B to E; additional representative images
are shown in Fig. S4 in the supplemental material). Nuclear
B-actin mRNA loci representing transcription sites were de-
tected in only 3 to 5% of differentiating NG108-15 cells cul-
tured in low-serum medium. These data suggest that ZBP2 and
ZBP1 can transiently coassociate with B-actin mRNA in a
transcription-dependent manner.

Loss of ZBP2 function reduces efficiency of binding of ZBP1
to B-actin transcription sites. RNAI is a convenient and pow-
erful way to study loss of protein function in cultured cells (15,
16). To knockdown the endogenous ZBP2, siRNAs were ap-
plied to induce mRNA degradation in cell lines from different
species. The N-terminal siRNA was directed against the mouse
and rat ZBP2, while another siRNA was directed against a
region comprising the KH domains of the mouse, rat, and
human ZBP2. Western blotting revealed that upon transfec-
tion in human 293 cells, only the KH-siRNA induced knock-
down of ZBP2 (Fig. 5A). Normalization of vinculin protein
levels identified a knockdown of ZBP2 protein levels of ap-
proximately 70%, while the control protein remained unaf-
fected. Likewise, the siRNA-transfected 293 cells were sub-
jected to real-time quantitative RT-PCR, which identified a
specific degradation of the ZBP2 mRNA, while the ZBP1
mRNA remained unaffected (Fig. 5B). Several other mRNAs
were monitored in these experiments, including GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) mRNA, and
none was significantly affected in its ratios. In NG108-15 cells,
the KH-siRNA also efficiently reduced ZBP2 protein levels, as
demonstrated by Western blotting (not shown). We then per-
formed in situ hybridization with a B-actin probe on differen-

tiated NG108-15 cells transfected with GFP-ZBP1 and siRNA
directed against ZBP2. In scramble, siRNA-untreated cells,
4% showed colocalization of ZBP1 at the B-actin transcription
sites. (Representative images are shown in Fig. S5 in the sup-
plemental material.) The lower percentage of cells with B-actin
transcription sites was due to the fact that cells were not serum
synchronized and B-actin genes were turned on only in a small
percentage of individual cells when they were fixed. However,
colocalization of ZBP1 and nascent B-actin mRNA was signif-
icantly reduced to 0.3% in cells when ZBP2 was knocked down
(Fig. 5C) (P < 0.001). This result indicated that the reduced
recruitment of ZBP1 to B-actin transcription sites may have
resulted from the loss of ZBP2 function.

ZBP2 facilitates the recruitment of ZBP1 to nascent (3-actin
mRNA. We employed the following approaches to further de-
termine whether ZBP2 played a role in facilitating ZBP1 bind-
ing to newly transcribed B-actin mRNA. First, we detected
dynamic recruitment of ZBP1 and ZBP2 to B-actin transcrip-
tion sites using serum stimulation after synchronization by
serum starvation. If ZBP2 was necessary for ZBP1 to bind to
nascent mRNA, it would be expected that ZBP2 would pre-
cede ZBP1 binding at the transcription sites. CEFs were serum
stimulated and fixed at 5-min intervals and subjected to in situ
hybridization with the B-actin RNA probe and immunofluo-
rescence with ZBP1 and ZBP2 antibodies. Analyses of cells
with a nuclear ZBP1 signal showed a peak of ZBP2 and B-actin
RNA colocalization after 10 min of serum stimulation. In con-
trast, ZBP1 appeared at transcription sites about 6 min later,
indicating that ZBP1 was probably associated with B-actin
mRNPs thereafter (Fig. 6A). These results suggested that as-
sociation of ZBP2 with the nascent B-actin transcripts pre-
ceded ZBP1. Second, we performed combined assays with
ChIP and PCR analysis in ZBP2 knockdown MTC cells (Fig.
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FIG. 5. Efficient knockdown of ZBP2 by RNAI. (A) RNAI effect caused by ZBP2 siRNAs in 293 cells. siRNA oligonucleotides against the KH
domain or the N terminus of ZBP2/KSRP were transfected overnight into HEK293 cells with Lipofectamine 2000. Cells were aliquoted to six-well
plates, and samples were collected for whole-cell lysates and total RNA preparation at 24, 48, 72, and 96 h after plating (D1 to -4). A monoclonal
antibody was used in the Western blot to detect KSRP/ZBP2 expression, whereas vinculin was used as loading control. (B) ZBP2 mRNA was
degraded by siRNA against the KH domain of KSRP/ZBP2. A scrambled siRNA (S) N-terminal ZBP2 siRNA (N), or KH domain ZBP2 siRNA
(KH) was transfected into 293 cells as described above, and total RNA was isolated, reverse transcribed, and subjected to real-time PCR. ZBP1
(black) and ZBP2 (white) relative mRNA levels were normalized and averaged from the values from three independent experiments. Error bars
indicate standard deviations. (C) Colocalization of ZBP1 and B-actin mRNA at the transcription sites requires ZBP2. NG108-15 cells were
transfected with ZBP2 KH domain siRNA and differentiated as described in Materials and Methods. After in situ hybridization against B-actin
mRNA, the percentage of cells with ZBP1 colocalized with transcription sites was counted in cells with ZBP2 (ZBP2+) or without ZBP2 (ZBP2—)

after RNAi (P < 0.001).
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FIG. 6. ZBP1 recruitment to B-actin transcription sites is ZBP2 dependent. (A) Time course of ZBP1 and ZBP2 recruitment. CEFs
synchronized by serum starvation were serum stimulated and then fixed at 5-min intervals. At least 200 cells with ZBP1 and ZBP2 signals were
counted at each time point. The diagram shows the average percentage of cells with ZBP1 or ZBP2 colocalized with B-actin nascent transcripts
from two independent experiments. Error bars indicate standard deviations. (B) ZBP2 is required for efficient binding of ZBP1 to nascent -actin
mRNA. MTC cells were transfected with either scrambled RNAI oligonucleotide (lanes 1 to 4) or ZBP2 RNAI oligonucleotide (lanes 6 to 9) for
2 days and subjected to ChIP. Two primer pairs were used to amplify the 3’ coding regions of the B-actin (top) and GAPDH (bottom) genes from
the precipitates. Lanes 1 and 6, inputs of total nuclear lysates; lanes 3 and 8, anti-acetylated histone antibody was used as positive control; lanes
2 and 7, normal rat IgG was used as negative control. Lanes 4 and 9 used polyclonal antibodies against chicken ZBP1. Binding of the B-actin gene
with acetylated histone was unaffected in the ZBP2 knockdown cells (compare lane 3 to lane 8). However, knockdown of ZBP2 expression reduced
the binding of ZBP1 to nascent B-actin mRNA by 65% (compare lane 4 to lane 9). (C) Chromatin lysates from cultured MTC cells were treated
with RNase A and subjected to precipitation with antibodies against histone (lanes 3 and 4) and ZBP1 (lanes 5 and 6). The precipitation efficiency
of ZBP1 with the B-actin gene was drastically affected in the RNase A-treated cell lysates, indicating that their association is transcription
dependent. Lane 2 indicates the lysate input. (D) Effective binding of ZBP1 to the zipcode requires ZBP2. CEF extracts were preincubated with
100X unlabeled zipcode and different amounts of CCCC’ containing SELEX2 oligonucleotides for 15 min. *?P-labeled chicken B-actin zipcode
probe was added to the mixes and incubated for additional 30 min. The RNA-protein complexes were separated in a 6% native gel. The arrows
point the positions of the three zipcode complexes (S and M, ZBP2 complexes; F, ZBP1 complex).

6B). We used these mouse cells for the assays because large negative control, respectively. A B-actin primer pair was em-
amounts of material could be obtained and they were more ployed to amplify the 3" end of the gene (Fig. 6B, top), and
efficient for siRNA transfection. MTC cells, which were trans- another primer pair was synthesized to amplify a 3’ end of the
fected with either scrambled siRNAs (lanes 1 to 4) or ZBP2- GAPDH gene, with an estimated size of 220 bp (Fig. 6B,
directed siRNAs (lanes 6 to 9) for 2 days, were subjected to bottom), using the precipitates as templates. The results dem-
ChIP. Anti-acetylated histone antibody (lanes 3 and 8) or nor- onstrated that anti-acetylated histone antibody precipitated
mal rat IgG (lanes 2 and 7) was utilized as a positive or both the B-actin and GAPDH genes (lane 3), while the anti-
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ZBP1 antibody was able to pull down the 3’ end of the B-actin
gene only when ZBP2 was present (lane 4). Knockdown of
ZBP2 noticeably reduced the binding of ZBP1 to nascent B-ac-
tin mRNA, by 65% (compare lane 4 to lane 9). However,
association of the gene with acetylated histone was unaffected
in the ZBP2 knockdown cells (compare lane 3 to lane 8).
Precipitation of B-actin transcripts by ZBP1 antibody appar-
ently was RNA dependent, since pretreatment of cell lysates
with RNase A decreased the precipitation efficiency by over
70% (Fig. 6C, compare lane 5 to lane 6), These results indi-
cated that ZBP1 and B-actin mRNA were physically associated
at transcription sites and moreover strongly suggested that
ZBP2 was essential for regulating this association. Third, we
carried out RNA gel shift assays in the presence of RNAs
specifically competing the binding of ZBP2 to the zipcode to
test whether ZBP2 was required to facilitate ZBP1 binding to
the zipcode. We previously identified three bands of RNA-
zipcode complexes when incubating CEF extracts with radio-
labeled zipcode probe (23). The F complex corresponded to an
interaction between ZBP1 and the zipcode. The M and S
complexes were ZBP2 specific. We reasoned that if the binding
of ZBP1 to the zipcode was ZBP2 dependent, competing with
ZBP2-zipcode RNA binding would affect the formation of the
ZBP1-zipcode complex in CEF extracts. To address this, CEF
extracts were preincubated with different amounts of ZBP2-
specific CCCC motif containing SELEX2 RNAs or with a
100X molar excess of wild-type B-actin zipcode for 15 min.
32P-labeled zipcode probe was then added to the mix and
incubated for additional 30 min. As expected, competition
for ZBP2 to the zipcode not only abolished the formation of
the ZBP2-zipcode complex (Fig. 6D, complexes M and S)
but also significantly affected the binding of ZBP1 to the
zipcode (complex F). A quantification revealed that the
binding of ZBP1 to the zipcode was reduced by 48% and
79% in the presence of 100X and 500X excesses of CCCC-
containing SELEX2 sequence, respectively (Fig. 6D). In
comparison, competition with unlabeled zipcode completely
abolished the formation of both ZBP2-zipcode and ZBP1-
zipcode complexes. Hence, the reduced association of ZBP1
with the zipcode in the presence of RNAs specifically com-
peting with the ZBP2-zipcode interaction (Fig. 2C) further
supports the hypothesis that ZBP2 is required to facilitate
binding of ZBP1 to the zipcode.

Knockdown of ZBP2 affects neurite outgrowth. We ex-
pected that ZBP2 knockdown would have physiological con-
sequences in vivo by interfering with the spatio-temporal
control of B-actin mRNA expression. NG108-15 cells were
transfected with either scrambled siRNA or effective ZBP2
oligonucleotide for 48 h and then differentiated for 12 h.
Immunofluorescence was then performed with a monoclo-
nal antibody against KSRP/ZBP2. GFP signal provided a
transfection marker (Fig. 7A). Far fewer ZBP2-negative
cells than ZBP2-positive cells had elongated neurites (Fig.
7B to D). The analysis of more than 200 cells from two
independent experiments showed that 82% of ZBP2-posi-
tive cells had neurites longer than 1.5 times the cell diameter
of the cell body, while only 33% of ZBP2-negative cells had
elongated neurites (Fig. 7E). Similar results were obtained
when ZBP1 was knocked down by RNAI (28), suggesting
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FIG. 7. ZBP2 is required for neurite outgrowth. (A to D) Knock-
down of ZBP2 inhibits neurite outgrowth. Differentiating NG108-15
cells were cotransfected with a GFP-expressing plasmid and with either
scrambled siRNA or ZBP2 KH domain siRNA for 48 h. The two
populations were mixed and plated on Cell-Tek-coated coverslips.
Cells were seeded overnight and then subjected to 12 h of differenti-
ation and immunofluorescence detection against ZBP2. GFP
(A) (green), ZBP2 (B) (red), merged (C), and differential interference
contrast (D) images are shown. ZBP2 knockdown cells (arrows) did
not form elongated neurites, in contrast to ZBP2-positive cells (arrow-
heads). Bar, 10 um. (E) Statistical analysis of effects of ZBP2 knock-
down on neurite growth. More than 80% of the ZBP2-positive
(ZBP+) cells have neurites longer than 1.5 times the cell diameter,
while only 33% of ZBP2 knockdown (ZBP—) cells have elongated
neurites. At least 200 cells were counted in each of three independent
experiments. Error bars indicate standard deviations.

that ZBP1 and ZBP2 were involved in a common pathway
affecting neurite outgrowth.

DISCUSSION

ZBP2 and ZBP1 are two zipcode binding proteins that
have been shown to be essential for the efficient asymmetric
localization of B-actin mRNAs (23, 47). ZBP2 is a predom-
inantly nuclear protein, and ZBP1, although detected at
B-actin transcription sites (42), is mostly cytoplasmic. In this
study, we analyzed the dynamic association of the two pro-
teins with nascent B-actin mRNA. We show that in the
nucleus, binding of ZBP2 to the zipcode proceeds ZBP1.
Loss of ZBP2 function significantly reduced the efficiency of
binding of ZBP1 to the zipcode. We propose that ZBP2
binds initially to the zipcode of a nascent 3-actin mRNA,
and this process facilitates the subsequent recruitment of
ZBP1 to the transcription sites where ZBP1 associates with
the RNA and assembles an mRNP complex necessary for
the cytoplasmic localization.

Requirement of KH domains of ZBP2 for RNA binding. We
have characterized the functional domains of ZBP2 responsi-
ble for RNA binding. Unlike KSRP, which requires only
KH3-4 for CU-rich element binding (18), ZBP2 binding to the
zipcode requires all four KH domains. The requirement of
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KH1-2 perhaps allows ZBP2 to maintain the overall structure
for binding to specific RNA ligands. This suggests that ZBP2/
KSRP from different species recognizes RNA sequences that
vary dramatically in primary sequence and secondary structure
(20, 23, 35, 45). In addition to the KH domains, a C-terminal
glycine- and glutamine-rich domain with four copies of degen-
erate AWEEYYK motifs could also regulate the sequential
binding of ZBP2 and ZBP1 to B-actin mRNA. Overexpression
of KH1-4 domains of ZBP2 partially disrupted the cytoplasmic
localization of B-actin mRNA (23). The C-terminal sequence is
also important for the association of Drosophila PSI (ZBP2
homologue) with Ul snRNP, but it is not essential since con-
structs lacking this sequence are capable of rescuing the lethal
phenotype of a PSI null mutation in Drosophila (36).

Phenotypes of ZBP2 knockdown by RNAI. A spatial regula-
tion of B-actin protein levels appears to be essential for the
regulation of neurite outgrowth and growth cone guidance (28,
52). Neurite outgrowth is disrupted in NG108-15 cells after
ZBP2 knockdown. It is difficult to quantify RNA localization in
these cells due to heterogeneity of cell morphology, but it was
demonstrated in spreading NG108-15 cells that interfering
with the regulation of ZBP1 function affects the spatial control
of B-actin protein levels (28). Hence, interfering with the load-
ing of ZBP1 on the zipcode-containing RNAs in the nucleus,
for instance via ZBP2 knockdown, would perturb spatially re-
stricted translation of the B-actin mRNA (28, 52).

Sequential binding of ZBP2 and ZBP1 to the zipcode of
nascent 3-actin mRNA. Using SELEX and RNA affinity chro-
matography assays, KSRP and Drosophila ZBP2 have been
identified to bind to CU-rich sequences (2, 41). Our work
indicates that ZBP2 specifically binds to pyrimidine-rich se-
quences and ZBP1 preferentially binds to an ACACC motif in
the zipcode (18). We propose that ZBP2 and ZBP1 bind se-
quentially to adjacent but distinct sequence motifs on the zip-
code. The chicken zipcode has two adjacent copies of
ACACCC motifs, the second of which appears to bind ZBP2.
Mammalian zipcodes contain only one copy of ACACCC, but
a pyrimidine-rich sequence following the zipcode core motif
presumably serves as a putative ZBP2 recognition site. RNase
protection supported this hypothesis that ZBP1 and ZBP2
bound to adjacent sequences of the zipcode. The closely ap-
posed binding sites for ZBP1 and ZBP2 presumably make a
stable tertiary complex unlikely, containing both proteins with
the zipcode RNA. Supportive data for this hypothesis are as
follows. First, although ZBP1 or ZBP2 was capable of forming
a complex with the zipcode, a ZBP1/ZBP2/zipcode supershift
complex was not detected in gel mobility assays using cell
extracts. Second, UV cross-linking experiments did not detect
ZBP1 and ZBP2 simultaneously associated with the RNA (23).
Third, a ZBP1/ZBP2/zipcode supershift complex was also not
detected when both recombinant proteins were present with
the zipcode in vitro, eliminating the possibility that there might
be inhibitors in total cell lysate to prevent tertiary complex
formation. Fourth, coimmunoprecipitation or fluorescent res-
onance energy transfer between ZBP1 and ZBP2 under vari-
ous conditions was unsuccessful (data not shown). Therefore,
we favor a “handover” model in which ZBP1 replaces ZBP2
cotranscriptionally and associates with B-actin mRNA there-
after.
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Role of nuclear proteins in cytoplasmic mRNA localization.
Colocalization of ZBP2 and cytoplasmic B-actin mRNA is ob-
served in only a small fraction of cells, consistent with a tran-
sient interaction (23). We cannot rule out the possibility that
improved detection methods may reveal more cells with cyto-
plasmic ZBP2 that colocalizes with B-actin mRNA, but it is
more likely that the protein serves mainly a nuclear role. We
suggest that the formation of a prelocasome for B-actin mRNA
begins in the nucleus, where the components dynamically
change throughout the processing and export of the mRNA.
Our data support this argument by showing the sequential
association of ZBP2 and ZBP1 with newly transcribed B-actin
mRNAs to form a functional mRNP complex.

Other nuclear proteins have been shown to affect cytoplas-
mic RNA localization. In Xenopus oocytes, formation of a core
RNP localization complex of PTB/hnRNP I and Vg1 RBP/vera
with Vgl RNA initiates in the nucleus (10, 34, 54). The RNP
complex, after transport into the cytoplasm, is remodeled, and
additional transport factors are recruited (34). In NIH 3T3
cells, nuclear import of AUF1/hnRNP D is a prerequisite for
exerting its cytoplasmic function as an mRNA stabilization
factor or in participating in mRNA turnover (7). Exon junction
proteins are targeted to active transcription sites and may
affect the localization potential of a number of mRNAs (11).
For example, Y14/magonashi have been shown to be critical
for oskar mRNA localization in Drosophila oocytes (24). Those
proteins are generally cotransported with their RNA ligands to
specific subcellular regions. In specific cell types, KSRP/ZBP2
is also located in perinucleolar compartments, where it asso-
ciates with its RNA targets (25).

The nuclear “handover” mechanism of B-actin mRNA from
ZBP2 to ZBP1 may require additional factors. However, in our
previous experiments, we were able to detect individual ZBP2-
zipcode and ZBP1-zipcode shifted bands when CEF extracts
were used (23). In solution when only two recombinant ZBP
proteins were present, ZBP2 preferentially associated with the
zipcode and was retained on it. Therefore, extracts may con-
tain modifying enzymes such as kinases or phosphatases that
allow removal of ZBP2 from the zipcode. Supportive evidence
for this hypothesis was the association of the zipcode with a
large complex of proteins (23) (for instance, the members of
the hnRNP D family whose homologues are known to play a
role in Xenopus Vgl localization [12], as well as members of
the hnRNP A/B family, such as Hrp48, which is important for
repressing oskar mRNA translation during transport [51]). Al-
though it is not clear how these factors are involved in the
“handover” process, their roles in making up B-actin-mRNP
complexes in the nucleus may be transient. We speculate that
the nuclear “handover” of B-actin mRNA from ZBP2 to ZBP1
is essential to link the formation of an exportable mRNP with
the cytoplasmic regulation of the RNA (28). Because ZBP2/
KSRP is a splicing factor, it may also function in mRNA
splicing. In fact, the various steps and factors involved in the
splicing reaction serve as a model for how a succession of
proteins bind an RNA. Several hnRNP proteins, such as Squid
and hnRNPI/PTB, have been shown to regulate both RNA
splicing and localization (22). Interestingly, PTB and ZBP2/
KSRP colocalize in nuclei of various cell lines (25). They may
label these RNP complexes for subsequent targeting into dis-
tinct subcellular regions. ZBP2 is also a member of the FBP
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family of proteins. FBP1 and/or FBP3 was copurified in exper-
iments that identified ZBP2/KSRP/FBP2/MARTA as a prom-
inent zipcode binding protein, suggesting that FBPs were in-
volved in mRNA localization with specificity for different
mRNAs (35, 45) (see Fig. S1 in the supplemental material).
This demonstration of a sequential binding of two proteins to
an mRNA to form a localizable RNP visualized in real time
suggests that a hierarchy of binding with increasing specificities
exists. Further work will be necessary to identify the physio-
logical relevance of this hierarchy.
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