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Several proteins of heterogeneous nuclear ribonucleoprotein (hnRNP) particles display very high binding
affinities for different ribonucleotide homopolymers. The specificity of some of these proteins at high salt
concentrations and in the presence of heparin allows for their rapid one-step purification from HeLa
nucleoplasm. We show that the hnRNP C proteins are poly(U)-binding proteins and compare their specificity
to that of the previously described cytoplasmic poly(A)-binding protein. These findings provide a useful tool for
the classification and purification of hnRNP proteins from various tissues and organisms and indicate that
different hnRNP proteins have different RNA-binding specificities.

The nuclear precursors of mRNAs in eucaryotes are
bound with specific proteins with which they form com-
plexes termed heterogeneous nuclear ribonucleoprotein
(hnRNP) particles (3, 13-16, 19-22, 27). These particles are
major constituents of the nucleus and are important elements
in the posttranscriptional pathway of the expression of
genetic information. The composition and structure of
hnRNP particles have therefore been the focus of much
research (for a review, see reference 10). The purification of
hnRNP particles with monoclonal antibodies to individual
hnRNP proteins revealed that hnRNP particles are com-
posed of heterogeneous nuclear RNA (hnRNA) and at least
20 polypeptides (7, 28). Antibodies against some of these
proteins have been obtained and have proven to be ex-
tremely valuable tools; they have made it possible to study
the role of hnRNP proteins in pre-mRNA processing (9, 30),
to investigate their cellular localization (8, 12, 14, 18), and to
isolate cDNA clones (24, 32). But little is known so far about
most of the hnRNP proteins, and methods for their purifica-
tion are needed so that their properties can be studied and
antibodies against them can be prepared.
During studies on the binding of hnRNP proteins to

pre-mRNA in nuclear extracts, we noticed that several of
these proteins bind with very high affinity to certain RNA
sequences and can be selectively eluted with different RNA
homopolymers (M. S. Swanson and G. Dreyfuss, manu-
script in preparation). We have therefore investigated sys-
tematically whether hnRNP proteins possess RNA-binding
specificity towards RNA homopolymers and whether this
characteristic can be used to purify these proteins. To do so,
we examined the binding of HeLa cell proteins to the
ribonucleotide homopolymers poly(G), poly(A), poly(U),
and poly(C) at various salt concentrations. The use of
homopolymer RNA-cellulose chromatography to isolate
bacterial and bacteriophage proteins was first described by
Carmichael (6) and was used in this study for the isolation of
ribosomal protein S1 and termination factor p on poly(U)
cellulose. This technique has also been extensively used to
isolate poly(A)-binding proteins (PABPs) (2, 4). Here we
show that several of the hnRNP proteins bind to specific
RNA homopolymers at high salt concentrations and that this
property can be used to identify and purify these proteins.
Nucleoplasm from [35S]methionine-labeled HeLa cells
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was first digested with micrococcal nuclease, and the Ca2+-
dependent nuclease digestion was stopped by the addition of
excess EGTA [ethylene glycol-bis(,3-aminoethylether)-N,N,
N',N'-tetraacetic acid]. The treatment of the nucleoplasm
with micrococcal nuclease was done to free hnRNP proteins
from endogenous hnRNA and, more important, to prevent
spurious binding of proteins to the ribopolymers, such as
intact polyadenylated hnRNPs binding to poly(U). The
RNA-binding experiments were carried out by incubating
nucleoplasm, which had been adjusted to the indicated salt
concentration (from 0.1 to 2 M), with Sepharose-bound
polyribonucleotides for 10 min at 4°C (the binding of most of
the observed protein occurred very rapidly and was essen-
tially complete after 1 min). Identical aliquots of nucleo-
plasm corresponding to material from an identical number of
cells were used for each incubation with each of the polyri-
bonucleotides. Nonspecifically bound proteins were re-
moved by a wash in the same buffer at the indicated salt
concentration; the first wash also contained 2 mg of heparin
per ml as an RNA competitor (28) and RNase inhibitor,
although elimination of the heparin wash primarily affected
the number of polypeptides bound at 0.1 to 0.5 M NaCl. The
entire purification procedure required less than 30 min to
complete and was performed at 4°C to minimize possible
proteolysis and nuclease degradation of the ribopolymers.
The bound proteins were eluted by being boiled in sodium
dodecyl sulfate (SDS)-containing buffer and analyzed by
SDS-polyacrylamide gel electrophoresis (Fig. 1). For refer-
ence, total nucleoplasm, hnRNP particles immunopurified
with the anti-hnRNP C protein monoclonal antibody 4F4
(lane 4F4), and C proteins immunopurified from micrococcal
nuclease-digested nucleoplasm (lane 4F4MN) were included
(Fig. 1).
At 0.1 M NaCl (Fig. 1), the hnRNP proteins Al and A2

and/or the E proteins (two of which comigrate with Al and
A2 [see Fig. 3]) bound to all four ribonucleotide homopoly-
mers, but for many proteins there were already clear binding
differences at this salt concentration. The binding of several
proteins (e.g., the 120,000-molecular-weight U protein [120K
U protein]) to poly(G) and poly(U) was higher at 0.5 M NaCl
than at 0.1 M NaCl, whereas the binding of other proteins
was lower at 0.5 M NaCl, and the binding of still other
proteins was the same at either salt concentration. The most
significant differences in binding specificity were observed at
NaCl concentrations of 1 M or higher. At these high salt
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FIG. 1. Binding of nuclear proteins to ribonucleotide homopolymers. HeLa S3 cells were labeled overnight with [35S]methionine (20
pCi/ml), and nucleoplasm was isolated as previously described (8, 28); 500 R.I of nucleoplasm fraction was produced from one tissue culture
plate (10-cm diameter) of subconfluent S3 cells. Samples (250 pul) of nucleoplasm (lane nucleoplasm) were immunoprecipitated either directly
(lane 4F4) with the 4F4 monoclonal antibody, which had been previously bound to protein A-Sepharose in 10 mM Tris hydrochloride (pH
7.4)-100 mM NaCl-2.5 mM MgCl2-0.5% Triton X-100-1 Rg each of leupeptin and pepstatin per ml, and 0.5% aprotinin as described elsewhere
(8), or following treatment with 100 U of micrococcal nuclease per ml (lane 4F4MN) for 10 min at 30°C in the presence of 1 mM CaCl2, after
which EGTA was added to 5 mM to inactivate the nuclease. Samples (250 ,u) of this nuclease-treated nucleoplasm were then either left in
100 mM NaCl or had their NaCl concentrations increased to 0.5, 1, or 2 M by the addition of solid NaCl, and Triton X-100 was added to a
final concentration of 0.5%. These samples were then incubated with 25 ,ul of poly(G), poly(A), poly(U), or poly(C), each of which had been
bound to Sepharose beads (type 6, Pharmacia; 0.8 to 1.5 mg of polyribonucleotide per ml of agarose) and washed in the buffer described
above, for 10 min at 4°C on a rocking platform. The beads were then spun down briefly in a Microfuge, incubated for another 10 min at 4°C
in the buffer described above in the indicated salt concentrations plus 2 mg of heparin (porcine intestinal mucosa, grade I; Sigma Chemical
Co.) per ml, and then washed four times in the same buffer without heparin. The drained beads were then boiled for 3 min in 50 p.l of
SDS-polyacrylamide gel electrophoresis loading buffer, and 10 ,u1 of the sample was applied to 12.5% acrylamide SDS-polyacrylamide gels
(11). After electrophoresis, the gels were dried and fluorographed (17). The positions of the mRNP 72K PABP and the hnRNP proteins Al,
A2, Cl, and C2 are indicated.

concentrations, proteins specific for each of the four ribonu-
cleotide homopolymers were seen. The binding at such high
salt concentrations reflects very high affinity. Two proteins,
41K and 43K, identified as the Cl and C2 hnRNP proteins,
respectively, showed a clear binding preference for poly(U)
(Fig. 1, lane polyU, 2 M NaCI). This identification was
confirmed by immunoblotting with the specific anti-C protein
monoclonal antibody, 4F4 (8) (Fig. 2A). Binding of the C
proteins to poly(G) was also detected, but only at 0.5 M
NaCl. However, in contrast to binding of many of the other
poly(G)-binding proteins, C-protein binding to poly(G) was
not resistant to 1 M NaCl. The binding of nucleoplasm
proteins to poly(G) reproducibly increased at 0.5 M NaCl,
possibly due to an overall increase in solubility at salt
concentrations higher than 0.1 M or to a change in the
structure of poly(G). For reference, we examined binding of
the PABP, the only previously described eucaryotic ribonu-
cleotide homopolymer-binding protein, to the four ribonu-

cleotide homopolymers under the same conditions. In this
experiment, we used yeast lysate instead of HeLa cell
material to examine the cytoplasmic PABP, because this
protein from yeast is the only PABP for which antibodies are
available. We have previously described the production and
specificity of this antibody (1). It is apparent that the PABP,
at salt concentrations of 0.5 M or less, binds not only to
poly(A) but also to poly(U) and poly(G). Only at a salt
concentration of 1 M NaCl does the PABP bind only to
poly(A) (Fig. 2B). The PABP is, therefore, not an absolutely
base-specific binding protein, and its maximal specificity
occurs at 1 M NaCl. The RNA-binding specificity of RNP
proteins is thus a relative term and can be adequately
determined by comparing the binding of the protein to all
four ribonucleotide homopolymers at various salt concentra-
tions. Using this criterion as an operational definition, we
concluded that the C proteins are poly(U)-binding proteins
and that there are also poly(C)- and poly(G)-binding proteins
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FIG. 2. Immunoblot analysis of nuclear proteins bound to ribonucleotide homopolymers. Samples prepared as described in the legend to
Fig. 1 were electrophoresed on 12.5% polyacrylamide gels, and the proteins were transferred to nitrocellulose. Blots were probed with either
the anti-human C protein monoclonal 4F4 (A) (8, 32) or a rabbit polyclonal antiserum to the yeast PABP (B) prepared as described elsewhere
(1). The positions of the hnRNP C proteins Cl and C2 (A) and the yeast 72K PABP (B) are indicated.

in cells (Fig. 1, lanes polyC and polyG, 1 and 2.0 M NaCl).
In an attempt to determine whether any of these proteins are
hnRNP proteins, we have examined their mobilities by
two-dimensional gel electrophoresis. By comparing the po-
sitions of known hnRNP proteins obtained by immunopuri-
fication (28) with the positions of the ribonucleotide homo-
polymer-binding proteins in nucleoplasm, Fig. 3 shows that
these latter proteins are also components of hnRNP parti-
cles. The poly(C)-binding proteins are the hnRNP proteins K
and J. The two faster-migrating E proteins, H, the slower-
migrating F, and the M proteins are all poly(G)-binding
proteins. The hnRNP P proteins are PABPs. Of these, the
faster-migrating one is of 72 kilodaltons, and it migrates to a
position which would be expected, from comparison with
the yeast PABP (1), for the mRNA PABP. If this assignment
of the 72K PABP is correct, then the binding of the mam-
malian mRNA 72K PABP to poly(A) is more resistant to
higher salt concentrations (cf. Fig. 1, lane polyA, 2.0 M
NaCl, and Fig. 2B, lane polyA, 2.0 M NaCi) than is the yeast
protein. The slower-migrating P protein appears to be a
polypurine-binding protein, rather than a specific PABP,
because it binds well to poly(G) and poly(A). The M proteins
also bind to poly(U), but over 90% of the material bound to
poly(U) is C proteins.

It is striking that the binding of the C proteins to poly(U)
at 2 M NaCl is as specific as the binding of C proteins to the
anti-C protein monoclonal antibody itself (Fig. 1, lane
4F4MN). This feature provides the basis for a general,
one-step affinity chromatography method for the purification
of these proteins from any biological material. This, of
course, also applies to the other high-affinity ribonucleotide
homopolymer binding proteins. The method can be readily
scaled up and used in a column, and the bound proteins can
be eluted with 8 M urea or 6 M guanidine hydrochloride
instead of SDS. Using this method, we have recently iso-
lated the nuclear poly(U)- and poly(C)-binding proteins (Cl
and C2 and K and J, respectively) from several organisms
and used them as immunogens (M. Matunis, R. Bandziulis,
and G. Dreyfuss, unpublished results). Poly(U)-Sepharose

chromatography has also been previously used as a step in
the purification of the human lupus antigen La protein. This
protein is not likely to contaminate a C-protein preparation,
because it elutes from the column at between 1.5 and 2.5 M
NaCI. The purification of several hnRNP proteins by affinity
chromatography on ribonucleotide homopolymers comple-
ments the fractionation of these proteins by chromatography
on single-stranded-DNA columns as described recently (26,
28). In the latter, additional steps, such as ion-exchange
chromatography, are required to obtain proteins of compa-
rable purity to that obtained by a single-step purification on
RNA-Sepharose columns.
The findings described here, in addition to their practical

application for the purification of hnRNP proteins, provide a
useful means of classifying these proteins. For example,
once hnRNP proteins can be purified from organisms for
which no such information is presently available, such a
criterion as RNA-binding specificity may be essential for
relating these proteins to the HeLa proteins. Furthermore,
these findings provide a new view of hnRNP proteins. These
proteins have long been considered general RNA-binding
proteins which have no sequence specificity, akin to histones
in chromatin. On the basis of the observations described
here, it appears that several of the hnRNP proteins do, in
fact, have RNA-binding specificities. Of course, these ob-
servations have only limited usefulness in predicting where
on a particular hnRNA the hnRNP proteins will bind, except
in the cases of several specific RNA segments. For example,
the 3' poly(A) tail is the longest, most common, and best-
characterized ribohomopolymer segment in mRNAs and
pre-mRNAs, and it is bound by the PABP which was first
described in 1973 (5). In addition, long homopolynucleotide
segments in both hnRNA and mRNA have been described.
Large hnRNAs also contain 30-nucleotide-long poly(U) seg-
ments (23), and long stretches of U residues are common at
the 3' end of eucaryotic genes-for example, the 3' noncod-
ing region of the yeast PABP contains 30 consecutive
pyrimidines, 22 of which are U residues (1). We also note
that the polypyrimidine stretch at the 3' end of introns,
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FIG. 3. Two-dimensional nonequilibrium gel electrophoresis of specifically bound hnRNP proteins. Immunopurified hnRNP particles and
nucleoplasm proteins bound to Sepharose beads bearing poly(G), poly(A), poly(U), or poly(C) at 2 M NaCI were electrophoresed in the first
dimension on nonequilibrium isoelectric-focusing gels (25) and in the second dimension on 12.5% polyacrylamide gels. The designation of the
major hnRNP polypeptides is according to Pifiol-Roma et al. (28).
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sequences within the 3' untranslated regions of pre-mRNAs,
and sequences downstream of the AAUAAA poly(A) recog-
nition element are often very uridine rich (29). Direct exper-
iments are in progress to determine where hnRNP proteins
bind on specific pre-mRNAs.
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