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Nascent pre-mRNAs associate with hnRNP proteins in hnRNP complexes, the natural substrates for mRNA
processing. Several lines of evidence indicate that hnRNP complexes undergo substantial remodeling during
mRNA formation and export. Here we report the isolation of three distinct types of pre-mRNP and mRNP
complexes from HeLa cells associated with hnRNP Al, a shuttling hnRNP protein. Based on their RNA and
protein compositions, these complexes are likely to represent distinct stages in the nucleocytoplasmic shuttling
pathway of hnRNP A1 with its bound RNAs. In the cytoplasm, Al is associated with its nuclear import receptor
(transportin), the cytoplasmic poly(A)-binding protein, and mRNA. In the nucleus, Al is found in two distinct
types of complexes that are differently associated with nuclear structures. One class contains pre-mRNA and
mRNA and is identical to previously described hnRNP complexes. The other class behaves as freely diffusible
nuclear mRNPs (nmRNPs) at late nuclear stages of maturation and possibly associated with nuclear mRNA
export. These nmRNPs differ from hnRNPs in that while they contain shuttling hnRNP proteins, the mRNA
export factor REF, and mRNA, they do not contain nonshuttling hnRNP proteins or pre-mRNA. Importantly,
nmRNPs also contain proteins not found in hnRNP complexes. These include the alternatively spliced isoforms
D01 and D02 of the hnRNP D proteins, the EQ isoform of the hnRNP E proteins, and LRP130, a previously
reported protein with unknown function that appears to have a novel type of RNA-binding domain. The
characteristics of these complexes indicate that they result from RNP remodeling associated with mRNA
maturation and delineate specific changes in RNP protein composition during formation and transport of

mRNA in vivo.

Formation of mature cytoplasmic mRNAs in eukaryotic
cells involves extensive processing of their corresponding pre-
mRNAs in the nucleus, resulting in mature mRNAs that are
subsequently exported across the nuclear envelope to the cyto-
plasm (for recent reviews on RNA export, see references 27
and 51). The natural substrates for nuclear events in mRNA
maturation are ribonucleoprotein (RNP) complexes formed
by the persistent association of pre-mRNAs and mRNAs with
specific proteins. Prominent among these is a group of pre-
mRNA- and mRNA-binding proteins collectively known as
hnRNP proteins. The association of hnRNP proteins with
RNA begins as the nascent pre-mRNA emerges from the RNA
polymerase II transcription machinery and remains through
processing and export of mRNA (17).

In human cells, the hnRNP proteins comprise a family of
ca. 24 different polypeptides, termed hnRNP Al (ca. 35 kDa)
through hnRNP U (ca. 120 kDa), which are among the most
abundant components of the cell nucleus (17, 59). hnRNP
proteins are recruited to different transcripts in different rela-
tive amounts (43, 61, 76) and, rather than being passive com-
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ponents of the substrate, several hnRNP proteins have been
shown to have specific roles in many different aspects of
mRNA formation (17, 33). Furthermore, the protein compo-
sition of hnRNP complexes is not temporally fixed. There is
substantial evidence that maturation and nuclear export of
mRNA are accompanied by changes in the protein composi-
tion of hnRNP complexes, as described below.

Under normal growth conditions, hnRNP proteins are con-
centrated in the nucleus, where they are apparently excluded
from the nucleolus (57). A subset of the hnRNP proteins (e.g.,
hnRNPs Al and K) shuttle constantly between the nucleus and
the cytoplasm, whereas others (e.g., hnRNP C1/C2 and hnRNP
U) do not shuttle and are retained in the nucleus (60). Nuclear
export of hnRNP Al is mediated by a specific amino acid
sequence termed M9, which functions as a bona fide nuclear
export signal (NES) (46). M9 also functions as the hnRNP Al
nuclear location signal by mediating binding of its nuclear
import receptor, transportin (62). hnRNP Al retains its ability
to bind mRNA at least transiently in the cytoplasm and prob-
ably also during its passage through the nuclear pore complex
(NPC) (60). In contrast to hnRNP A1, hnRNP C1 and hnRNP
C2 are retained in the nucleus, and this retention is mediated
by a specific amino acid sequence in the C proteins that func-
tions as a nuclear retention sequence (NRS). Importantly, this
NRS can override NESs (50), and therefore it is likely that
removal of NRS-containing hnRNP proteins from mRNA is a
prerequisite for nuclear export of mRNA.

Based on the information described above, it was proposed
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that shuttling hnRNP proteins accompany mRNAs during
their passage through NPCs, while nonshuttling hnRNP pro-
teins are removed prior to or concomitant with mRNA export
(57, 60). Support for this was provided by studies of the giant
Balbiani ring (BR) RNP complex in Chironomus tentans. BR
pre-mRNA- and mRNA-containing RNPs can be observed
directly by electron microscopy due to their large size and
abundance, and specific morphological changes can be moni-
tored as their RNA matures and is exported through NPCs
(15). Early electron microscopy observations provided evi-
dence that mRNA is indeed exported to the cytoplasm through
NPCs as an mRNP complex (69). Immunoelectron microscopy
studies have shown that C-hrp36, which resembles vertebrate
hnRNP A/B proteins, associates with nascent BR pre-mRNAs
and remains in BR granules following their release into the
nucleoplasm. Importantly, this association persists while BR
granules are transported through NPCs and continues tran-
siently in the cytoplasm (73). Proteins of the cap-binding com-
plex also remain associated with BR RNPs during their nuclear
export, while others, such as hrp45 and hrp23, do not appear to
shuttle and dissociate at various stages prior to or upon asso-
ciation of transport RNPs with NPCs (15).

The specific factors and mechanisms involved in mRNP ex-
port through NPCs are not well understood. Nuclear export of
mRNA is a facilitated process that requires energy (27, 51).
The present models for mRNA export are that the mRNP,
rather than the mRNA itself, is the actual recognition substrate
and that mRNP proteins mediate the interaction of the bound
mRNA with a nuclear protein export machinery (27, 51). A
number of candidate factors specific for mRNA export in
metazoans have emerged through similarities with mRNA ex-
port factors identified in yeast and through studies of retroviral
RNA export. One of the best characterized is TAP, a homolog
of the essential Saccharomyces cerevisiaee mRNA export factor
Mex67p, which also binds the constitutive transport element
(CTE) of type D retroviruses. TAP promotes export of un-
spliced CTE-containing pre-mRNA, and an excess of CTE
RNA inhibits cellular mRNA export (22, 30, 55). The partici-
pation of TAP in export of cellular mRNAs is probably ef-
fected through its interaction with an hnRNP-like protein,
termed REF or Aly, that is similar to another essential S. cer-
evisiae mRNA export factor, Yralp (4, 70, 71). Recent studies
have indeed shown that REF can stimulate nuclear export of
mRNA derived from intron-containing as well as intronless
RNAs (65, 77). Association of REF with some RNAs appears
to result from pre-mRNA splicing, and the present thinking is
that TAP associates with cellular mRNPs at some stage after
recruitment of REF (65). Other mammalian proteins simi-
larly implicated in mRNA export include hGLE1, RAE1 (or
mrnp41) (a homolog of Gle2p), and Dbp5, a DEAD-box pro-
tein (32, 63, 67, 75).

Processing itself of pre-mRNA into mRNA plays a central
role in mRNA export. It has long been known that, for intron-
containing genes, the presence of an intron (and its subsequent
removal) is required for efficient gene expression (21, 23).
Some naturally intronless transcripts (e.g., herpes simplex virus
thymidine kinase mRNA and histone mRNA) contain specific
sequences that can mediate intron-independent expression
when placed on otherwise intron-dependent RNAs (25, 39). In
the case of thymidine kinase mRNA, one such sequence pro-
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vides a high-affinity binding site for the hnRNP L protein (39).
Introns themselves prevent RNA export, and this is likely
a result of retention by the spliceosome (12, 36). In vitro
splicing and oocyte microinjection studies showed that for
at least some mRNAs produced from intron-containing pre-
mRNAs, mRNPs assembled in vitro through splicing are dif-
ferent from those assembled on fully spliced mRNA and are
exported from the nucleus more efficiently (41). Several pro-
teins are recruited to mRNPs as a result of splicing, including
DEK, SRm160p, RNPS1, Y14, and REF (31, 37, 38, 45, 77).
This results at least in part from the deposition of a specific
protein complex at or near splice junctions (37, 38). Among
these, Y14 persists with the mRNA in the cytoplasm (31).

It is apparent that nuclear processing and export of mRNA
are accompanied by multiple rearrangements in the RNP com-
plexes with which pre-mRNA and mRNA are associated.
These rearrangements would include formation of an export-
competent nuclear mRNP (nmRNP) intermediate that con-
tains mature mRNA with bound shuttling hnRNP proteins, as
well as specific proteins (such as REF) recruited through pre-
mRNA splicing and from which nonshuttling hnRNP proteins
have been removed (57, 60). Such an RNP assembled in vivo
has not yet been isolated. Besides splicing, it is likely that other
cellular events in mRNA formation also contribute to this
remodeling. Shuttling hnRNP proteins associated with mRNA
may contribute to mRNA export through their NESs (46,
47). Indeed, microinjection experiments with Xenopus laevis
oocytes have implicated hnRNP A1l in mRNA export (28).
Further remodeling of this mRNP would then occur following
nuclear export, as the nmRNP proteins are exchanged for cy-
toplasmic mRNP components (16).

In the work presented here, we set out to identify and isolate
RNP complexes from human cells containing shuttling hnRNP
proteins associated with pre-mRNA and mRNA at different
stages of maturation. At least three distinct complexes can be
separated, one of which exhibits characteristics of a nuclear
mRNP (nmRNP) intermediate. We have identified nmRNP-
specific proteins that include specific alternatively spliced iso-
forms of the hnRNP D and E proteins, as well as a novel
RNA-binding protein. This novel nmRNP complex is likely to
represent a late nuclear stage of mRNA formation and as such
is a candidate substrate for nuclear export of mRNA.

MATERIALS AND METHODS

Cell culture and labeling. HeLa cells were grown at 37°C in monolayer culture
to subconfluent densities in Dulbecco modified Eagle medium containing 10%
fetal calf serum and supplemented with penicillin and streptomycin. Where
indicated, cells were labeled with [**S]methionine at 20 wCi/ml for 20 h in
Dulbecco modified Eagle medium containing 5% fetal calf serum and 1/10 the
normal concentration of methionine.

Subcellular fractionation. All fractionation steps were carried out on ice. Cells
grown in monolayer culture were rinsed three times with phosphate-buffered
saline and collected with a cell scraper in RSB-100 (10 mM Tris-HCI [pH 7.4],
100 mM NaCl, 2.5 mM MgCl,) (0.75 to 1.0 ml/plate) containing digitonin (Cal-
biochem) at a final concentration of 40 pg/ml. The cells were then incubated on
ice for 5 min, and the soluble cytosolic fraction was separated from the nuclear
and digitonin-insoluble fractions by centrifugation at 2,000 X g for 8 min. The
supernatant fraction was collected, and the remaining pellet was resuspended in
RSB-100 containing 0.5% (vol/vol) Triton X-100. Following incubation on ice for
5 min, the Triton-extracted material was separated by centrifugation at 2,000 X
g for 8 min. The supernatant was collected, and the remaining pellet was resus-
pended in the same buffer and disrupted by two 5-s exposures to sonication on
ice, using a microtip sonicator (model XL2015; Heat Systems, Farmingdale,
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FIG. 1. Immunopurification of complexes containing hnRNP proteins from different subcellular fractions. (A) HeLa cells were labeled with
[>*S]methionine and fractionated as described in the text. Immunopurifications were carried out from each fraction with monoclonal antibodies
to hnRNP A1 (4B10) or hnRNP C1/C2 (4F4) or nonimmune parent myeloma immunoglobulins (SP2/0). The positions of hnRNP Al and hnRNP
C1/C2 in the gel are indicated on the right. The asterisk indicates the 130-kDa protein discussed in the text. Cyto., cytosol; Triton, Triton-extracted
fraction; Nup., nucleoplasmic fraction. (B) Immunopurifications carried out under conditions identical to those shown in panel A, using mono-
clonal antibodies to hnRNP K/J (12G4) and hnRNP U (3G6). The positions of hnRNP K/J and hnRNP U in the gel are indicated on the right.
Positions of molecular mass standards (in kilodaltons) are indicated on the left.

N.Y.) set at scale 2.5. The sonicated material was then layered onto a 30%
(wt/vol) sucrose cushion in RSB-100 and centrifuged at 4,000 X g for 15 min, and
the supernatant was collected.

Immunopurification of RNP complexes. RNP complexes were immunopuri-
fied from the different subcellular fractions with the indicated anti-hnRNP an-
tibodies essentially as previously described (13, 59), except that protease inhib-
itors were omitted. Bound complexes were eluted from protein A-Sepharose
beads with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer or non-equilibrium pH gradient gel electrophoresis
(NEPHGE) sample buffer for analysis by SDS-PAGE and two-dimensional gel
electrophoresis, respectively.

RNA analysis. Total RNA was prepared from subcellular fractions using the
Trizol reagent (GIBCO-BRL) according to the manufacturer’s instructions. For
analysis of RNP-associated RNA, immunopurified complexes were heated to
65°C for 5 min in Tris-EDTA containing 1% SDS. RNA was then extracted from
the samples by extraction with phenol and precipitated with ethanol according to
standard protocols. RNA samples were incubated with 4 U of RQ1 DNase
(Promega) for 40 min, and RNA was recovered by phenol extraction and ethanol
precipitation. RNP-associated RNAs or ~1.5 pg of total RNA was used in
reverse transcription (RT) reactions (5 mM MgCl,, 0.6 mM deoxynucleoside
triphosphates, and 2.5 M random hexamer primers) with murine leukemia virus
reverse transcriptase (Perkin-Elmer) for 15 min at 45°C, followed by 5 min at
95°C. PCRs (with 0.5 pmol of the indicated primers per ul, 1.5 mM MgCl,, and
2.5 U of AmpliTaq polymerase [Perkin-Elmer]) included 30 cycles of 1 min at
95°C, 1 min at 55°C, and 1 min at 72°C. PCR products were resolved by agarose
gel electrophoresis. The positions of the primers used in each reaction are
indicated in Fig. 3. Sequences of the B-actin-specific primers were as follows: Ep,
5" GAAAATCTGGCACCACACCT; Eg, 5 GGCCGGACTCGTCATACTC;
Iz, 5" CGCTACCTCTTCTGGTGGC; and Iy, 5" ACCATGTCACACTGGGG
AAG. Sequences of the TAFII30-specific primers were as follows: Eg, 5’
AGGGGGCCATATCTAACGG; Eg, 5 AGTAGTGCGGCTTCTTCACATT;
I, 5" GGGTGAGGGCAGAGGGTATAG; and I, 5" TTTGTCAGCAGGCT
AGGTGG.

Gel electrophoresis and immunoblot analysis. SDS-PAGE and immunoblot
analyses were carried out essentially as previously described (59). For SDS-
PAGE, the separating gel had an acrylamide concentration of 12.5%. Two-
dimensional gel electrophoresis was carried out as described by O’Farrell et al.
(53). Separation in the first dimension was by NEPHGE, using pH 3 to 10
ampholites (Bio-Rad, Richmond, Calif.). After electrophoresis of [**S]methi-

onine-labeled proteins, the gel was stained with Coomassie blue and impreg-
nated with 2,5-diphenyloxazole for fluorography (35). The following antibodies
were used for immunoblot analysis: 4B10 (anti-hnRNP Al) (59), 4F4 (anti-
hnRNP C1/C2) (14), 5B9 (anti-hnRNP D) (26), 5H3 (anti-hnRNP E) (26), 12G4
(anti-hnRNP K/J) (44), anti-PABP1 (19), antitransportin (Transduction Labo-
ratories, Lexington, Ky.), and anti-REF (kindly provided by E. Izaurralde, Eu-
ropean Molecular Biology Laboratory).

UV light-induced cross-linking of proteins to RNA in living cells and analysis
of cross-linked RNP complexes. Cross-linking of proteins to RNA in vivo by UV
light irradiation of cells, followed by selection of cross-linked complexes by
oligo(dT) chromatography, was carried out essentially as previously described
(16, 58), except that following UV irradiation cells were fractionated as described
above. Proteins were released from the cross-linked complexes by digestion with
RNase A at 50 pg/ml for 1 h at 30°C, resolved by SDS-PAGE, and visualized by
autoradiography.

RESULTS

Differential subcellular fractionation of complexes contain-
ing shuttling and nonshuttling hnRNP proteins. In order to
isolate RNP complexes at different stages of maturation in
association with the shuttling hnRNP protein Al, a subcellular
fractionation approach was devised to allow their separation.
To isolate complexes in transit through the cytoplasm, the
plasma membrane was first permeabilized with low concen-
trations of digitonin that leave the nuclear envelope intact
(1), and nuclei and associated structures were then removed
through centrifugation. The supernatant fraction from this step
is expected to contain primarily soluble cytoplasmic material,
and we refer to it as cytosol. The second fraction was obtained
by extracting the nuclear pellet with 0.5% Triton X-100, which
partially solubilizes the nuclear envelope, and again pelleting
the extracted nuclei. The resulting supernatant contains solu-
ble nuclear components that are selectively released from
the nucleus (4, 20; F. Triolo and S. Pinol-Roma, unpublished
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data), as well as organellar material that is solubilized by Tri-
ton X-100. We refer to this as the Triton-extracted fraction.
The remaining nuclear pellet was disrupted by sonication and
clarified by centrifugation, yielding a soluble fraction that is
operationally defined as nucleoplasm and that was used previ-
ously for isolation of hnRNP complexes (13, 56, 59).

Initial immunoblotting experiments revealed small amounts
of hnRNP Al in the cytosol, consistent with its nucleocytoplas-
mic shuttling. In addition, detectable amounts of Al were
selectively extracted with Triton X-100 from the nuclear frac-
tion, as compared to hnRNP C1/C2 (not shown, but see Fig. 4).
To address whether Al is in RNP complexes in these fractions,
we carried out immunopurifications using an antibody against
hnRNP Al (4B10) under conditions that preserve most pro-
tein-protein and protein-RNA interactions (13, 59). Immuno-
purifications from the nucleoplasmic fraction yielded a set of
proteins similar to that of previously described hnRNP com-
plexes (Fig. 1A). This was confirmed by two-dimensional gel
electrophoresis (see, e.g., Fig. SA) and by the fact that virtually
identical complexes were immunopurified from this fraction
with an antibody against hnRNP C1/C2 (Fig. 1A). Notably,
immunopurifications from the other two fractions yielded dis-
tinct sets of proteins associated with hnRNP Al. In the cytosol,
the most prominent proteins migrated at ca. 70 and ca. 90 kDa
(Fig. 1A). In the Triton-extracted fraction, Al was associated
with a prominent protein of ca. 130 kDa as well as with other
proteins of lower relative abundance, many of which appear to
be unique to this complex (Fig. 1A). By contrast, no detectable
complexes were recovered from the cytosol or Triton-extracted
fractions with an anti-hnRNP C antibody (Fig. 1). The pres-
ence of proteins specific to each of the different hnRNPA1-
associated complexes shows that these are indeed distinct com-
plexes. This also indicates that the differential fractionation of
these complexes reflects differences in their subcellular local-
ization and/or association with subcellular structures, rather
than cross-contamination of the fractions or disruption of
hnRNP complexes during fractionation.

The presence of complexes associated with C proteins only
in the nucleoplasm, in contrast to the presence of hnRNP Al-
associated complexes also in the cytosol and Triton-extracted
fractions, suggested that this differential fractionation reflects
different properties of RNP complexes associated with shut-
tling compared to nonshuttling hnRNP proteins. Indeed, im-
munopurifications with antibodies against two other shuttling
proteins, hnRNP K/J (Fig. 1B) and hnRNP A2 (data not shown),
yielded similar complexes from the Triton-extracted fraction,
in which the 130-kDa protein was again a prominent compo-
nent (Fig. 1B). By contrast, an antibody against hnRNP U (a
nonshuttling protein) immunopurified the hnRNP complex
from nucleoplasm, as observed previously (13), but only small
detectable amounts of hnRNP U from the other two fractions
(Fig. 1B). Release from the nuclear fraction with Triton X-100
therefore appears to be a property of complexes associated
with shuttling hnRNP proteins that do not contain nonshut-
tling hnRNP proteins. The specificity of the immunopurifica-
tions was confirmed by the absence of detectable proteins
when nonimmune SP2/0 myeloma immunoglobulins were used
(Fig. 1). The specificity of the anti-hnRNP antibodies in im-
munopurification experiments has been reported previously
(13, 44, 59). Therefore, the additional proteins observed in the
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FIG. 2. RNase sensitivity of hnRNP Al-associated complexes.
Complexes associated with hnRNP A1l were isolated from the sol-
uble cytosolic fraction (lanes C) or Triton-soluble nuclear fraction
(lanes T), as shown in Fig. 1, without (lanes —) or with (lanes +)
prior digestion of the fractions with RNase A. The position of
hnRNP Al in the gel is indicated on the right. Identical immuno-
purifications were carried out with nonimmune parent myeloma
immunoglobulins (SP2/0). Positions of molecular mass standards
(in kilodaltons) are indicated on the left.

various complexes are coimmunopurified due to interactions
(direct or indirect) with the respective hnRNP proteins.

The complexes of hnRNP Al in different fractions are RNP
complexes. Previous studies showed that copurification of the
>20 hnRNP proteins in nucleoplasmic hnRNP complexes re-
quires RNA (13). To address whether RNA is also required for
the association of proteins with hnRNP Al in the cytosol and
Triton-extracted fractions, the fractions were digested with
RNase prior to immunopurification. As shown in Fig. 2, RNase
digestion disrupts the complexes in both fractions. Specifically,
association of the 130-kDa protein and of most of the other
proteins with Al in the Triton-extracted fraction is completely
disrupted by RNase treatment (Fig. 2). In the cytosol fraction,
whereas the 70-kDa protein does not copurify with Al after
RNase treatment, association of the 90-kDa protein is resistant
to digestion of the RNA (Fig. 2). These results indicate that, as
is the case with nucleoplasmic hnRNPs, the complexes isolated
from cytosol and Triton-extracted fractions contain RNA. Fur-
thermore, the associations between most of these proteins and
hnRNP A1 are likely to be mediated primarily by their binding
to the same RNA molecules.

The hnRNP Al-associated complexes contain RNAs at dif-
ferent stages of maturation. Previous work showed that immu-
nopurified hnRNP complexes contain a heterogeneous popu-
lation of rapidly labeled, RNA polymerase II-transcribed RNAs
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FIG. 3. Subcellular distribution and RNP association of specific pre-mRNAs and mRNAs. (A) Diagram depicting the positions in the actin and
TAFII30 pre-mRNA and mRNA of the primers used for RT-PCR analysis. Subscripts F and R refer to the forward and reverse primers,
respectively, used in the reactions. (B) Left panel, RT-PCR analysis of the distribution of pre-mRNA and mRNA for the transcripts shown in panel
A, using total RNA from the various subcellular fractions as a template. Right panel, analysis of hnRNP Al-associated RNA in complexes isolated
from the different subcellular fractions. Lanes E, RT-PCR products when all primers correspond to exon sequences. Lanes I, use of at least one
intron-specific primer in the RT-PCR. Abbreviations are as in Fig. 1 and 2.

(13). Furthermore, hnRNP Al is bound transiently to poly(A)™
RNA in the cytoplasm and probably also during its nucleo-
cytoplasmic transport (60). In agreement with this, RNA poly-
merase II-transcribed RNA is coimmunopurified with hnRNP
Al in all three fractions and can be detected as a heteroge-
neous population of RNAs after labeling with [*H]uridine
(data not shown).

The fractionation properties of the RNPs in the different
fractions could be explained in at least two ways. First, each
fraction could contain different subsets of transcripts with dif-
ferent extraction properties. Alternatively, the different frac-
tionation of the RNPs may reflect sequential stages in matu-
ration of their associated pre-mRNAs and mRNAs. In the
absence of a unifying feature of pre-mRNAs that would allow
us to distinguish them experimentally as a family from mRNAs,
we addressed these possibilities by focusing our attention on
specific transcripts for analysis by RT-PCR. Two different con-

stitutively expressed RNAs were examined, corresponding to
B-actin (49) and TAFII-30 (66). These RNAs were selected
because they encode proteins with very different properties: a
cytoplasmic abundant cytoskeletal protein (B-actin) and a nu-
clear protein of relatively low abundance involved in transcrip-
tion (TAFII-30). Furthermore, both RNAs encode intracellu-
lar proteins, and therefore their translation should not be
carried out in association with detergent-soluble structures,
such as the endoplasmic reticulum. This property would allow
us to distinguish between selectively extracted nuclear RNAs
and those that are preferentially associated with the endoplas-
mic reticulum. Primers specific for exon or intron sequences
were designed so that pre-mRNA and spliced mRNA for each
transcript could be distinguished based on the size of the re-
sulting PCR product (Fig. 3A). RT-PCR analysis of total RNA
from each fraction showed that spliced mRNA for both tran-
scripts is readily detected in all three fractions, and therefore it
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FIG. 4. Immunoblot analysis of immunopurified RNPs. HeLa cells were fractionated and RNP complexes were immunopurified from each
fraction with monoclonal antibodies to hnRNP A1l (4B10) or hnRNP C1/C2 (4F4) or nonimmune antibodies (SP2/0). The proteins in the
complexes were resolved by SDS-PAGE, transferred to nitrocellulose, and probed with monoclonal antibodies to PABP1 (A) or to transportin (B)
or with antibodies against hnRNP Al (4B10), hnRNP C (4F4), and REF (C). Lanes C, T, and N, cytosol, Triton-extracted, and nucleoplasmic
fractions, respectively. Asterisks denote the positions of the heavy or light chains from antibodies used for immunopurification. Lanes —, mock

immunopurifications in which cellular material was omitted.

is unlikely that each fraction merely contains different subsets
of transcripts (Fig. 3B). More importantly, intron-containing
precursors for both RNAs were readily detected in the nucle-
oplasmic fraction, whereas little (if any) pre-mRNA was de-
tected in the cytosol and Triton-extracted fractions. This is
consistent with the second scenario raised above, namely, that
the different fractions contain RNAs at different stages of
maturation. The amplified PCR products do not result from
DNA contamination of the RNA preparations, since identical
reactions where reverse transcriptase was omitted did not yield
any detectable amplified products (data not shown).

In order to determine whether RNA associated with hnRNP
Al in the different fractions showed a similar distribution of
pre-mRNA versus mRNA, RNP complexes were immunopu-
rified with 4B10, and RNAs extracted from the complexes were
used as templates in identical RT-PCRs. Both pre-mRNA and
mRNA were found associated with hnRNP Al in the nucleo-
plasmic fraction, whereas only mature spliced mRNA was as-
sociated with hnRNP Al in the Triton-extracted and cytosol

fractions (Fig. 3B). Similar results were observed for both
transcripts. The RNAs were specifically immunopurified be-
cause of their association with hnRNP A1, since no RNA was
detected in immunopurifications with nonimmune SP2/0 my-
eloma immunoglobulins (Fig. 3B). The fact that pre-mRNA
associated with hnRNP A1 was found only in the nucleoplasm
indicates that hnRNP complexes represent an earlier stage of
mRNA maturation than RNP complexes isolated from the
Triton-extracted and cytosol fractions.

Identification of common as well as specific proteins asso-
ciated with hnRNP Al in different RNP complexes. The ap-
parent molecular mass, isoelectric point (see Fig. 5A), and
RNase-resistant association in the cytosol with hnRNP A1l of
the 90-kDa protein suggested that it might correspond to trans-
portin, which associates with A1 in the cytoplasm and mediates
its nuclear import (62). In agreement with this, immunoblot
analysis (Fig. 4B) revealed that transportin is indeed associated
with hnRNP A1 preferentially in the cytosolic complexes. This
is consistent with the observation that coimmunopurification of



VoL. 21, 2001

A.

Nucleoplasmic
H* U P OH" HY
— *
116 — = SRS o —
93— . i
68— K».. — - e it K -
- - - -
45— é A .
i : o =
e e
Al
30_
B. Nucleoplasmic

Blot: 5H3

Blot: 5B9

Blot: 4F4
4B10

Al

NUCLEAR mRNP COMPLEX FROM HUMAN CELLS 7313

Triton | i
oM~ H* Cytoplasmic -
Transportin ; ¥
—- —
G . - - o owmeg—PABP1
e
o .
4 Al a1
Triton

lghe.
. -
-

-

Al
. ./

FIG. 5. Two-dimensional gel electrophoresis of hnRNP Al-associated RNP complexes. (A) Proteins in complexes immunopurified with 4B10
from each subcellular fraction of [**SJmethionine-labeled cells were resolved by two-dimensional gel electrophoresis as described in the text and
visualized by autoradiography. The positions of proteins discussed in the text are indicated. (B) Immunoblot analysis. Nucleoplasmic and
Triton-soluble nuclear RNPs resolved by two-dimensional gel electrophoresis as for panel A were immunoblotted with the indicated monoclonal
antibodies. The positions of the hnRNP D, E, Al, and C1/C2 proteins and corresponding alternatively spliced isoforms are indicated. Ig h.c.,
position of the heavy chains from antibodies used for immunopurification.

the major 90-kDa band with hnRNP Al persists after RNase
digestion (Fig. 2), indicating that it associates with hnRNP Al
by direct protein-protein interactions. The presence of trans-
portin in hnRNP Al-associated complexes in the cytoplasmic
fraction is consistent with the hypothesis that these complexes
represent a bona fide soluble cytoplasmic pool. This is further
supported by the finding that the cytoplasmic poly(A)-binding
protein (PABP1) is also specifically enriched in the cytosolic
complexes (Fig. 4A) and likely corresponds to the other major
band, of ca. 70 kDa, that also associates with Al in this frac-
tion, as suggested by its mobility on two-dimensional gels (Fig.
5A). These characteristics suggest that the hnRNP Al-associ-
ated complexes from the cytoplasmic fraction correspond to
soluble cytoplasmic intermediates following nuclear export of
hnRNP A1l with its bound mRNA.

The fractionation properties of the other two hnRNP Al-
associated RNPs and the characteristics of their associated
RNAs raised the likely possibility that these complexes repre-
sent distinct nuclear stages in the nucleocytoplasmic shuttling
cycle of hnRNP Al with its bound mRNAs. At least one
protein directly implicated in mRNA export, REF, (70, 71,
77), is associated with all three RNPs (Fig. 4). Notably, how-
ever, while the amounts of REF detected in the Triton-ex-
tracted RNPs are smaller than those in hnRNPs, the amount of
hnRNP Al (and its associated complexes) recovered from the
Triton-extracted fraction is also always smaller than that re-
covered from the nucleoplasm (Fig. 4C). We therefore con-
clude that REF is associated with hnRNP Al in at least similar
relative amounts in the complexes isolated from the nucleo-
plasm and from the Triton-extracted fraction. Consistent with
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its ability to shuttle between the nucleus and the cytoplasm
(77), a relatively smaller amount of REF is also present in the
cytosolic Al-associated RNPs.

A comparison of the pattern of proteins in the nucleoplas-
mic and Triton-extracted complexes resolved by two-dimen-
sional gel electrophoresis revealed that in addition to REF,
other shuttling hnRNP proteins (e.g., hnRNP K and hnRNP
A2/B1/B2) are also present in both complexes (Fig. SA). On
the other hand, apart from the different association of the
nonshuttling hnRNP C1/C2 proteins, which, as observed pre-
viously (Fig. 4C), were not detected by immunoblot analysis in
the Triton-extracted complexes, the nonshuttling hnRNP U
protein (60) was also not present in any detectable amounts in
the Triton-extracted complexes (Fig. 5A). Therefore, a unique
characteristic of these mRNA-containing complexes from the
Triton fraction that distinguishes them from the pre-mRNA-
and mRNA-containing hnRNP complex is the absence of non-
shuttling hnRNP proteins.

A second unique feature of the Triton-extracted complexes
was the presence of proteins that are not found in hnRNP
complexes. Among them, the most prominent migrates at ca.
130 kDa (Fig. 5A). Differences in protein composition were
also apparent in the region of the gel between 35 and 60 kDa
(Fig. 5A, compare panels Nucleoplasmic and Triton). Some of
these proteins were identified using antibodies against known
hnRNP proteins. An antibody against hnRNP D (5B9) reacts
with four alternatively spliced isoforms of this protein (D1, D2,
D01, and D02) (26). Immunoblotting experiments revealed
that whereas only D1 and D2 are present in the nucleoplasmic
hnRNP complex, all four isoforms are associated with Al in
the Triton-extracted complexes (Fig. 5B). Similarly, an anti-
hnRNP E antibody (5SH3) recognizes one of the hnRNP E
proteins, E1, as well as an immunologically related protein, EO
(26). Only the E1 protein is detected in the hnRNP complex,
whereas both E1 and EO are present in the Triton complex
(Fig. 5B). Therefore, the mRNA-containing RNP complexes
from the Triton-extracted fraction contain a subset of hnRNP
proteins (namely, shuttling hnRNP proteins), as well as addi-
tional proteins that include alternatively spliced isoforms of
hnRNP proteins.

Identification of the 130-kDa protein as LRP130, a novel
RNA-binding protein. Since the 130-kDa protein was the most
prominent one associated with shuttling hnRNP proteins in the
Triton-extracted fraction and because its association appeared
to be specific to these mRNA-containing complexes, it was
chosen for further characterization. For this purpose, immu-
nopurification from the Triton-extracted fraction with the
4B10 antibody was scaled up to enable analysis of the 130-kDa
protein by mass spectrometry (MS). Tandem MS (MS-MS) (5)
was used to derive sequence information (64) from tryptic
peptides of the 130-kDa protein. The resulting peptide masses
and corresponding daughter fragments were used to identify
proteins by searching the NCBI nonredundant protein se-
quence database and EST sequence database with the program
PepFrag (18). This analysis yielded unambiguous identification
of a peptide sequence, ADAVWNKIQEENVIPR, unique to a
previously reported 130-kDa leucine-rich protein (LRP130)
(24). The same identification was obtained by MS-MS analysis
of a different tryptic fragment (not shown). Matrix-assisted
laser desorption ionization—time of flight MS analysis of the
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130-kDa band confirmed its identity with LRP130. The func-
tion of this protein was previously unknown, although it was
found to be overexpressed in hepatoblastoma cells (24). Ex-
tensive computer searches of databases (2) showed no regions
in LRP130 with significant or obvious similarity to any known
RNA-binding domains (8). The only recognizable amino acid
sequence motif in LRP130 is the recently described PPR motif,
a TPR-related motif that has been suggested to mediate pro-
tein-protein or protein-RNA interactions (68). LRP130 con-
tains 11 such PPR motifs, which are clustered in the N termi-
nus and in the middle region of the protein (68).

Association of LRP130 with Al is readily disrupted by
RNase treatment (Fig. 2), indicating that the interaction be-
tween these two proteins is mediated by their association with
the same RNA molecules. The absence of known RNA-bind-
ing motifs in LRP130 raised the question of whether it is bound
directly to RNA or whether this association is indirect (for
example, through interaction with an RNA-bound protein). To
address this directly, RNA-protein cross-links were induced in
vivo by exposure of living cells to UV irradiation. Under the
conditions used here, only proteins that are in direct contact
with the RNA in vivo can be covalently cross-linked to it. RNA
with its cross-linked proteins can then be isolated under pro-
tein-denaturing conditions in order to eliminate adventitious
association of proteins with RNA during fractionation (see,
e.g., references 16 and 72). HeLa cells were exposed to UV
light, and polyadenylated RNA with its cross-linked proteins
was selected from cytosol, Triton-extracted, and nucleoplasmic
fractions by oligo(dT) chromatography under denaturing con-
ditions that allow coisolation of only those proteins covalently
cross-linked to the RNA. Proteins in the cross-linked com-
plexes were then released by digestion with RNase and re-
solved by SDS-PAGE (Fig. 6). As previously observed (see,
e.g., references 16 and 72), even at this level of resolution one
can observe differences in the sets of proteins cross-linked to
RNA in nucleoplasmic and cytoplasmic fractions. Importantly,
the most prominent cross-linked protein in the Triton-extract-
ed fraction migrates at ca. 130 kDa (lane T). The specificity of
this cross-linking is underscored by the absence of detectable
proteins in samples prepared from cells that were not exposed
to UV light (Fig. 6, lane —UV). Matrix-assisted laser desorp-
tion ionization—time of flight MS and MS-MS analyses of the
130-kDa cross-linked band in the Triton-extracted fraction
identified it also as LRP130 (not shown), which demonstrates
that LRP130 is indeed bound to poly(A)-containing mRNA in
living cells.

DISCUSSION

We have dissected the nucleocytoplasmic shuttling pathway
of hnRNP Al into at least three distinct classes of RNPs
with characteristics of sequential stages in mRNA forma-
tion. Among these, we identified a likely intermediate nuclear
mRNP (nmRNP) complex (or set of complexes) that contains
mRNA with associated shuttling hnRNP proteins but no pre-
mRNA or nonshuttling hnRNP proteins. The strategy for the
isolation of these complexes is based on the different nucleo-
cytoplasmic traffic characteristics of hnRNP proteins and ex-
ploits differences in subcellular associations of RNP complexes
at different stages of maturation in combination with specific
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FIG. 6. Selection of proteins bound to poly(A)" RNA in vivo in the
different subcellular fractions. HeLa cells were exposed to UV light to
induce covalent protein-RNA cross-links, and the cells were fraction-
ated into cytoplasmic (lane C), Triton-extracted (lane T), and nucle-
oplasmic (lane N) fractions. The cross-linked complexes were selected
from each fraction by oligo(dT) chromatography under protein-dena-
turing conditions. Bound proteins were released from the cross-linked
complexes by digestion with RNase, resolved by SDS-PAGE, and vi-
sualized by autoradiography. The position of LRP130 is indicated with
an asterisk. A shorter exposure of the lane corresponding to cytoplas-
mic cross-linked proteins is shown here for clarity.

immunopurification of RNPs. The immunopurification ap-
proach taken here has been used successfully in the past to
isolate hnRNP complexes under conditions that minimize dis-
ruption and rearrangements of the complex (13, 59). There-
fore, the complexes described in this study are likely to repre-
sent endogenous RNPs that were assembled in vivo.

The three classes of RNP complexes described here can be
distinguished from each other by their RNA and protein com-
positions and by their association with different subcellular
fractions. One class corresponds to the previously described
nucleoplasmic hnRNP complexes (13, 59), which contain shut-
tling and nonshuttling hnRNP proteins and which we show
here contain both pre-mRNA and mRNA. This is distinct from
a second class of RNPs, also associated with nuclei, which dis-
play characteristics of mature nuclear mRNPs (nmRNPs). Spe-
cifically, they contain mRNA but no detectable pre-mRNA.
They also contain shuttling hnRNP proteins as well as the
nuclear mRNA export factor REF, as is the case with hnRNP
complexes, but no nucleus-retained hnRNPs such as C1/C2
and U. In addition, there are several proteins specifically as-
sociated with nmRNPs that are not found in hnRNP com-
plexes. RNP complexes associated with hnRNP Al are also
found in the cytosol, where Al is associated with mRNA as
well as with the major cytoplasmic mRNP protein PABP1 (19)
and with transportin, the nuclear transport receptor for hnRNP
Al (62). Importantly, all three types of complexes contain pro-
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teins in common, as well specific proteins that are not found in
the other complexes.

The existence of distinct RNP complexes of hnRNP proteins
was suggested by a number of previous studies, which indicated
that nuclear formation of mRNAs from pre-mRNAs, as well as
nucleocytoplasmic transport of mRNAs, is accompanied by
substantial changes in the proteins associated with these RNAs
(see the introduction). In addition, the major proteins bound
to mRNA in the cytoplasm at steady-state levels are different
from those associated with pre-mRNA in the nucleus (16, 72),
indicating a wholesale exchange of mRNP for hnRNP proteins
as the mRNA is exported from the nucleus to the cytoplasm.
Taking these previous observations together with our findings,
the distinct RNP complexes that we have isolated can best be
fit into a temporal sequence of events in which the hnRNP
complexes represent the initial pre-mRNPs as well as early
postsplicing mRNPs in which RNA polymerase II-transcribed
transcripts are found (17). In agreement with this, pre-mRNA
and mRNA for both B-actin and TAFII30 are detected in these
complexes (Fig. 3). In addition, the mRNA export factor REF
is also present in hnRNP complexes. The presence of spliced
mRNA in hnRNP complexes indicates that many of the sub-
sequent changes in RNP protein composition represented by
the additional mRNPs described here occur after processing of
pre-mRNA to mRNA.

In contrast to hnRNPs, the fractionation properties of the
cytosolic complexes and their association with transportin and
PABP1 (a primarily cytosolic mRNP protein [19]) indicate that
they represent the last stage(s) in the nucleocytoplasmic shut-
tling of hnRNP Al during its transit in the cytoplasm. These
results also indicate that PABP1 can bind mRNA prior to
complete release of hnRNP Al from the same mRNA. By
contrast, no significant amounts of PABP1 copurify with
hnRNP K in the cytosolic fraction (Fig. 1B). This suggests that
hnRNP K dissociates from mRNA prior to binding of PABP1
and therefore prior to release of hnRNP Al. Indeed, electron
microscopy studies of BR mRNP export in C. tentans have also
shown different proteins dissociating from the mRNP in the
cytoplasm at different stages following its nuclear export (for a
review, see reference 15). We cannot determine from these re-
sults whether both transportin and PABP1 coexist simulta-
neously in the same complexes with hnRNP Al or whether
they interact with hnRNP Al in distinct complexes. The spec-
ificity of the interaction of hnRNP Al with transportin is un-
derscored by the absence of transportin in association with
hnRNP K/J (Fig. 1B), in agreement with previous findings that
hnRNP K does not require transportin for its nuclear import
(47). It is noteworthy that the number of proteins that can be
cross-linked to mRNA in the cytoplasm is substantially larger
than the number of proteins associated with hnRNP A1 (16)
(Fig. 6). This would be consistent with a transient nature of the
cytosolic hnRNP Al-containing mRNPs (supported by immu-
nofluorescence microscopy data [60]), indicating that addi-
tional proteins associate with cytoplasmic mRNA once hnRNP
Al is released from the complex (and therefore such proteins
would not be coimmunoprecipitated with hnRNP Al).

The third class of RNP complexes, which are associated with
hnRNP Al in the Triton-extracted fraction, is of particular
interest because their properties are consistent with those hy-
pothesized for nuclear mRNPs at late stages of mRNA forma-
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tion and possibly as substrates for nuclear export of mRNA.
This conclusion is supported both by their protein and RNA
compositions, as described above, and by their subcellular frac-
tionation properties. Specifically, these nmRNPs are associ-
ated with the nuclear fraction and are not solubilized with
digitonin under conditions that retain the integrity of the nu-
clear envelope (1). Therefore, they are unlikely to represent
soluble cytoplasmic complexes. On the other hand, they are
readily released by Triton X-100 treatment of the digitonin-
insoluble fraction, which contains nuclei as well as insoluble
cytoplasmic structures. Treatment of nuclei with nonionic de-
tergents is known to result in selective release of some nuclear
contents, including RNA export factors, and we have observed
this to also be the case for the nucleoplasmic pool of another
abundant nuclear protein, nucleolin, with its associated rRNA
(4, 20; Triolo and Pifiol-Roma, unpublished data). It is unlikely
that the complexes released by treatment with Triton X-100
originate from an otherwise insoluble cytoplasmic pool of
mRNPs associated with the cytoskeleton. It has been reported
that translated mRNA associates with the cytoskeleton, and
there are conflicting reports as to the sensitivity of cytoskele-
ton-associated mRNA to treatment with detergents (6, 11, 54).
While we have not completely ruled out a cytoplasmic origin of
these complexes, we consider this unlikely since they are not
released into the soluble cytosolic fraction by treatment of cells
with a variety of cytoskeleton-disrupting conditions (S. Mili
and S. Pifiol-Roma, unpublished observations). The properties
of these RNPs, therefore, indicate that they are precursors to
the cytosolic mRNPs described here and that they correspond
to a later stage in mRNA formation than (and are a product
of) the pre-mRNA-containing hnRNP complexes. This sug-
gests strongly that these nmRNP complexes are a novel inter-
mediate in the pathway of mRNA formation.

An important finding presented here is that several of the
proteins in the nmRNPs are specific to these complexes and
are not found in hnRNP complexes. The most prominent
among them is LRP130, to which no specific function had been
attributed (24) and which our results indicate binds specifically
to mRNA. Importantly, a protein with electrophoretic mobility
similar to that of LRP130 is associated with all shuttling
hnRNP proteins that we have examined thus far, including
hnRNP A1 and hnRNP K/J (this work) and hnRNP A2/B1/B2
(Mili and Pinol-Roma, unpublished observations). Analysis of
the LRP130 amino acid sequence revealed no readily apparent
RNA-binding motifs. However, we show here that it binds
poly(A)" RNA in vivo, as it is readily cross-linked to mRNA by
UV irradiation of living cells (Fig. 6). The only recognizable
amino acid sequence motif in LRP130 is the recently described
PPR motif (68). Other proteins with PPR motifs have also
been shown to bind RNA and/or participate in mRNA metab-
olism, raising the possibility that the PPR motif itself is an
RNA-binding motif (68). Therefore, LRP130 is an RNA-bind-
ing protein with none of the known RNA-binding motifs, sug-
gesting that it contains a novel type of RNA-binding domain. A
recent study with Drosophila melanogaster has shown that BSF,
a protein highly similar to LRP130, has RNA-binding activity
and is involved in regulating the stability of bicoid mRNA (42).

Other proteins associated with this intermediate and not
present in nucleoplasmic hnRNP complexes are the D0 and E0
proteins. There are four alternatively spliced isoforms of
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hnRNP D: D2 (p45), D1 (p42), D02 (p40), and D01 (p37) (74).
Of these, D2 and D1 isoforms are preferentially associated
with hnRNP complexes (Fig. 5B). D1 and D2 contain a specific
amino acid sequence that is encoded by an alternatively spliced
exon that is absent from the D01 and D02 isoforms. By con-
trast to D1 and D2, D01 and D02 are specifically associated
with nmRNPs. While all D protein isoforms are predominantly
nuclear at steady-state levels, they differ in their ability to
shuttle between the nucleus and the cytoplasm. Interestingly,
the amino acid sequence specific to the D1/D2 isoforms has
been proposed to be responsible for retaining them in the
nucleus by mediating their interaction with the nuclear matrix-
associated factor SAF-B. D01 and D02, which lack this se-
quence, do not associate with SAF-B and are able to shuttle
(3). These properties are consistent with our observation that
D1- and D2-containing hnRNP complexes are resistant to ex-
traction with nonionic detergent, whereas D01- and D02-con-
taining nmRNP complexes seem to be relatively freely diffus-
ible in the nucleoplasm, since they are readily extracted by mild
detergent treatment. This distribution of hnRNP D protein
isoforms is reminiscent of the Drosophila RNA-binding protein
How, which exists in two isoforms with different subcellular
distributions. It was proposed that the shorter isoform can
compete directly with the longer nuclear isoform for binding to
target RNAs, thereby releasing inhibition of nuclear export in
a developmentally regulated manner (48). We speculate that a
similar mechanism could operate in the case of the hnRNP D
proteins, with the D01 and D02 isoforms possibly displacing
the nucleus-retained D1 and D2 isoforms at a specific stage
prior to nuclear RNA export. The specific relationship be-
tween E1 and EO is not known, but their immunological relat-
edness, together with precedent from other hnRNP proteins
(9), suggests that they may also be produced by alternative
splicing from the same pre-mRNAs.

It is noteworthy that recruitment of a number of RNA-
binding proteins onto mRNA in the nucleus has been shown or
hypothesized to be required for subsequent function of these
proteins in the cytoplasm, e.g., in RNA localization, stability,
and regulation of translation (see, e.g., references 7, 34, and
40). For example, the D. melanogaster hrp40 protein, which is
similar to hnRNP D, mediates cytoplasmic localization of a
number of pair-rule transcripts, and this function requires re-
cruitment of Hrp40 to the mRNA in the nucleus (34). Fur-
thermore, contributions of hrp40 to regulation of Gurken lo-
calization during oogenesis vary among specific hrp40 isoforms
(52). In vertebrate cells, recruitment of specific hnRNP D
protein isoforms (also known as AUF1) to mRNA in the nu-
cleus has been proposed to determine the subsequent function
of these proteins in cytoplasmic regulation of mRNA stability
(40). These observations, therefore, are in agreement with our
finding that specific isoforms of hnRNP proteins initiate their
association with the mRNA in nuclear mRNP complexes. RNP
complexes containing B-actin and TAFII30 pre-mRNA and
mRNA exhibit similar fractionation properties, suggesting that
the overall characteristics of the observed complexes are a
general feature of most transcripts in the cell. However, it is
likely that the actual relative amounts of different proteins in
the RNPs vary among specific transcripts (43, 61, 76), depend-
ing on the sequence characteristics and ultimate fate of the
mRNA.
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FIG. 7. Model for the sequential changes in protein composition of
complexes associated with pre-mRNA and mRNA during maturation
and nuclear export of mRNA. See text for details.

Based on these findings, we propose the model shown in
Fig. 7 for remodeling of pre-mRNP and mRNP complexes
during nuclear maturation and export of mRNA. As previously
shown, most hnRNP proteins associate with nascent transcripts
produced by RNA polymerase II, in pre-mRNA-containing
hnRNP complexes. In addition to hnRNP proteins, other com-
ponents of the pre-mRNA processing machinery (including
snRNPs) associate transiently with hnRNP complexes as the
reactions leading to formation of mature mRNA take place.
For transcripts derived from intron-containing genes, the
RNAs are retained in the nucleus as long as spliceosomes can
be formed on these RNAs (12, 36). In addition, RNA-bound
proteins with NRSs such as hnRNP C1/C2 and D1/D2 may also
mediate nuclear retention of the bound RNAs (50). Comple-
tion of splicing leads to recruitment of a subset of mRNP-
specific proteins, such as Y14, DEK, SRm160, and the mRNA
export factor REF. Subsequent removal of NRS-containing
proteins would release this mRNP from a “nuclear anchor,”
possibly rendering the mRNP freely diffusible in the nucleo-
plasm. The mechanism for removal of NRS-containing pro-
teins is not known. By analogy to the D. melanogaster RNA-
binding protein How (48), this dissociation could result from
displacement by alternatively spliced isoforms (as could be the
case for hnRNP D and E) or by a different mechanism
(e.g., through the action of helicases [29, 67]). This complex
would also acquire additional mRNA-specific proteins such
as LRP130 and hnRNP D01/D02, leading to formation of an
nmRNP intermediate that is subsequently exported to the cy-
toplasm. Following export from the nucleus, shuttling hnRNP
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proteins remain associated in a transient cytosolic mRNP
(cmRNP*). An exchange of cytoplasmic mRNP proteins for
nmRNP proteins takes place, ultimately resulting in a distinct
cytoplasmic mRNP (cmRNP) that serves as a substrate for
cytoplasmic mRNA metabolism. Shuttling hnRNP proteins
dissociate from the mRNA at different stages and are reim-
ported into the nucleus. Therefore, RNP remodeling during
mRNA maturation and export would involve stage-specific
release of bound proteins, as well as stage-specific recruitment
of additional RNA-binding proteins. Any of the stages de-
picted in this model are potential targets for regulation.

At least two of the proteins in this nmRNP, namely, hnRNP
Al and hnRNP K, contain sequences that can mediate nuclear
protein export (46, 47), and thus multiple NESs are found on
individual mRNAs. Our results show that at least one of the
mRNA export factors identified thus far in vertebrate cells,
REF (71, 77), is also associated with the nmRNP. We have
been unable to determine unambiguously whether TAP is also
associated with the nmRNP. It is possible that the interaction
of TAP with the nmRNP is too unstable or weak to survive the
RNP isolation procedure, as suggested also by results from
other laboratories (see, e.g., reference 77). Experiments are
now in progress to determine which (if any) additional known
RNA export factors and/or NPC components, as well as other
proteins recruited to mRNA through splicing (see the intro-
duction), are present in or interact with this nmRNP. Addi-
tional nmRNP components may include members of the SR
family of splicing factors, some of which also shuttle between
the nucleus and the cytoplasm (10). Experiments are also in
progress to determine whether mRNAs derived from intron-
less genes also associate in similar complexes and with similar
proteins.
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