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ABSTRACT. Segregation of mRNAs in the cytoplasm of polar cells has been demonstrated for proteins
involved in Xenopusand Drosophila oogenesis, and for some proteins in somatic cells. It is assumed
that vectorial transport of the messages is generally responsible for this localization. The mRNA encoding
the basic protein of central nervous system myelin is selectively transported to the distal ends of the
processes of oligodendrocytes, where it is anchored to the myelin membrane and translated. This transport
is dependent on a 21-nucleotides-acting segment of the'-&intranslated region (RTS). Proteins that

bind to thiscis-acting segment have now been isolated from extracts of rat brain. A group of-six 35
42-kDa proteins bind to a 35-base oligoribonucleotide incorporating the RTS, but not to several
oligoribonucleotides with the same composition but randomized sequences, thus establishing specificity
for the base sequence in the RTS. The most abundant of these proteins has been identified, by Edman
sequencing of tryptic peptides and mass spectroscopy, as heterogeneous nuclear ribonucleoprotein (hnnRNP)
A2, a 36-kDa member of a family of proteins that are primarily, but not solely, intranuclear. This protein
was most abundant in samples from rat brain and testis, with lower amounts in other tissues. It was
separated from the other polypeptides by using reverse-phase HPLC and shown to retain preferential
association with the RTS. In cultured oligodendrocytes, hnRNP A2 was demonstrated by confocal
microscopy to be distributed throughout the nucleus, cell soma, and processes.

Differentiation of many cells is accompanied by the membrane which ensheaths axonal processes. Subcellular
development of structural and functional asymmetry. Vecto- fractionation and immunostaining studies have shown that
rial transport of MRNAs and localized translation provides MBP, a major structural component, is concentrated in
one means for establishing the polarized distribution of compact myelin membrane8{10). Studies of mice ex-
proteins in these cells. In oogenesis and embryonic develop-pressing MBP mutations (e.gShiverer) indicate that this
ment, for example, MRNAs encoding many essential mor- protein is involved in the close association between cyto-
phogenic proteins are selectively targeted to different sub- plasmic surfaces at the dense line of myelin lamellE® (
cellular domains, including those encodimgkar, nanos and 11) and is essential for central nervous system myelination.
bicoid in DrosophilaandVglandXcat2 in Xenopug1, 2). This localization of MBP appears to be effected primarily
Mislocalization of these mRNAs results in aberrant embryo- by segregation of its message to the myelinating periphery
genesis. In somatic cells, mMRNAs encoding some key of oligodendrocytes, followed by protein synthesis and
intracellular proteins are also concentrated in discrete loca-incorporation into compact myeli(12. Initially, MRNAs
tions. Examples include the RNAs encoding important encoding MBP are concentrated near oligodendrocyte nuclei,
structural proteins such gbsactin, which is concentrated at  but they redistribute to the myelin sheath at the onset of
the leading edge of fibroblast8)( MAP2 and tau, which  myelination , 13. While mRNAs for the tau isoforms are
are asymmetrically distributed in neurods §), and myelin also peripherally translocated in viva4), others, such as
basic protein (MBP) mRNAs, which accumulate at the that encoding the myelin proteolipid protein, are restricted
myelinating periphery of oligodendrocyte$, (7). MBP to the cell body 7, 13, indicating that peripherally directed
mRNA transport was one of the first recognized examples mRNA transport is a selective event.

(6), and it remains one of the betFer _charactenzed. _ Active, multistep MBP message transport has been de-
Central nervous system myelin is a morphologically scribed in cultured oligodendrocytes. Exogenous MBP
complex, spiralled extension of the oligodendrocyte plasma transcripts microinjected into the oligodendrocyte soma
collect into granules and move from the cell body into the
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and sufficient for RNA transport, the RNA transport sequence a theoretical capacity of 0.1 nmol of RTS. Binding took
(RTS)! lies within a 21-nt stretch of the'-&intranslated place for 30 min on ice in binding buffer (10 mM HEPES,
region (UTR) (8). 3 mM MgCl,, 40 mM NacCl, and 5% glycerol, pH 7.5) and
To identify trans-acting factors involved in the transport 10 g/L heparin to reduce nonspecific binding. Then the
of MBP mRNA, we have employed a binding assay using a particles were concentrated magnetically, and the supernatant
35-nt RNA containing the RTS. We describe the isolation was aspirated. The particles were washed three times with
of a group of six proteins that bind the RTS in a sequence- binding buffer before protein bound to the particles was
dependent manner. The dominant binding protein has beerreleased by incubation in 5L of 0.1% SDS and 1 mM
identified as a member of the family of heterogeneous nuclearDTT and heating to 68C for 10 min. After removal of the
ribonucleoproteins, hnRNP A2. Immunostaining using a magnetic particles, the protein solution was brought to 4%
highly specific chicken antibody indicated that hnRNP A2 sodium dodecyl sulfate (SDS), 10% sucrose, 0/&%%er-
not only is located in the nucleus of oligodendrocytes but captoethanol, and 0.01% bromophenol blue by the addition
also is abundant in granules found in the cell body and of concentrated electrophoresis sample buffer, heated to 65

processes. °C for 10 min, and electrophoresed on a 12% polyacrylamide
gel containing SDS. After electrophoresis, gels were stained
MATERIALS AND METHODS with B/T Blv protein stain (B/T Scientific Technologies,

Biotinylated OligonucleotidesRNAs 35 ntin length were ~ Carlsbad, CA).
synthesized by Oligos Etc., Inc. (Wilsonville, OR). The  Several nonspecific RNAs were used as controls, and
purity of these oligoribonucleotides was confirmed by unlabeled, streptavidin-coated particles were also used as
electrophoresis on both agarose and polyacrylamide gels ofcontrols for nonspecific binding. In competition RNA-
aliquots of equal 260-nm absorbance. Dot-blot analysis of binding assays, RTS RNA-labeled particles and RNA
serially diluted aliquots with alkaline phosphatase-linked competitor (25-fold excess of unbiotinylated RTS or NS1
streptavidin demonstrated that efficiency of biotinylation was RNA) were co-incubated with 5 mg of brain protein in
the same for all probes. binding buffer. For preparative isolation of RNA-binding

Protein Extraction. Tissues were removed from 21-day- proteins, 5 mg of RTS RNA-labeled streptavidin-coated
old Wistar rats and placed in ice-cold phosphate-buffered particles were incubated with 50 mg of brain cytoskeletal
saline (PBS) immediately prior to homogenization. Extra- fraction in 10 mL using the standard assay conditions above.

nuclear and nuclear protein extracts were prepared as Reserse-Phase HPLC of RTS-Binding ProteirBrotein
described 19). High-salt protein extracts (‘cytoskeletal was released from streptavidin-coated particles by incubation
fractions”) were then obtained using the following method. in 30% acetonitrile and 0.1% TFA at 6& for 10 min. This
The pellet remaining after extranuclear/nuclear extraction wassolution was diluted to 5% acetonitrile by addition of 0.1%
resuspended by vortexing in 1 vol of extract buffer (20 MM TFA before it was passed through a Qu#:filter and loaded
HEPES, 0.65 M KCI, 2 mM EGTA, 1 mM MgGl 2 M onto a 5x 0.46 cm diam Poros HR 10 reverse-phase HPLC
glycerol, 14.3 mM3-mercaptoethanol, 8.7 mM Nonidet-P40, column (PerSeptive Biosystems Inc., Framingham, MA)
12.1 mM deoxycholic acid, 1 mM PMSF, and 2aM which had been equilibrated with 5% acetonitrile in 0.1%
leupeptin, pH 7.4). This was centrifuged at 139@6r 15 TFA at 20°C. The column was washed with 2.5 mL of the
min at 4 °C; the supernatant (cytoskeletal fraction) was same solvent, followed by a 4-min linear gradient to 90%
removed and kept at 4C. Protein concentrations in the acetonitrile in 0.1% TFA. The same procedure was followed
extract fractions were estimated colorimetrically using the for larger-scale isolation of the RTS-binding proteins except
Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA). that the initial solvent contained 25% acetonitrile and was
Where binding assays required unfractionated tissue extractsfollowed by a 6-min linear gradient to 55% acetonitrile.
tissues were homogenized in the above extract buffer andg|ution was monitored by measuring the absorbances at 280
centrifuged at 130apfor 15 min at 4°C. and 214 nm.

Affinity Isolation of RNA-Binding ProteinsStreptavidin-
coated superparamagnetic particles and magnetic particlq1
separators were purchased from Boehringer Mannheim
GmbH (Mannheim, Germany). For each RNA-binding assay
0.5 mg of magnetic particles was incubated on ice for 10
min with 2 ug of biotinylated 35-nt RNA in a 25@L
solution of 10 mM Tris-HCI, 1 mM EDTA, and 100 mM
NaCl, pH 7.5. Unbound RNA was washed off with 10 mM
Tris-HCI, 1 mM EDTA, ad 1 M NaCl, pH 7.5. In a
standard 1-mL assay about 5 mg of brain protein was added
to 0.5 mg of the RNA-labeled magnetic particles, which had

Mass Spectroscopy.The mass of HPLC-purified rat
NRNP A2 was measured by mass spectrometry (MS) on a
single-quadrupole mass spectrometer fitted with an electro-
spray ion source (API165, PE-SCIEX Instruments, Toronto,
ON, Canada). Samples were injected apd@min into the
solvent delivery line of the spectrometer operated in the
positive ion mode (electrospray voltaged4.5 kV; orifice
potential, 80 V). Scan conditions wen#z 1200 to 2400 in
5 s with a step of 0.5 atomic mass units. Spectra were
collected using multichannel averaging.

RTS-Binding Analyses of HPLC-Purified ProteinBro-

! Abbreviations: DMEM, Dulbecco’s modified Eagle medium; DTT teins purified by reverse-phase HPLC were removed from
dithiothreitol; HEPESN-(2-hydroxyethyl)piperazinéé-2-ethanesuifon-  2cetonitrile and TFA by centrifugation over 10-kDa cutoff
ic acid; hnRNP, heterogeneous nuclear ribonucleoprotein; MBP, myelin filters (Millipore, Sydney, Australia) and taken up in binding
basic protein; NS, nonspecific RNA; nt, nucleotide; PMSF, phenyl- puffer. RTS-binding analyses were carried out as described

methanesulfonyl fluoride; PVDF, polyvinylidine difluoride; RTS, MBP . TP ;
mRNA transport sequence: RAP, RTS-associated polypeptide: SDS7above for affinity purification studies, except that 5 mg/mL

sodium dodecy! sulfate; TFA, trifluoroacetic acid; UTR, untranslated BSA was included to inhibit nonspecific protein binding to
region. the surface of the magnetic particles. RTS-binding samples
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were analyzed by SDS-polyacrylamide electrophoresis as Since the 7A9 antibody recognizes multiple hnRNES),(

described above.
Protein Sequencing.Samples containing protein taken
from a preparative-scale RNA-binding experiment were

these experiments used a chicken antibody, HK334-8, which
had been fractionated by ion-exchange chromatography to
concentrate hnRNP A2-specific antibodies (A. Hawkins et

electrophoresed under reducing conditions on a 12% poly-al., unpublished observations). After permeabilization in
acrylamide gel containing SDS. After electrophoresis, the 0.1% NP40 detergent in PBS for 4.5 min, the fixed

gel was lightly stained with B/T Bi blue protein stain and

oligodendrocytes or COS-1 cells were washed in PBS and

the band of interest was excised from the gel. The gel slice then blocked in 5% normal goat serum diluted in PBS. The

was pulverized in a microfuge tube, and 2d0of 100 mM
sodium phosphate buffer, pH 8.0, containingdQof trypsin

HK334-8 antibody was diluted 1:50 in the blocking solution,
and cells were incubated in this reagent for 30 min at room

(Sigma Chemical Co., St. Louis, MO) was added. This was temperature. After repeated PBS washings, the coverslips
incubated at 37C overnight and then centrifuged at 1300 were blocked again and then incubated in 1:50 fluorescein
for 30 min at room temperature. The supernatant was isothiocyanate-conjugated antibodies directed against chicken
removed and placed in a microfuge tube, and the pellet wasimmunoglobulins (Promega and Sigma-Aldrich, Sydney,
washed with 20QuL of water and recentrifuged. Pooled Australia). In double-labeling experiments, cells were
supernatants were acidified to 0.1% TFA and centrifuged at subsequently stained using a mouse monoclonal antibody
1300@ for 30 min at room temperature. Reverse-phase against myelin basic protein (Sternberger Meyer, MD)
HPLC was used to purify tryptic fragments before N-terminal followed by tetramethyl rhodamine isothiocyanate-conjugated
sequencing. A 2% 0.46 cmi.d. analytical column (Alltech  secondary antibodies (Sigma-Aldrich). After washes in PBS,
C8, 5 um silica bead matrix) was equilibrated with 5% cells were mounted in glycerol containing 3% 1,4-diaza-
solvent acetonitrile and 0.1% TFA at 1 mL/min and 5. bicyclo[2.2.2.]octane as an antibleaching agent. The cells
After sample loading, the column was then subjected to a were viewed on a Zeiss Axiophot 2 fluorescence microscope
40-min linear gradient of 540% acetonitrile and 0.1% TFA and imaged with a Variophot CCD camera. Confocal
in 0.1% aqueous TFA, followed by a 20-min linear gradient microscopy was undertaken using Zeiss and Bio-Rad instru-
to 80% acetonitrile and 0.1% TFA. Eluate from the column ments equipped withx40 (1.25 NA) andx63 (1.4 NA)
was monitored at 280 and 214 nm. Fractions of sufficient lenses. Control experiments in which primary and/or
homogeneity were concentrated by lyophilization, applied secondary antibodies were withheld resulted in no significant
to polybrene-treated glass-fiber filters, and subjected to fluorescence.
N-terminal Edman sequencing on an Applied Biosystems
(Foster City, CA) 470A protein sequencer with an on-line RESULTS
PTH analyzer. Sequences obtained were used to query the A Small Group of Proteins Binds the RTS Sel&dyi. Rat
ATLAS sequence retrieval program, located at the Martin- brain fractions were added to streptavidin-coated magnetic
sried Institute for Protein Sequences, accessing the PIR particles bearing a biotinylated 35-nt oligoribonucleotide
SWISSPROT, GB, and EMBL protein sequence databases.incorporating the RTS sequence. After washing, bound
Immunoblotting. Samples resolved by SB$olyacryla- proteins were recovered from the particles by elution with
mide gel electrophoresis were transferred from gel to SDS/DTT and analyzed by SDS gel electrophoresis, or they
Immobilon polyvinylidine difluoride membrane (Millipore,  were eluted with 30% acetonitrile in 0.1% TFA and analyzed
Sydney, Australia) by electroblotting in 10 mM 3-[cyclo- by reverse-phase HPLC. Many proteins were bound to the
hexylamino]-1-propanesulfonate, pH 11. The filter was streptavidin-coated particles in the absence of RNA, but these
blocked with a solution of 5% skim milk and 0.02% Tween nonspecific interactions were largely suppressed by the
20 in PBS. The filter was incubated with 7A9 monoclonal inclusion of 10 g/L heparin in the binding assays. A group
antibody @0), at 1:3000 dilution, for 1.5 h in 1:10 blocking  of six proteins with apparent molecular masses between 35
solution in PBS and washed three times with 0.02% Tween and 42 kDa were consistently eluted from the RTS-labeled
20 in PBS and then once in Tris-buffered saline (TBS). magnetic particles, usually accompanied by a small number
Alkaline phosphatase-conjugated sheep anti-mouse IgGof polypeptides that also were bound to particles without
(Silenius Laboratories, Hawthorn, Australia) diluted 1:2000 attached RNA. Figure 1A shows a typical SDS gel profile
in the antibody incubation solution was added to the filter for the bound proteins, which are dominated by a single 36-
for 1.5 h. After three washes with TBS, antigesntibody kDa polypeptide. Addition of fresh RTS-bearing magnetic
complexes were visualized by reaction with a freshly particles to brain protein extract already used in one
prepared solution of 0.1 M Tris-HCI (pH 9.5), 150 mM NaCl, experiment resulted in the isolation of little more of the RNA-
and 50 mM MgC]J containing 0.48 mM nitroblue tetrazolium  binding proteins, and there consequently appears to be only
and 0.56 mM 5-bromo-4-chloro-3-indolyl phosphate. a few micrograms of these proteins in 5 mg of brain protein.
Immunostaining of Oligodendrocytes and COS-1 Cells. Reverse-phase HPLC on the Poros column resolved the
Oligodendrocyte-enriched cultures were generated from RNA-binding proteins into two peaks distinct from those
newborn rat and mouse brains as previously describ®d (  arising from nonspecifically bound proteins (Figure 1B). The
17). Oligodendrocytes were plated onto coverslips and slower component (B) gave a single band at 36 kDa on
allowed to differentiate for 23 days prior to treatment. The  subsequent SDS gel electrophoresis, while the faster (A)
cells were fixed for 30 min at room temperature with 4% contained all five of the remaining RTS-associated polypep-
paraformaldehyde in phosphate-buffered saline (PBS) thattides (RAPs) (Figure 1B, inset).
contained 5 mM MgGl To distinguish proteins that bind the RTS in a sequence-
COS-1 cells were grown in DMEM containing 10% fetal dependent manner from those that bind nonspecifically to
calf serum and fixed as above. RNA, the binding experiments were repeated with an
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(A) ¢ RTS AGACAGGCACACCGCCAAGGAGCCAGAGAGCANGG
NS1 GGGAGCGGAGAAACAAGCACCGAACCCGCAACUGG

NS2 CACGGAGCACAACGCAAACAAGGACGGAGGCCULGG
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Ficure 1: RTS-binding proteins of rat brain. (A) Proteins were ggmp
isolated from a rat brain cytoskeletal fraction by RNA-free (left RTS -
lane) or RTS-linked (right lane) magnetic particles, electrophoresed INS1 comp

on SDS-polyacrylamide gels, and stained with B/T:BFrom its
mobility, the major RTS-binding polypeptide (arrowhead) has an

8

Absorbance (214 nm)

NS2 E
NS3

apparent molecular mass of 36 kDa. The positions of standard NS4 o
proteins and their molecular masses, in kilodaltons, are shown at o ) VRLEY] RV

left. This pattern of RTS-binding proteins is highly reproducible, : ’ ’ : '

but the resolution and visibility of the minor polypeptides is Time (min} Time (min)

dependent on the amount of protein loaded and the distance over o o )
which the proteins are run, leading to variability in the appearance FIGURE 2: Specificity of the RNA-protein interactions. (A) The
of these bands in some of the later figures. (B) Reverse-phase HPLCPiotinylated sequences of the RNA transport segment (RTS) and
of RTS-binding proteins. Rat brain proteins eluted from RTS-labeled the four nonspecific RNAs (NSINS4). NS 1-3 are identical in
magnetic particles by incubation in 30% acetonitrile and 0.1% TFA nucleotide composition to the RTS, but their sequences are
were filtered and diluted to 5% acetonitrile and 0.1% TFA before randomized, except for the threericleotides. NS4 is homologous
injection onto a Poros HR 10 reverse-phase HPLC colums (5  to a sequence within thé-Bintranslated region of rat MBP mRNA.
0.46 cm). The proteins were eluted with a gradient of 5% to 90% The 21-nt RTS sequence, which was more closely defined during
acetonitrile and 0.1% TFA over 4 min at a flow rate of 5 mL/min. the course of this workl@®), is underlined in the 35-nt sequence at
The 214-nm elution pattern of proteins isolated from RTS RNA- the top. For simplicity, we have retained the designation RTS to
labeled magnetic particles is indicated by the solid line, and that identify the larger oligoribonucleotide. (B) Comparison of the
of proteins isolated from unlabeled particles (control) is indicated retention of the 36-kDa polypeptide on particles bearing specific
by the dashed line. Inset: SDS gel electrophoresis of RTS-binding and nonspecific (NS) RNAs. The SB$olyacrylamide gel was
proteins separated by HPLC. Peak A contains the RTS-associatedstained with B/T Bb protein stain. In this experiment the amount
polypeptides (RAPs, 3541 kDa), and peak B, the 36-kDa hnRNP  of added tissue protein was reduced to ensure that the binding
A2. capacity of the RTS-bearing particles was not saturated; under these
additional three oligoribonucleotides having the same basetonditions the minor polypeptides are not detected. The amounts
. - -~ of RNA and magnetic particles were constant. (C) By using
composition as the RTS'CO”ta'”'”Q molecule, bl_Jt with saturating amounts of protein, the minor RTS-binding polypeptides
randomly rearranged sequences (Figure 2A). A fifth 35- \ere also detectable by SB®AGE and B/T Bb stain in eluates
mer with a sequence matching part of tHeuBtranslated  from RTS-bearing particles, but not those carrying the nonspecific
region of the MBP mRNA was also used. To gauge the RNA. (D) RTS-binding proteins specific for RTS RNA. Protein
relative affinities of these RNAs for the proteins, the amount €xtracts of rat brain were incubated with magnetic particles bearing
of protein added was less than that required to saturate thethe RTS or the other nonspecific probes, and the eluted proteins

LU . . . were analyzed by HPLC. (E) RTS-labeled particles exposed to rat
binding capacity of the RTS-bearing particles. Under these brain protein extracts in the presence or absence of excess RNA

conditions, the association of the 36-kDa protein with the competitors. The 36-kDa RTS-binding protein is largely competed
randomized oligonucleotides was negligible (Figure 2B) and away by a 25-fold excess of RTS RNA (RTS comp), but not by an
the minor proteins were not detected (Figure 2C). Analysis excess of NS1 nonspecific RNA (NS1 comp).
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Ficure 3: Subcellular and tissue distribution of RTS-binding proteins. (A) Subcellular protein extracts of rat brain were incubated with
RTS-labeled magnetic particles, and the bound proteins were eluted and analyzed-epoB@&rylamide gels. The 36-kDa RTS-binding
protein (arrowhead) is present in nucleoplasmic and cytoskeletal extracts, but it is low in the cytosolic (extranuclear) fraction. The minor
RTS-associated proteins are visible in these assays. (B) Total tissue extracts were incubated either with unlabeled magnetie )particles (
or with RTS-labeled ) particles. Equal amounts of tissue protein were used in each RTS-binding experiment. The 36-kDa RTS-binding
protein (arrowhead) is clearly present in brain and testis, and it is weakly detected in liver, heart, and lung.

1 MEREKEQFRKLFIGGLSFETTEESLRNYYEQWGKLTDCVVMRDPASKRSR 50

by HPLC of the proteins bound to magnetic particles, which
provides a more quantitative comparison of the protein 3!
binding to the RNAs, again demonstrated specific binding 101
to the RTS (Figure 2D). 151
In competition assays, co-incubation with a 25-fold excess zo1
of a nonspecific RNA, NS1, weakly interfered with the RTS
binding of the 36-kDa protein, but addition of excess RTS a1
RNA to the extracts markedly reduced the amount of this FicUre 4: Microsequencing of the 36-kDa RTS RNA-binding

protein recovered from the RTS-labeled particles, confirming protein. The rat 36-kDa RTS-binding protein was digested with

GFGFVTFSSMAEVDAAMAARPHSIDGRVVEPKRAVAREESGKPGAHVTVK 100

KLFVGGIKEDTEEHHLRDYFEEYGKIDTIEI ITDRQSGKKRGFGFVTFDD 150

HDPVDKIVLQKYHTINGHNAEVRKALSRQEMOEVQSSRSGRGGNFGFGDS 200

RGGGGNFGPGPGSNFRGGSDGYGSGRGFGDGYNGYGGGPGGGNFGGSPGY 250

251 GGGRGGYGGGGPGYGNQGGGYGGGYDNYGGGNYGSGNYNDFGNYNQQOPSN

300

301 YGPMKSGNFGGSRNMGGPYGGGNYGPGGSGGSGGYGGRSRY

the specificity of its interaction with the RTS-containing
RNA (Figure 2E).

The 36-kDa RTS-binding protein was present in nuclear
extracts (Figure 3A), but a significant amount was also
recovered from cytoskeletal (i.e., high salt, detergent) frac-
tions. It was barely detectable in cytoplasmic (low salt, no
detergent) fractions. Binding experiments performed with

trypsin and fractionated by reverse-phase HPLC, yielding several
isolated peptide fragments that were subjected to Edman sequencing.
The sequences obtained were used to interrogate protein sequence
databases. All fragments showed 100% identity to human hnRNP
A2/B1. The sequence of human hnRNP A22) is shown;
underlined regions represent sequences obtained in this study.

s

A B

total cell proteins extracted from a variety of rat tissues
showed the highest levels of this protein in brain and testis,
with small amounts in liver and heart, and the lowest levels 64- -
were in kidney, spleen, and lung (Figure 3B).

The 36-kDa Protein Is a Heterogeneous Nuclear Ribo- %~ 5
nucleoprotein. The 36-kDa protein was obtained by repeat- ! H
ing the analytical binding experiment on a 10-fold larger = -
scale. The SDS gel bearing the RTS-binding proteins was 30-
electroblotted onto polyvinylidine difluoride (PVDF) mem- £ o 5. Wwestern blot analyses of hnRNP A2/B1 in total cell

brane, the proteins were lightly stained, and the appropriateproteins from various tissues. (A) Immunostaining of RTS-binding
band was cut out. Attempts to sequence the intact proteinproteins compared to whole rat brain extract, using 7A9 antibody.
were unsuccessful, suggesting that the amino-terminus Wasgggiti?/g-qu'aS E?n%’i\:lz Qr% té?rzr?r\llvpaetat?rgiir? Eg‘)e ﬁrsz%%fﬂg?r?gum?{
wggt?gévl:g \?v(iat?let"rate peptldde Eagmergs, the bIOttIed zr?temanalysis shows that it is also present at high concentrations in testis
ypsin, and the peptides were eluted from ang at ower levels in liver, heart, and lung.
the PVDF before separation by reverse-phase HPLC. Several
purified peptides were subjected to automated Edmanrevealed a major band at 36 kDa and a less prominent band
sequencing, yielding the sequences depicted in Figure 4.at 41 kDa (Figure 5A). To investigate whether the hnRNPs
Computer searches of the PIR, SWISSPROT, GB, andthat bound to the RTS were representative of the hnRNP A
EMBL protein sequence databases revealed complete identityand B content of rat brain, extracts containing combined
of the 59 sequenced residues with those of two closely relatednucleoplasmic, cytoplasmic, and cytoskeletal fractions were
members of the family of heterogeneous nuclear ribonucle- Western blotted and the pattern of 7A9-positive bands was
oproteins, human hnRNPs A2 and B1. compared with those of the RTS-binding polypeptides
The identification as an hnRNP was confirmed by Western (Figure 3B). In rat brain, prominent bands were observed
blotting with the 7A9 monoclonal antibody, which reacts with at ~34 and~36 kDa (Figure 5A). The upper of these two
A2/B1 and also recognizes other A, B, G, E, H, and L bands comigrated with recombinant human hnRNP A2 (not
hnRNPs 21). Immunostaining of RTS-binding proteins shown) and with the 36-kDa RTS-binding protein. From
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its abundance, 7A9 immunoreactivity, and relative electro- HK334-8, an ion-exchange-purified chicken antibody that
phoretic mobility, the lower band appeared to be hnRNP Al. binds isolated rat and human hnRNP A2, revealed only a
hnRNP A2 was the most prominent RTS-binding protein, single major 36-kDa band on Western blots of extracted brain
with little or no hnRNP Al bound to the MBP mRNA- and oligodendrocyte proteins (G. J. Kidd et al., unpublished
derived sequence. experiments).

Human hnRNPs A2 and B1 differ by the inclusion of an  As expected from studies of other cel®0( 28, 44, 49,
additional 11 amino acid sequence near the amino-terminushnRNP A2 antibodies labeled the nuclei of rat and mouse
in B1 (22). Is the 36-kDa protein A2 or B1? The full  oligodendrocytes and of COS-1 cells (Figure 6). In oligo-
sequences of the rat A2/B1 proteins are unknown; however,dendrocytes, immunostaining was also abundant in the
there appears to a high level of sequence identity betweenperinuclear cytoplasm; in many cells (Figure 6C), the
the rat and human proteins: the published human and ratintensity of cytoplasmic immunostaining was comparable to
hnRNP Al sequences differ in a single resid2&, 24, and that in the nucleus. hnRNP A2 was detected in the major
the 65% of the cDNA sequence we have obtained so far for cytoplasmic trunks that radiate peripherally from the cell
the rat 36-kDa protein (A. Hawkins et al., unpublished body and in the fine networks of cytoplasmic channels that
results) also shows complete sequence identity with the extend from these trunks and act as conduits for the transport
human A2/B1. Electrospray mass spectroscopy gave aof vesicles and MBP mRNAs (Figure 6C)5). However,
molecular mass of 36 08& 10 Da for the purified RTS-  adjacent MBP-rich membrane expanses exhibited only
binding protein (see below), a value much closer to the packground hnRNP A2 staining. Throughout the oligoden-
calculated mass of 36 007 Da for human A2 than to the drocyte cytoplasm, the immunofluorescence signal was not
37 430 Da of human B1. Although full sequences for rat diffuse but appeared granular or punctate (Figure 6C); this
A2 and B1 will be required to unambiguously identify the was most obvious in small cytoplasmic channels. Similar
RTS-binding isoform, the above evidence and the pattern distributions were observed when the 7A9 antibody was used,
obtained on Western blots with an antibody known to interact although the nuclear staining was more intense because 7A9
primarily with hnRNP A2/B1 suggest that it is hnRNP A2.  antibodies bound other, nuclear-localized hnRNPs. In

The RTS-Binding hnRNP Is Concentrated in Rat Brain contrast, COS-1 cells exhibited predominantly nuclear stain-
and Testis.In HeLa cell nuclei, hnRNPs A2 and B1 form ing with the HK334-8 antibody and, under equivalent
core particles of defined stoichiometry with hnRNPs A1, B2, conditions, showed no cell-associated fluorescence in the
C1, and C2. These particles are thought to form on nascentabsence of the primary antibody (Figure 6B).

RNA and carry out such functions as splice regulation and  gjnding of Purified hnRNP to the RTS RNAo determine
nuclear transports). If this were the only role for \nNRNP— yhether hnRNP A2 could associate with the RTS in the
A2/B1, a fairly uniform distribution of this protein between gpsence of the other, less-abundant polypeptides, it was
tissues could be anticipated. However, in RTS-binding ,ified by HPLC after elution from RTS-bearing magnetic
studies, the levels of the 36-kDa hnRNP detected in brain particles.” Equal amounts of hnRNP A2 were added to

and testis extracts greatly exceeded those in other tissue%articles bearing the RTS and a nonspecific RNA for the
(Figure 3B). _ . isolated protein. Figure 7A shows that the purified protein
As hnRNPs can undergo posttranslational modifications retains its ability to discriminate between the RTS and
which may affect their activities26, 27, it was possible  another unrelated RNA sequence and that this binding can
that much of the hnRNP A2 was present in extracts from taye place in the absence of the RAPs. In contrast, the RAPs
other tissues in a form unable to bind the RTS. Indeed, 4o not bind to the RTS in the absence of hnRNP A2, but do
previous studies afiuclearextracts from rat tissues revealed ¢ in its presence (Figure 7B), suggesting either that the
hnRNP A2 in a variety of other tissuegg). To test this  former interact with the latter rather than directly with the
possibility, total cell protein extracts were analyzed using RTS or that the interaction of the RAPs with the hnRNP A2

in Figure 5B, the results paralleled those from the RTS- jnteraction.

binding experiments: prominent 36-kDa components were

7A9-positive in brain and testis, with far lower concentrations pD|SCUSSION

in other tissues. The presence of such high levels in brain

and testis suggests roles in these tissues, in addition to Cis-Acting Sequence for MBP mRNA Transporhere is

intranuclear functions such as splice site switching and abundant evidence for the involvement of the noncoding

nuclear export. RNA regions in the transport, localization, translation, and
hnRNP A2 Is Abundant in Oligodendrocyte&Vhile stability of many mRNAs 1, 5, 29-33). Many of these

subcellular fractionation indicated that significant pools of Cis-acting regions are in the-®ITR and may be large and

hnRNP A2 were attached to the extranuclear cytoskeleton,complex 84) or small structural element88, 33.

these experiments did not indicate whether hnRNP A2 was The role of cis-acting sequences in transport of MBP

dispersed throughout the cell, as would be expected if it mMRNA is comparatively well understood. The element

participated in mRNA trafficking and cytoplasmic RNA necessary and sufficient for transport to the periphery of

metabolism. To investigate the cytological distribution of oligodendrocyte processes is a 21-nt section of tHdTR

hnRNP A2, rat and mouse oligodendrocytes were grown in (18). MBP message injected into the soma of cultured

tissue cultures until they had elaborated substantial myelin oligodendrocytes is incorporated into granules aboutin4

membrane sheets (Figure 6A,B), and then immunostained.in diameter which move out along the processes, possibly

The chicken HK334-8 antibody against hnRNP A2 was used, by kinesin-mediated transport along microtubul88)( to

as 7A9 recognizes multiple hnRNP family membe2§)( the sites where myelin is elaborateds( 17, 18. In addition
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Ficure 6: hnRNP A2 distribution in tissue cultures of mouse oligodendrocytesqPand COS-1 cells (BG). (A) Confocal microscope

images of hnRNP A2 (HK334-8 antibody) immunofluorescence demonstrate staining of oligodendrocyte nuclei (N; three oligodendrocytes
in this field) and in the major cytoplasmic processes (arrowheads) radiating from the cell somata. (B) Immunolabeling for MBP in the same
cells highlights areas of myelin membrane expansion. (C) Higher magnification imaging through two oligodendrocyte cell bodies demonstrates
the granular pattern of hnRNP A2 immunostaining in both nuclear (N; small arrowheads mark the nuclear envelope) and cytoplasmic
compartments. hnRNP-containing granules extended into the major cytoplasmic processes (arrowheads), which continue beyond this focal
plane. Within nuclei, hnRNP A2 is characteristically excluded from nucleoli (asterisk). (D, E) In COS-1 cells, hnRNP A2 immunostaining
labels principally the nucleus, while in control cultures (F, G), omission of the HK334-8 antibody produces no specific staining when
photographed under identical lighting and image-capture conditions (panels D and F, epifluorescence micrographs; panels E and G, phase-
contrast images of the same cells). Scale bars for panelS Are 10um; for panels B-G, 25um.

A N RNA constructs lacking the coding region are still transported
2R efficiently (18).
— - hnRNPs as trans-Acting FactorsMost transacting
> — factors implicated in RNA localization or translational

activation have been identified only as bands on autoradio-
graphs of gel mobility shift assays. Some of the better
characterized, such as Spnr, a 71-kDa protein expressed at
- - high levels in brain, ovary, and testis that is involved in RNA
+ transport or translational activation, show little sequence
» similarity with hnRNPs 87). But several hnRNPs or
— hnRNP-like proteins have been implicated in these aspects
' i < of cytoplasmic RNA metabolism. Stabilization elements in
the 3-UTR of precursor amyloid protein mRNA are recog-
o o } nized by C-type hnRNPs38). hnRNPs K and E1 silence
FiIGURE 7: RTS-binding characteristics of isolated hnRNP A2 and  {ha translation of rabbit erythroid 15-lipoxygenas6)( FBP

RAPs. (A) HPLC-purified rat brain hnRNP A2 was incubated with £ t | t bindi tei hich sh
magnetic particles labeled with RTS RNA (left lane) or nonspecific (far upstream element binding protein), which shares some

RNA (NS1, right lane), with 5 g/L BSA and 10 g/L heparin added Peptide sequences with hnRNP K, binds to a 26-nt stabiliza-
to inhibit nonspecific binding to the particles. The bound proteins tion element of the 'SUTR of GAP-43, a neuronal protein
were eluted and run on an SBolyacrylamide gel, which was  (33), zZBP-1, a 68-kDa protein with structural similarity to

stained with silver. hnRNP A2 (arrow) binds the RTS in the absence ; g
of other RTS-associated polypeptides but does not bind NS1. ThehnRNPS that possess RNP sequences, binds 16-tetin

top two bands are derived from the added BSA. (B) RTS-binding MRNA localization “zip code” 40). o
characteristics of isolated RAPs. HPLC-purified proteins were ~ The hnRNPs are a family of over 20 RNA-binding

incubated with magnetic particles that were either labeled with RTS proteins, many of which are characterized by the presence

RNA (+) or unlabeled ), with 5 g/L BSA added to inhibit of one or more RNA-binding domain motif¢{, 49. In

nonspecific binding to the particles. The bound proteins were eluted
and run on an SDSpolyacrylamide gel, which was stained with the HeLa cell nucleus, the core hnRNPs (A1, A2, B1, B2,

B/T Blv protein stain. hnRNP A2 (large arrow, left lane) binds the C1, and C2) assemble onto hnRNAs in a sequence-
RTS in the absence of other RTS-associated polypeptides (smallindependent manner, binding cooperatively and with fixed
arrow, right lane), but other RAPs do not bind RTS in the absence stoichiometry to package700-nt hnRNA segments into 40S
of hnRNP A2. particles 43, 449. However, hnRNPs also recognize discrete
to MBP mRNA, these granules also contain other mRNAs target sequences within several RNAs and DNA3§, (45,
and probably much of the apparatus required for translation.46). hnRNPs of the A, B, C, D, and | families recognize
Translation appears unnecessary for translocation, as MBPpolypyrimidine-rich splice-site sequences’( 4§. hnRNP

B

+

RTS -
hnRNP A2 +
RAPs _

+ +
"l +

v
B 1
S+ + 4+
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A2 also binds telomeric DNA and RNA sequencé9)( The A Common Mechanism for RNA TransporthRNA
RTS contains no polypyrimidine-rich sequences, such aslocalization contributes to the morphological polarization of
splice-site, rapid turnover, or telomere-like motifs, nor any many important cells 1, 32, and at least some of the
other target sequence so far identified for other RNA-binding mechanisms responsible to be appear conserved, even across
proteins. Our experiments thus indicate that MBP mRNA's widely disparate specie®®). The high cytoplasmic con-
cis-element, the RTS, is selectively recognized by hnRNP centration of hnRNP A2 in some tissues, including brain and
A2. testis 67; this study), suggests that it may be involved with

Is hnRNP A2 part of arans-acting translocation factor? MRNA-related processes other than intranuclear RNA pro-

The nonspecific association of this protein with hnRNA is cessing and transport. THisns-acting factor may also bind
well documented, but the association with the RTS appearsto more than MBP mRNA, as recent surveys of the sequence
fundamentally different. We appear not to have simply databases1®, 54 have indicated RTS-like motifs in a
isolated nuclear core particles in our experiments; the corenumber of mRNAs, including MAP2A, neurogranin, and
particles that have been described for HeLa cells have thedlial fibrillary acidic protein (8).

composition (3A1:1B2:3A2:1B1:3C1:1C2), whereas hnRNP

A2 is clearly the dominant RTS-binding protein. Asthe RTS ACKNOWLEDGMENT
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