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Summary

Two of the best understood somatic cell MRNA cytoplasmic
trafficking elements are those governing localization op-
actin and myelin basic protein mRNAs. These cis-acting
elements bind the trans-acting factors fibroblast ZBP-1 and
hnRNP A2, respectively. It is not known whether these
elements fulfil other roles in MRNA metabolism. To address

were shown by confocal immunofluorescence microscopy to
have similar distributions in the central nervous system,
but they were found in largely separate locations in cell
nuclei. In the cytoplasm of cultured oligodendrocytes they
were segregated into separate populations of cytoplasmic
granules. We conclude that not only may there be families

this question we have used Edman sequencing and western of trans-acting factors for the same cis-acting element,
blotting to identify six rat brain proteins that bind the -  which are presumably required at different stages of
actin element (zipcode). All are known RNA-binding mRNA processing and metabolism, but independent
proteins and differ from ZBP-1. Comparison with proteins  factors may also target different and multiple RNAs in the

that bind the hnRNP A2 and AU-rich response elements, same cell.

A2RE/A2RE11 and AURE, showed that AURE and

zipcode bind a similar set of proteins that does not overlap
with those that bind A2RE11. The zipcode-binding protein,

KSRP, and hnRNP A2 were selected for further study and

Key words: RNA-protein interactions, Zipcode, RNA trafficking,
Protein sequencing, Confocal microscopy

Introduction transport has been demonstrated in fibroblasts (Kislauskis et

Localization of cellular proteins is accomplished by diversedl., 1994; Ross et al., 1997), where it is actin-dependent, and
pathways, including the trafficking and localised translation ofn neurons (Bassell et al., 1998; Zhang et al., 1999), where
mRNA. Selective trafficking of RNA involves the recognition it is microtubule dependent. Likewise, A2RE-dependent
of cis-acting segments, commonly in thelBIR, by trans- transport occurs in oligodendrocytes (Hoek et al., 1998;
acting proteins that bind indirectly to cytoskeletal elementdunro et al., 1999) and neurons (J. Shan et al., personal
(Singer, 1993). RNA localization in oocytes has been studiegommunication). An important unanswered question is
intensively (e.g. Hazelrigg, 1998; Nakielny et al., 1997; Swhether these mRNAs in different cell types use the same, or
Johnston, 1995). By contrast, only a small number of cis-actingifferent, trans-acting factors and trafficking pathways.
sequences that appear to act this way in somatic cells have soVe show here that tHgactin zipcode recognizes a set of at
far been identified. least ten rat brain polypeptides from rat brain. We have
A general pathway for mRNA trafficking in somatic cells identified six of the most prominent proteins by Edman
has been proposed, in which mMRNA molecules are packagé&géquencing and western blotting as rat homologues of KH-type
into granules in the nucleus, then exported to the cytoplassplicing regulatory protein (KSRP), far-upstream element
where they attach to microtubules or microfilaments and areinding protein (FBP), HuC and heterogeneous nuclear
transported to their destination before being translatetlbonucleoproteins (hnRNP) E1, E2 and L. All of these
(Barbarese et al., 1999). Two of the best-described systems gm@teins possess established RNA-binding motifs. The RNA-
those mediating localization of the mRNAs encodigctin -~ sequence-specific binding of a group of brain proteins suggests
(Bassell et al., 1999; Kislauskis et al., 1994; Oleynikov andhat there are varied and complex interactions that govern the
Singer, 1998) and myelin basic protein (MBP) (Ainger et al.post-transcriptional actions and fate of mRNAs, which may
1997; Ainger et al., 1993; Carson et al., 1997). Both mRNA#volve segments such as the zipcode, perhaps in combination
have small cis-acting segments: the 54-nucleotide zipcode with other cis-acting sequences.
the chickenf-actin mRNA (Ross et al.,, 1997) and the 11- We further show that zipcode and the AU-rich response
nucleotide hnRNP A2 response element (A2RE11) in the MBRlement (AURE), the latter a cis-acting element that influences
MRNA (Munro et al., 1999). These RNA segments appeanRNA stability by recruiting exosomes (Mukherjee et al.,
to operate in more than one cell type: zipcode-depende002), bind a similar set of proteins. This set does not overlap
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Table 1. Oligonucleotides used for affinity purification of RNA-binding proteins

Oligonucleotide Sequence

5' zipcode GCG GAC UGU UAC UGA GCU GCG UUU UAC ACC CcuU
3 zipcode CUU UGA CAA AAC CUA ACU UGC

A2RE GCC AAG GAG CCA GAG AGC AUG

A2RE11 GCC AAG GAG CC

AURE GUU UAU AAU UUU UUU AUU ACU G

NS1 CAA GCA CCG AAC CCG CAA CUG

All have biotinylated U at the' @nd. The sequences for rat zipcode, A2RE and AURE are from Schedlich et al., 1997, Ainger et al., 1997 and Munro et al.,
1999, and Hamilton et al., 1999 and Tsukamoto et al., 1996, respectively.

the A2RE11-binding proteins, Our results suggest that familie@/estern blot analysis

of trans-acting factors may recognize the same cis-actingroteins were separated on 12% SDS/polyacrylamide gels before
element and participate in different steps of mMRNA processinglectrophoretic transfer onto PVDF (Millipore, Sydney, Australia) and
and metabolism. These trans-acting factors may also targ@gubation with primary antibody. The secondary antibodies were 1
different and multiple RNAs in the same cell. Finally, we shown 1000 dilutions of either goat anti-rabbit or rabbit anti-chicken
that although KSRP and hnRNP A2 are both widely distribute@ntibodies conjugated to alkaline phosphatase (Sigma). Phosphatase
in the brain they differ in nuclear distribution and areactivity was visualized using a 4-nitro blue tetrazolium/5-bromo-

. . . -chloro-3-indoyl-phosphate substrate (NBT). The method of
segregated into different granules in the cytoplasm o tenoien (Stenoien and Brady, 1997) was used to stain for the

oligodendrocytes. kinesin heavy chain, but the kinesin antibody was detected with a
1 in 12,000 dilution of rabbit anti-chicken antibody conjugated to
horseradish peroxidase (Sigma) and visualized using enhanced

Materials and Methods chemiluminescence (Amersham Pharmacia Biotech, UK).

Isolation of RNA-binding proteins

RNA-binding proteins from the brains of 21-day-old rats were isolated
on superparamagnetic particles bearing the non-covalently attach&ell culture
oligonucleotides in Table 1, as previously described (Hoek et alBrains were excised from newborn Wistar rats and homogenized in
1998). Excess biotin-labelled oligoribonucleotide (Oligos etc.,DMEM containing 10% foetal bovine serum by triturating repeatedly
Wilsonville OR) was incubated with 5@l streptavidin-coated with a 10 ml syringe. The homogenate was allowed to settle, and the
particles (Roche Molecular Biochemicals, Mannheim, Germany) andupernatant was removed and placed in 75t@sue culture flasks.
unbound oligonucleotide washed off. The particles were therfter 10 days the cultures were vigorously shaken and the medium
incubated, in the presence of 10 g/l heparin (to minimize non-specifizas removed to generate secondary cultures onLplylsine coated
interactions), with 5 mg of brain protein for 30 minutes at 4°C. Aftercoverslips. Secondary cultures were fixed with 4% paraformaldehyde
rinsing off unbound proteins, bound proteins were eluted withl30 in phosphate-buffered saline (PBS) before processing for
of 0.1% SDS/1 mM DTT at 25 or 65°C for 10 minutes. These proteinsnmunostaining.
were separated on 12% polyacrylamide gels (Gradipore Ltd, Sydney,
Australia) and stained with Coomassie brilliant blue. Except where .
noted otherwise, the data shown below were obtained with A2RE1{mmunostaining
but equivalent results were obtained using A2RE. 15-day-old Wistar rats were perfused intracardially with PBS, then
4% paraformaldehyde in PBS. Brains were fixed overnight,
) ) cryoprotected in 0.5 M sucrose in PBS, frozen, then sectioned in a
Protein sequencing cryotome to generate 30m thick coronal sections. Sections were
Proteins isolated from eight individual magnetic particle experimentgjnsed three times for 5 minutes in PBS containing 0.0001% Triton
each with 50l of magnetic particles bearing’ Zipcode were X100, then microwaved twice until boiling in 0.01 M citrate buffer,
combined, partially concentrated by vacuum centrifugation, and rupH 6.0. They were then incubated in 10% Triton X-100 PBS for 30
in a single well of a 12% SDS/polyacrylamide gel before staining wittminutes, then in 3% normal goat serum containing 1% hydrogen
Coomassie brilliant blue. Bands were excised from the gel angeroxide for 30 minutes. After rinsing with PBS, sections were
digested with trypsin as follows. The gel slices were washed in 50%icubated in primary antibodies overnight at 4°C (Table 3.1), in
CH3sCN for 5 minutes, 50% CCN/50 mM NHHCOs for 30 minutes  biotinylated secondary antibodies for 1 hour at room temperature, and
and 50% CHCN/10 mM NHHCOs for 30 minutes and then vacuum then in a 1:1000 dilution of ABC solution (Avidin Biotin Complex
dried. TPCK-treated trypsin (0fdg Promega, Sydney, Australia) in Elite Kit, Vector Laboratories, Burlingame, CA) for 1 hour at room
15 pl of 10 mM NHHCO3 was added to the dried gel, which was temperature. Peroxidase activity was detected with DAB reaction mix
then left at 37°C overnight. Peptides were extracted using two 1 ho{®igma), following the manufacturer’s instructions, before mounting
incubations in 20 of 60% CHCN in 0.1% TFA. Tryptic fragments sections in glycerol.
were dried by vacuum centrifugation and redissolved ipl 20 10%
CH3CN/0.1% TFA before separation on a 2.1 8% mm C18 ) o
reverse-phase HPLC column (Vydac, Hesperia, CA). Optimafluorescence immunostaining
separation was achieved using a 10-40% acetonitrile gradient in 0.1¥he procedure for fluorescence immunostaining of tissue is as
TFA over 60 minutes at a flow rate of Bminute. Peptides from described above, until the incubation with the secondary antibody.
HPLC peaks that appeared well resolved were selected for Edm&ections were incubated either with FITC- or TRITC-conjugated
microsequencing on an Applied Biosystems (Foster City, CA) Procissecondary antibodies or with biotinylated secondary antibodies for 2
cLC sequencer. The levels of the tryptic peptides sequenced welheurs at room temperature. Sections incubated with biotinylated
generally below 1 pmol, and several were sequenced at the 200-25€condaries were then incubated with FITC- or Texas Red (TR)-
femtomol level. conjugated avidin for 1 hour at room temperature. Cultured cells were
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incubated in 0.1% Triton X-100 for 10 minutes, 0.2% fish skin gelatir A2RE11  5ZIP AURE NSt
for 15 minutes, primary antibody for 30 minutes and secondar i
antibody for 30 minutes. Tissue sections and cultured cells wer
mounted in Vectashield containing-@tdiamidino-2-phenylindole
(DAPI, Molecular Probes Inc, Portland, OR). Tissues and cells wer
imaged with a Zeiss Axiophot 2 fluorescence microscope equippe
with a Variocam camera (Carl Zeiss, Oberkochen, Germanyx4hd
(0.75 NA),x63 (1.4 NA) andx100 (1.3 NA) lenses. Confocal images
were produced with Leica TCS-NT (Leica, Inc., Deerfield, IL) or
BioRad MRC 600 (BioRad, CA) confocal microscopes equipped witt
x63 (1.4 NA) lenses. Multiple Z-plane images were merged, wher
required, using NIH Image v1.62 (National Institutes of Health,
Washington, DC).

Antibodies

Rabbit anti-ZBP-1 antibody (Ross et al., 1997), used at a 1:10

dilution, was generously supplied by R. Singer (Albert Einstein

College of Medicine, NY), chicken anti-CRD-BP antibody (Leeds etFig. 1. A2RE11, zipcode and AURE bind different groups of

al., 1997) (1:3000) by J. Ross (McArdle Laboratory for Cancelproteins. Coomassie-blue-stained SDS/polyacrylamide gel showing

Research, University of Wisconsin-Madison, WI), 4606 rabbit anti+at brain proteins that bound to magnetic particles bearing

FBP antibody (1:1000) by David Levens (Laboratory of Pathologyimmobilized MBP mRNA trafficking sequence (A2RE1factin

National Cancer Institute, Bethesda, Maryland), chicken anti-kinesimRNA 5 zipcode (%IP), the AU-rich response element (AURE) or

heavy chain antibody (KHC 555-772) (1:5000) by R. Diefenbacha non-specific RNA sequence (NS1). This figure was created from an

(Westmead Institute of Health Research, Westmead Hospital, Sydnéage of a single gel by deletion of every second track, which

Australia) and both rabbit KSRP antibodies, one (which staingontained irrelevant samples. The positions of standard proteins are

nucleoli; DBKS) raised against a C-terminal peptide and the othethown on the left, with molecular masses in kDa.

(C2742) against residues 172-711 (Markovtsov et al., 2000; Min et

al., 1997) (1:1000) by D. Black (UCLA, CA). The specificities of our . . .

antibodies to peptides from hnRNPs A1, A2/B1, B1 and A3 have begdnresolved doublets immediately above hnRNP A2 contain

verified previously (Ma et al., 2002) (T. P Munro, A2RE-mediatedsplice variants of hnRNP A3 (Ma et al., 2002). These proteins

RNA transport, PhD thesis, University of Queensland, 2002). are involved in cytoplasmic RNA trafficking. The minor

Other primary antibodies included mouse anti-adenomatousnRNP A1l band is not resolved from the intense hnRNP A2

polyposis coli protein (CC1 antibody; Oncogene Research Productsand, and the weak hnRNP B1 band travels just below the

San Diego, CA) and mouse anti-CNP antibody (Sigma). BiotinhnRNP A3 bands (arrowheads).

labeled goat anti-rabbit antibody (Jackson Immunoresearch

Laboratories, West Grove, PA), goat anti-rabbit TRITC (Sigma), goat

anti-rabbit FITC (Sigma), goat anti-mouse FITC (Jackson), goat antix P ; _hindi ; ;

mouse TRITC (Sigma), mouse anti-chicken FITC (Sigma) and Tex \s(jgntlflcatlon O.f Zipcode blr.]dmg br'aln proteins .

red avidin (Vector Laboratories) were used as secondary antibodieag./_l'cros_equenc'ng of tryptic peptides generated by in-gel
digestion after separation on SDS/polyacrylamide gels was
used in an attempt to identify the most prominent of the
5'-zipcode-binding proteins. Four bands (a-d in Fig. 1,

R959|t5 . . . o arrowheads on'ZIP lane) yielded levels of peptide sufficient
Multiple rat brain proteins recognize the B-actin zipcode for Edman microsequencing, all in the range of 200-500
and AURE femtomol. Three peptides from an 83 kDa band (Fig. 1, band

One of the proteins involved in transport®actin mRNA in  a) matched the amino-acid sequence of human KSRP (Table
fibroblasts has been identified as ZBP-1 (Ross et al., 1997). VE§, an RNA-binding protein that contains several KH domains;
sought to identify other proteins that play roles in aspects af 72 kDa band (band b) matched FBP exactly over one 11
the processing and cytoplasmic metabolism of RNAs bearingsidue peptide; three peptides from the 61 kDa band (band c)
the zipcode or AURE elements. Rat brain proteins that bind thad 100% sequence identity with human hnRNP L; and a 38
the A2RE11, 5zipcode, AURE, and an oligoribonucleotide kDa band (band d) yielded three peptides of which two
with the same nucleotide composition as A2RE but scrambletiatched the sequence of mouse HuC and one matched hnRNP
nucleotide sequence (NS1) were isolated in pull-dowrE. The only difference in this region between the isoforms
experiments using magnetic particles bearing thesbnRNPs E1 and E2 is at residue 107, which is Thr in hnRNP
oligoribonucleotides (Hoek et al., 1998). More than terEl and Ser in E2: both PTH derivatives were unequivocally
zipcode- and AURE-binding polypeptides that did not bindpresent in the corresponding Edman cycle, suggesting that both
NS1 or the A2RE11 were observed on SDS-polyacrylamidesoforms, which differ in mass by only 1054 Da, were present
gel electrophoresis (Fig. 1). The majority of tHezpcode- in the gel band and, therefore, that both bind the zipcode.
binding bands correlated with bands on the AURE track, bdinRNP L appeared not to bind AURE although it bound the
with some changes in relative intensity. The pattern of proteirgpcode (band c in Fig. 1). Lower molecular weight bands
binding the zipcode and AURE differed markedly from thosecorresponding in position to hnRNPs E and HuC were also
binding the A2RE11. The prominent proteins in the A2RE1Jevident in AURE-binding proteins. No other sequences in the
lane (arrowheads at left in Fig. 1) are the 36 kDa hnRNP Afranslated DNA databases matched as well as those identified
(Hoek et al., 1998; Munro et al., 1999) and the two weakegbove, even allowing for minor ambiguities or gaps in some of
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Table 2. Identification of RNA-binding proteins
Sequenced band and

apparent mass/kDa* Amino-acid sequence Identity and accession number
a (83) GETIKQLQER KSRP (253-262; U94832)

a (83) MILIQDGSQNTBVDK KSRP (267-281)

a (83) QFKQDDGTGPEK KSRP (357-368)

b (72) GNEGIDVPIPR FBP (274-284; U05040)

c (61) VQAMVEFD*SVQSAIQ hnRNP L (201-214; P14866)
c (61) NVFFKND* QD* TWD* YTINP hnRNP L (243-257)

c (61) GPQYGHPPPPPPPP hnRNP L (339-352)

d (38) NLYVSFGLPK HuC (126-134; Q60900)

d (38) ALLTH LYQSIAR HuC (213-224)

d (38) VPAT** QCIGSLIGK hnRNP E1 (104-115; Q15365)

hnRNP E2 (104-115; Q15366)

*Band labels correspond to Fig. 1. Apparent molecular mass as measured on SDS/polyacrylamide gels in kDa in parenthesis.

f(X-X) indicates the positions of the matching residues in the published amino-acid sequence. The accession numbers @erfBamkioe SwissProt
databases.

*The identification of the residue before the symbol is tentative.

8The residue before the symbol was unequivocally D and thus differs from the N in this position in human KSRP.

fThe assignment given is from the published sequence and is consistent with the Edman results, but no PTH-amino acidiwashitetycie.

**Both PTH-threonine and PTH-serine were detected in this cycle.

the peptide sequences. Several other bands were subjecte®#£), in accordance with the results shown in Fig. 1.
digestion with trypsin, HPLC and Edman degradation buConversely, antibodies to hnRNPs Al, A2/B1, B1 and A3
yielded no reliable sequences. recognized proteins eluted from immobilized A2RE11 but
none from 5zipcode. AURE did not bind to hnRNP A2 and
o o . is thus unlikely to bind to the other hnRNP A/B proteins (data
Western blots highlight the specificity of RNA-protein not shown). These results demonstrate the highly sequence-
Interactions specific nature of these RNA-protein interactions.
As antibodies were available for two of the identified zipcode- Fig. 2B shows NS1-, AURE- and'-gipcode-binding
binding proteins, KSRP and FBP, these proteins were selectpdoteins detected with anti-KSRP (C2742) and verifies that the
for further study. Their specific association with zipcode wago-migrating AURE- and'&zipcode-binding proteins marked
verified by western blotting. Antibodies to KSRP and FBPa’' in Fig. 1 are both KSRP. In the original gel, a closely
recognized 83 kDa (calculated mass 72 kDa) and 72 kDspaced doublet was observed, which may represent isoforms
(calculated mass 68 kDa) proteins, respectively, eluted frorof KSRP.
immobilized 5 zipcode but not from A2RE11 or NS1 (Fig. Zipcode-binding proteins from chicken and rat were also
detected on western blots with an anti-CRD-BP antibody,
which recognizes ZBP-1 and the homologous KSRP protein
A _NS1_A2RE11 5ZIP (16% amino acid identity and 42% amino acid similarity), to
8 >h ‘KSHP determine whether ZBP-1 is a rat brain zipcode-binding
protein. Both 83 kDa (data not shown) and, at a much lower

R”* - bt level, 68 kDa ZBP-1-like proteins were present in foetal brain
35 > E__o8 hnRNP A1
Fig. 2. Western blots confirm specificity of binding to zipcode and
36 » ‘ hoNE:AG A2RE11. (A) 21-day-old rat brain proteins were used in pull-down
= experiments with magnetic particles bearing NS1, A2RE11 or 5
1 = - I zipe:ode. The RNA-bc?und pPoteins were elugt’ed, run on
39 B — | hnRNP Bt SDS/polyacrylamide gels and electroblotted. The blots were

incubated with the indicated primary antibodies and protein bands
detected with alkaline phosphatase-conjugated secondary antibody.
B The molecular masses in kDa are indicated on the left. (B) NS1-,
RSt _ALSE 2P AURE- and 5zipcode-binding proteins detected with anti-KSRP

5 » — j KERR (C2742). (C) Western blots developed with chicken antibody to
CRD-BP, which binds ZBP-1. On the left, proteins from embryonic
C RatBrain Chicken Rat (E15) and 21 day postnatal (P21) rat brains. No 68 kDa protein was
E15 P21 A2RES'ZIP A2RE 5ZIP observed in pull-down experiments with the A2RE 'aripcode and
e 1‘_ 3 = [ " cro-eP P21 chicken (centre) or P21 rat (right) brain protein. This blot was

overdeveloped to show the weak band. (D) Western blot of rat brain
proteins bound to NS1, A2RE11 aridzfpcode detected with
D NS1 A2RE11 5ZIP brain antibodies to conventional kinesin heavy chain. The positions of
T EET T T o

[—_—— standard proteins are shown on the left, with molecular masses in
120 » s Kinesin KDa p
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(E15, Fig. 2C), but in 21-day-old rat brain (P21) the 83 kDs A kDa 3ZIP 57ZIP
protein was much less abundant and the 68 kDa band was 1 ' SN
detected even after prolonged exposure. The 68 kDa CRD-B
immunoreactive protein was not detected in the P21 chicken « 94— S
rat brain proteins eluted from magnetic particles bearing eithe ’ - '<FBP
A2RE or 3 zipcode. ZBP-1 was, therefore, not one of the brair 67— ' 4
zipcode-binding proteins shown in Fig. 1. Only the 83 kDe B hnRNP L
protein was detected with anti-CRD-BP antibody in the - .

. <KSRP

chicken and rat brain proteins bound to magnetic particle
bearing the zipcode, most probably reflecting the very low leve
of ZBP-1 in mature rat brain.

Conventional kinesin, which has been implicated in the 43= HuC/hnRNPs
cytoplasmic trafficking of RNAs, was evident on western blots W~ E1and E2
of whole rat brain extracts but not irApcode- or A2RE11-
binding proteins (Fig. 2D). This suggests that if kinesin doe
bind, directly or indirectly, these RNA-binding proteins the
interaction does not persist in the pull-down experiments. B A2RE11 3'ZIP 5ZIP

b
The 3' zipcode binds a subset of the 5'-zipcode-binding
proteins Fig. 3. The 3 zipcode binds a subset of thezipcode-binding
Pull-down experiments were performed with rat brainProteins isolated from rat brain protein extracts. (A) Coomassie-blue-
proteins and the two segments of the zipcode, thanl  Stained SDS/polyacrylamide gel showing rat brain proteins that
3 zipcodes, and the bound proteins analyzed on SDgpund to magnetic particles bearing immobilifedctin mMRNA 5

olyacrylamide gels. In this experiment, as in some other& Pc0de (&2IP) or the 3zipcode (&IP). The bands identified by =
polyacry gels. P ! dman sequencing are marked on the right. In this experiment, as in

the level of hnRNP L isolated was higher than in themers we have performed, the level of hnRNP L was higher than in
experiment shown in Fig. 1. Fig. 3 shows that some, but n@fe experiment shown in Fig. 1. The positions of standard proteins
all, of the proteins that bound thé Zpcode also bound the are shown on the left, with molecular masses in kDa. (B) Western
3 zipcode. KSRP and FBP, but not hnRNP L, HuC omlotting of proteins from pull-down experiments performed with
hnRNPs E1 and E2, bound the Zpcode, suggesting that immobilized A2RE11, ZIP and 3ZIP showed that hnRNP A2 does
within the full 51 nucleotide rat zipcode there are twonot bind the 5zipcode or 3zipcode. The blot was developed with
sequence-specific binding sites or a site that overlaps tHW@RNP A2 antibody as the primary antibody. Protein bands were
junction between the’5and 3 zipcodes for the first two detected with an alkaline-phosphatase-conjugated secondary
proteins. There is some sequence similarity between shdftody:
sections of the two zipcode fragments: one possible common
motif is (G/C)UUUNNNA, which is also found in AURE.

abundant isoform of hnRNP A2, was detected in only a small

) o ) subset of oligodendrocytes (Fig. 4G,H).
A2RE11- and zipcode-binding proteins are

co-expressed but have different distributions in brain

KSRP and FBP are widely distributed in rat brain. They werdSRP and hnRNP A2 have different nuclear locations in

detected by DAB staining in different cell types in theoligodendrocytes

white (wm) and grey (gm) matter of 15-day-old animals. FroniThe co-expression of KSRP-immunoreactive proteins and

their position and morphology, most cells, includinghnRNP A2 was also evident in cultured glial cells, where both

oligodendrocytes, astrocytes and cortical and hippocampare present predominantly in the nuclei (Fig. 5A,B). A single

neurons, appeared to be positive for KSRP, FBP and hnRNP A@nfocal optical section shows that KSRP-immunoreactive
The distribution of KSRP and FBP in the cortex is shown irproteins and hnRNP A2 had a reticular distribution in the

Fig. 4A,C. Intense KSRP and FBP fluorescence was found in tmeicleoplasm and appeared to be excluded from many small

nuclei of cells stained for the oligodendrocyte cell body markecircular nuclear regions. There was some overlap in the

CC1 (Fig. 4B,D). These cells also expressed hnRNP A2 (Figeticular staining patterns, but both proteins were concentrated

4E,F), suggesting that A2RE-binding proteins (hnRNP A2) anth different regions. The difference in the distributions of these

zipcode-binding proteins (KSRP-immunoreactive proteins) arproteins was most striking in mitotic cells in which KSRP was

co-expressed. Although KSRP and FBP were detected primarilyidely distributed in the mitotic cell (Fig. 5D), whereas hnRNP

in the nuclei by DAB staining the hnRNP A2 appeared to bé\2 (Fig. 5E) was primarily associated with the segregated

present in both the nuclei and cytoplasm (Fig. 4E). Howevechromosomes (Fig. 5F,G).

confocal fluorescence microscopy showed that most hnRNP A2

is nuclear in oligodendrocytes (Fig. 4F). hnRNP A3, which, like o )

hnRNP A2, may play a role in cytoplasmic trafficking of RNA KSRP and hnRNP A2 are in different cytoplasmic

(Ma et al., 2002) was also apparent in oligodendrocyte nuclegranules

hnRNP A1, which appears not to associate with A2RE, or to dim oligodendrocyte processes, antibodies to KSRP and hnRNP

so more weakly, was not evident, and hnRNP B1, a far le#s2 bound cytoplasmic granules, which resemble the mRNA
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transport particles observed in many different cell types (Figapparently operate through mutually exclusive sets of
6A,B). An analysis of the KSRP (arrowheads in B, red) angbroteins.
hnRNP A2 (arrows, green) fluorescence in each granule The post-natal rat brain zipcode-binding proteins identified
demonstrated that KSRP-immunoreactive proteins and hnRN#&ere include KSRP, FBP, hnRNP L, hnRNPs E1 and E2 and
A2 were concentrated in separate granule populations. ThuC. In recent experiments Gu and colleagues (Gu et al., 2001)
relative levels of KSRP and hnRNP A2 fluorescence in eacilentified ZBP-2, FBP, ssDBF (a single-stranded DNA binding
granule were calculated, and a histogram of these valugsotein) and ABBP (an hnRNP A/B type protein) as zipcode-
showed that the majority of granules contained just KSRP [redbinding proteins in embryonic chicken brain. There is overlap,
r, r/(r+g)=1] or hnRNP A2 [green, g, r/(r+g)=0] (Fig. 6C). Fewwith FBP and KSRP/ZBP-2 being common to both groups.
granules appeared to contain both proteins. This suggests t@&P-1 is the predominant zipcode-binding protein of
there are transport complexes that transport zipcode-containiegnbryonic fibroblasts (Ross et al., 1997), but expression of
mMRNAs and separate granules that transport A2RE-containirtgis protein declines after birth, and it was not detected in
MRNAS. the zipcode-binding proteins from postnatal brain in our
experiments. Little CRD-BP (a ZBP-1 homologue) was

) ) recently found in adult human brain using RT-PCR, although
Discussion
Understanding of the nature of RNA-prot
interactions and the combinations of cis-ac
sequences and trans-acting factors that gc
many of the aspects of RNA metabolisir
somatic cells has been limited by the paucit
well defined cis-acting sequences. By cont
A2RE, zipcode and AURE are sIr
oligonucleotides  with  defined  bindi
properties and functions. We have shown
the sets of proteins that bind tfectin zipcod:
and the AURE overlap extensively but do
include members of the A/B hnRNI
Conversely, these A/B-type hnRNPs &
A2RE11 and A2RE but not the other two |
acting sequences. Thus, most of the proteir
have identified are able to selectively bind n
than one cis-acting element and each ele
binds several trans-acting factors. Veral/v
binding protein and ZBP-1, which are alm
identical proteins, provide further evidence
the same trans-acting factor recogni:
various cis-acting elements: they operate
different cytoskeletal elements in various
types and with different cis-acting eleme
(Oleynikov and Singer, 1998). Thus, if b
proteins are involved in RNA trafficking, th

Fig. 4. Zipcode- and A2RE-binding proteins are
present in rat cortical neurons and glial cells. Sections%
of cortex of 15-day-old rats were stained for KSRP | g
(A,B red) FBP (C,D red), hnRNP A2 (E,Fred)and | *
hnRNPs Al (G red), B1 (H red), and A3 (I red) by ‘ e
immunoperoxidase (A,C,E) and immunofluorescencé ® s
methods (B,D,F-I). Most neurons (arrows in A,C, E) % .
and all white matter glia (arrowheads in A,C,E) werq
labeled for KSRP, FBP and hnRNP A2. Confocal
microscopy of sections double-labeled with
oligodendrocyte markers CC1 (green in B,D, which [

which show cortical grey matter) detected KSRP,
FBP, hnRNP A2 and hnRNP A3 in these cells
(arrows). hnRNP A1l was not detected in
oligodendrocytes (G, arrowhead), and many were
also B1-negative (H, arrowhead). wm and gm: white
and grey matter. Bars, 1Q@n for (A,C,E) and 2fum
for other images.
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Fig. 5.KSRP and hnRNP A2 are concentrated in separate regions in
the nuclei of cultured oligodendrocytes. KSRP (A and red in C;
C2742 antibody) and hnRNP A2 (B and green in C; chicken
antibody) are present at high levels in the nuclei with concentration
of these proteins in regions that appear to contain primarily one
protein or the other but not both. D-G show a mitotic cell in which
KSRP (D, red in G) is concentrated in areas that largely exclude
hnRNP A2 (E, green in G), which is associated with the dividing
chromatin (F, blue DAPI staining in G). Bars, A-Qu2, D-G,

5pum.

it was detected in a few adult tissues, in many foetal tissut
including the brain and in mesenchymal tumors (loannidis €
al., 2001).

We saw only one closely spaced protein doublet in th
molecular weight range expected for KSRP and ZBP-2: thes
proteins are most probably isoforms of KSRP, a rat homologt
of the chicken ZBP-2 (Gu et al., 2001) and rat MARTA1
(Rehbein et al., 2000). The chicken ZBP-2 and human KSR
have over 86% identity at the amino-acid level but ZBP-2 ha
an additional segment near the N-terminus (Gu et al., 2001
searches of the human and mouse databases for this ZBP-2
residue segment did not reveal any cognate sequence.

The identification of several zipcode-binding proteins raise
the question: do they interact with the zipcode-containing RN/
in the nucleus, cytoplasm or in both locations? KSRP (Min € rir+g)

al., 1997) was reported to be located primarily in the nucleugig g Extranuclear nRNP A2 and KSRP are differentially
where it acts as a splicing factor and forms part of thecalized. (A) A cultured oligodendrocyte showing the presence of
perinucleolar structure (Huang, 2000), but our experimentgSRP (C2742 antibody, red) and hnRNP A2 (green) in the nucleus
show that it is also present in cytoplasmic granules that hawend processes. In the cell body the relative level of hnRNP A2 is
been implicated in RNA trafficking (Hoek et al., 1998; Kiebler higher. The two asterisks mark what appear to be adjacent cells.
et al., 1999; Kohrmann et al., 1999) and binds zipcode, @) A magnified view of a process of the cell from multiple merged
known cis-acting sequence for cytoplasmic RNA trafficking. Optical sections. Distinct populations of granules containing KSRP
Each of the other proteins has been implicated in thgATowheads) or hnRNP A2 (arrows) are evident in the
cytoplasmic metabolism of RNAs. FBP targets a far upstrea ligodendrocyte processes. (C) A histogram showing the

: fi | t of oy lating its t it B luorescence ratios [red/(red + green); see Materials and Methods] of
cis-acting element of miyg regulating its transcription (Bazar g .nijes in four cells (excluding the cell shown in A) double-labeled

et al., 1995), but it also binds a 26 nucleotide pyrimidine-rich,, hnrRNP A2 (green) and KSRP (red). Bars, Apb@, B, 2.5um.
sequence in the' 3JTR of GAP-43 mRNA, modulating its

stability (Irwin et al., 1997; Wang et al., 1998). hnRNP E

(Hahm et al.,, 1993) regulates cap- and IRES-dependeatso binds the 126 nucleotide hypoxia stability region of human
translation (Ostareck et al., 1997). It also binds and possiblyascular endothelial growth factor mMRNA (Shih and Claffey,
stabilizes the pyrimidine-rich' TR regions of erythropoietin  1999) and the AU-rich cis-acting destabilization sequence of
(Czyzyk-Krzesk, 1999) and-globin (Kiledjian et al., 1995) glucose transporter Glutl mRNA (Hamilton et al., 1999).
mMRNAs. hnRNP L (Pifiol-Roma et al., 1989) was originallyFinally, HuC belongs to the ELAV family of RRM-containing
described as being localised to the nucleus (Huang, 200proteins which, although found in the nucleus, binds AURE
Kamma et al., 1995) but extranuclear functions are suggestédlbe et al., 1996) and is colocalized with ribosomes in
by its association with gliomas that manifest translationaiicrotubule-associated granules in neuronal dendrites (Antic
repression and mRNA instability (Hamilton et al., 1999). Itand Keene, 1998; Gao and Keene, 1996). FLAG-tagged HuC

(@)

granules
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is localized to the cytoplasm of transfected PC-12 cellselective but also demonstrate the possibility of competition

(Akamatsu et al., 1999). between proteins for the same RNA element and, conversely,
Thus, there is evidence to suggest that each of these zipcotetween different cis-acting elements for a single protein. The

and AURE-binding proteins can bind to, and modulate theegulation of RNA metabolism is thus likely to involve a

function of, cytoplasmic RNA, primarily by controlling mRNA complex interplay between multiple RNA elements and trans-

stability or translation. This group includes proteins thatacting factors.

contain KH domains, and some with RRMs. Hence, the

observed RNA binding cannot be attributed to a single '[yp(ﬁI .

of RNA-binding domain: modules with divergent tertiary NOt€ added in proof .

structures bind thB-actin zipcode sequence selectively. Rehbein et al. have recently shown that rat MARTAL is the
The bmdmg of these proteins to the Zipcode and AURE)I"[hO'Onge of human KSRP, with 98% amino acid Identlty.

can be partly rationalised in terms of their RNA-binding )

preferences. None of the RNA sequences that have been! s work was supported by grants to R.S. and G.J.K. from the

reported to bind to these proteins overlaps with A2RE11, b ustralian National Health and Medical Research Council. We thank

h ts that tch ts of the zi d AU Black, J. Ross, R. Singer, D. Levens and R. Diefenbach for
several have segments that match parts of the zipcoae or nerously supplying us with antibodies, Amanda Hawkins for

(Table 1): (1) FBP binds a 26 nucleotide sequence (Irwin et akgcpnical assistance and A. Ma for the western shown in Fig. 2C. We
1997) that shares the sequence UAUUU with AURE; (2hre grateful to R. Singer for discussions of his then unpublished
hnRNP E binds repeated CCUCCC sequences (Holcik andsults.

Liebhaber, 1997) overlapping with the zipcode CCCU; (3)

hnRNP L binds the 33 nucleotide Glutl stability element

(Hamilton et al., 1999), which contains both zipcodeReferences
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