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Identification and purification of a
62,000-dalton protein that binds
specifically to the polypyrimidine

tract of introns
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A protein of molecular size 62,000 daltons (p62) was detected in HeLa cell nuclear extracts by UV cross-linking
to mRNA precursors. p62 binds specifically to the polypyrimidine tract of the 3’ splice site region of introns.
p62 purified to homogeneity binds the polypyrimidine tract of pre-mRNAs. This binding does not require the
AG dinucleotide at the 3’ splice site. Alterations in the polypyrimidine tract that reduce the binding of p62
yield a corresponding reduction in the efficiency of formation of a U2 snRNP/pre-mRNA complex and splicing.
The p62 protein is retained in the spliceosome, where it remains bound to the pre-mRNA. This polypyrimidine
tract binding protein (pPTB) is proposed to be a critical component in recognition of the 3’ splice site during

splicing.
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Several RNA-binding proteins have been implicated in
the splicing of nuclear mRNA precursors (pre-mRNAs).
Most of the newly synthesized nuclear pre-mRNAs in
mammalian cells are associated with heterogeneous ri-
bonucleoproteins (hnRNPs) (Dreyfuss 1986). Both im-
munodepletion and antibody-inhibition experiments
suggest that hnRNP C protein is important for splicing
(Choi et al. 1986). This protein binds preferentially to
sequences typical of the polypyrimidine tract upstream
of the 3’ splice site (Kumar et al. 1987; Swanson and
Dreyfuss 1988). It also has significant affinity, however,
for any single-stranded RNA. Similarly, the hnRNP Al
and D proteins bind preferentially to sequences typical
of 3' splice sites. In fact, mutation of the highly con-
served AG sequence at the 3’ splice site reduces the
binding of these proteins (Swanson and Dreyfuss 1988).
Two apparently related proteins of 68,000 and 110,000
daltons, which bind specifically to the 3’ splice site re-
gion, have been detected (Gerke and Steitz 1986; Tazi et
al. 1986). These intron-binding proteins (IBPs) are recog-
nized by Sm lupus patient sera and monoclonal anti-
bodies and are thought to be associated with U5 small
nuclear ribonucleoproteins (snRNP) (Gerke and Steitz
1986; Tazi et al. 1986). Interestingly, the binding of
these proteins is also reduced if the AG sequence of the
3’ splice site is altered.

Complementation assays have been used to identify
factors important for either splicing in vitro or forma-
tion of specific complexes of substrate RNA and snRNPs
(Krainer and Maniatis 1985; Krimer and Keller 1985;

Kramer 1988). For example, a soluble factor U2AF (U2
snRNP auxiliary factor) was partially purified on the
basis of its requirement for efficient binding of U2
snRNP to pre-mRNA (Ruskin et al. 1988).

Until recently, it was thought that all of the conserved
sequences at the 5’ splice site are recognized by se-
quence complementarity to the Ul snRNA (Padgett et
al. 1986). Recent results suggest that these base-pairing
interactions are not sufficient to determine the precise
5'-cleavage site (Seraphin et al. 1988). This suggests that
these sequences are also recognized by other compo-
nents essential for splicing, perhaps sequence-specific
binding proteins (Mayeda et al. 1986).

It has long been recognized that the formation of spe-
cific complexes containing Ul and U2 snRNPs, respec-
tively, bound to the 5’ splice site, and the branch site is
an early step in the splicing of pre-mRNAs (Mount et al.
1983; Black et al. 1985; Konarska and Sharp 1986; Ruby
and Abelson 1988). Depletion of nuclear extracts of Ul
snRINP abolishes the activity of the 5’ splice site in pro-
moting the U2 snRNP/pre-mRNA association (Ruby and
Abelson 1988; Seraphin et al. 1988). Recognition of both
sites is important in the formation of each of these
snRNA/pre-mRNA complexes. For example, mutational
changes of sequences at the 5’ splice site reduce the rate
of formation of the U2 snRNP complex at the branch
site (Lamond et al. 1987). Similarly, mutational changes
at the branch site region reduce the rate of association of
Ul snRNP at the 5’ splice site {LeGrain et al. 1988; Ruby
and Abelson 1988). Depletion of nuclear extracts of U2
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snRNP, however, does not affect the activity of the
branch site in promoting the Ul snRNP association
with the 5’ splice site (LeGrain et al. 1988; Ruby and
Abelson 1988). Thus, it is likely that RNA sequence-spe-
cific binding proteins are important in recognition of the
branch site at early stages in splicing and in promoting
formation of complexes containing Ul and U2 snRNPs
{Gerke and Steitz 1986; Mayeda et al. 1986; Steitz 1986;
Tazi et al. 1986; Ruskin et al. 1988).

The total number of different proteins required for
splicing of pre-mRNA is difficult to estimate. A large
number of yeast mutants, temperature sensitive for
growth, have been shown to be defective for splicing at
the nonpermissive temperature (Rosbash et al. 1981;
Lustig et al. 1986). In fact, 10 of the first 11 temperature-
sensitive mutants isolated on the basis of deficiency in
synthesis of mRNAs for ribosomal protein, thus defi-
cient in synthesis of rRNA, have a defect in splicing as
assayed in vitro (Hartwell et al. 1970; Rosbash et al.
1981; Lustig et al. 1986). Thus, the total number of gene
products necessary for splicing activity may be very
large. To date, the nature of the proteins encoded by sev-
eral of these temperature-sensitive mutants has been
characterized. Using immunological tools, Last and
Woolford (1986) have shown that the protein products of
the RNA 2 and RNA 3 genes are nuclear proteins of
~100,000 and 55,000 daltons, respectively. The RNA 8
gene specifies a 260,000-dalton protein that is com-
plexed to U5 snRNA and, after incubation in the pres-
ence of ATP, also to U4 and U6 snRNAs (Lossky et al.
1987).

In this study we have identified a 62,000-dalton pro-
tein {p62) on the basis of a UV cross-linking assay,
which binds specifically to the polypyrimidine tract of
pre-mRNAs. Experiments indicate that the binding of
this protein is required for the formation of the U2
snRNP complex. This protein has been purified to ho-
mogeneity.

Results

Detection of proteins binding pre-mRNAs in nuclear
extracts

Proteins in HeLa cell nuclear extracts that bound to the
adenovirus pre-mRNA (Ad10 RNA) were detected by a
UV cross-linking assay (Shoemaker and Schimmel
1974). Uniformly labeled RNAs were incubated with
nuclear extracts under splicing conditions, and proteins
were cross-linked to RNA by irradiation at 254 nm.
After digestion of RNA by nuclease, individual RNA—
protein adducts were resolved by SDS—PAGE (Fig. 1).
Many different proteins were cross-linked to the Ad10
pre-mRNA (lanes 2—4), as well as to a length-matched
control RNA (pBS) derived from the plasmid pBS— (lane
5). There was, however, one protein of 62,000 daltons
(p62) that cross-linked specifically to the pre-mRNA.
Longer exposures of autoradiographs showed that a
second protein of apparent molecular mass >200,000
daltons, was also specifically cross-linked to the pre-
mRNA (lane 3; >200 K). The hnRNP C proteins, identi-

Polypyrimidine tract binding protein

fied by reactivity with a specific monoclonal antibody
bound both the pre-mRNA and pBS RNA (Fig. 1 and data
not shown).

Generation of distinct bands depended on addition of
HelLa cell nuclear extract (Fig. 1, lane 1} and UV irradia-
tion {data not shown). Cross-linked products were
shown to represent protein—RNA adducts by protease
and nuclease digestion studies (data not shown).

The p62 protein bound the pre-mRNA very rapidly
under reaction conditions optimal for splicing; the ex-
tent of binding was maximal by 1 min and remained
constant through 3 hr of incubation (data not shown). In
contrast to the splicing reaction, p62 binding did not re-
quire the addition of exogenous ATP (Fig. 1). The lower
signal observed in the presence of ATP is due to lower
stability of the RNA. Both p62 and hnRNP C proteins
bound pre-mRNA after incubation at 4°C (data not
shown). The products designated as hnRNP C protein
migrate as a doublet and probably correspond to the pre-
viously described Cl1 and C2 polypeptides (Dreyfuss
1986). The p62 product was also resolved into a doublet
and, in some rare occasions, a triplet of bands. The bio-
chemical nature of this variation in p62 is unclear, al-
though it is not an artifact of the cross-linking assay, as
will be shown below.

BS
RNA Ad10 RNA |ENA
|
A sk ek
ATP | + —|+‘—‘ ¥
200 K- ==2008
97.4 K=
68 K— .
e -62 K
-
K=
43 ~hnANP C
25.7 K—

: ﬂﬂl,
T

5

Figure 1. UV cross-linking of HeLa cell nuclear extract pro-
teins to an adenovirus pre-mRNA. A uniformly labeled adeno-
virus pre-mRNA {Ad10 RNA) or a size-matched RNA (pBS
RNAJ was incubated with HeLa cell nuclear extracts under
splicing conditions. |[Top) Incubated RNA. (NE| The addition of
nuclear extract; {ATP) the addition of | mM ATP and 5 mm
creatine phosphate. The incubated reactions were exposed to
254-nm UV light and treated with RNase A {1 mg/ml), as de-
scribed in Methods. The UV cross-linked RNA-protein
products were resolved by SDS~PAGE. Molecular weight
markers are myosin (200,000 daltons) phosphorylase b {97,400
daltons) bovine serum albumin (BSA) (68,000 daltons| oval-
bumin (43,000 daltons) and «-chymotrypsinogen (25,700
daltons). Three cross-linked proteins (M, >200,000, M, 62,000
and hnRNP C} are indicated.
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Several RNA-binding proteins have been well charac-
terized, and monoclonal antibodies specific for these
proteins have been isolated. The potential relationship
of these proteins to p62 was tested by immunoprecipita-
tion. Anti-hnRNP C (41-43 kD), anti-hnRNP M (68
kD), anti-hnRNP L (68 kD), and anti-Sm monoclonal an-
tibodies all immunoprecipitated unique UV cross-
linked products, but none immunoprecipitated the p62
(see Methods; data not shown).

p62 specifically binds pre-mRNAs

The specificity of binding of p62 to the Ad10 splicing
precursor was investigated. First, other 32P-labeled
RNAs were tested as potential substrates for cross-
linking to the protein. Second, unlabeled RNAs were
tested for competition for p62 binding to the Ad10 sub-
strate.

Two efficiently spliced pre-mRNAs, Ad10 and a rabbit
B-globin pre-mRNA (Lamond et al. 1987), were cross-
linked efficiently to p62 (data not shown). As mentioned
previously, the pBS RNA could not be cross-linked to
this protein. A substrate RNA for polyadenylation in
vitro (Skolnik-David et al. 1987) was not cross-linked to
p62 {data not shown). The polyadenylation substrate was
efficiently cross-linked to the hnRNP C protein and to a
protein of 68 kD, which is probably that described by
Wilusz and Shenk (1988) and Moore et al. {1988) (data
not shown).

As a test for specificity, which did not require activity
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in photo cross-linking, labeled Ad10 mRNA was incu-
bated with nuclear extract in the presence of unlabeled
competitor RNAs. Ad10 RNA (self-competition and B-
globin pre-mRNA competed with the cross-linking of
labeled Ad10 RNA to p62 (Fig. 2A,B}. The pBS RNA,
even at 3000-fold molar excess, did not compete (Fig.
2A). Similarly, the polyadenylation substrate did not
compete (data not shown). Finally, tRNA and total cyto-
plasmic RNA from HeLa cells, when added at >1000-
fold molar excess, did not compete with the cross-
linking of p62 to the Ad10 substrate (data not shown).
The result with the fibronectin pre-mRNA shown in
Figure 2B will be discussed below.

p62 recognizes sequences in the vicinity of the 3’ splice
site

Deletions of the Ad10 RNA were used to map the
binding site of p62. A series of deletions in the 3’ end of
the Ad10 RNA distinguish an element critical for cross-
linking to the p62 protein (RNAs 1-4 in Fig. 3A}. This
critical element was located between 61 nucleotides up-
stream of the 3’ splice site and 4 nucleotides in the
flanking exon. Both an RNA lacking the first exon and
the 5' half of the intron (RNA 5 in Fig. 3A) and a shorter
RNA containing the 3’ half of the intron and four nu-
cleotides of the second exon (RNA 6 in Fig. 3A) bound
p62.

Fortunately, there are two unique RNase T1-resistant
oligonucleotides in the 3’ half of the intron: a 14-nu-
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Figure 2. The binding of p62 to pre-mRNAs is specific. (A) Labeled Ad10 RNA was incubated with HeLa cell nuclear extracts,, as
described in Fig. 1, except that a 1 : 20 dilution of the nuclear extract was used in the presence of no competitor RNA or 30-, 300-, and
3000-fold molar excess of Ad10 RNA or pBS RNA, respectively. p62 and hnRNP C protein are indicated. (B) Uniformly labeled Ad10
RNA was incubated with HeLa cell nuclear extract, as described in A. The lanes represent reactions that also contained a 300-fold
molar excess of competitor unlabeled RNAs. The unlabeled RNAs were Ad10 and pBS RNAs (as described in Fig. 1), rabbit B-globin
pre-mRNAs [a wild-type and a 3’ splice site mutant (AG — AU)] and a fibronectin pre-mRNA (see Methods). p62 and hnRNP C

protein are indicated.
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Figure 3. Mapping of the binding site of p62 on the Ad10 RNA. ({A) Ad10 RNA and shorter RNAs spanning portions of Ad10 RNA
were incubated with HeLa cell nuclear extracts and processed as described in Fig. 1. The efficiency of UV cross-linking to p62 and
hnRNP C protein is indicated. RNAs 14 are derived from vector pBSAd10 by truncating the template with Sau3A, FnuD2, Hhal, and
Haelll, respectively. RNAs 5 and 6 are derived from pBSAd13 by truncating the template with Sau3A and FnuD2, respectively. RNAs
7 and 8 are RNase Tl-resistant oligonucleotides derived from Ad10 RNA (RNA 1). (Top left] A schematic representation of the
splicing unit of Ad10 RNA. The boxes represent exon sequences; the shaded area indicates polylinker sequences in the pBS~ vector.
(L1 and L2) Leader 1 and 2 sequences of the adenovirus 2 major late transcription unit; (BS) branch site; (Py) polypyrimidine tract. The
numbers bordering the transcript icons indicate the equivalent nucleotide number in the Ad10 RNA. (B) Uniformly labeled Ad10
RNA (RNA 1}, pBS RNA, or RNase T1 oligonucleotides (RNAs 7, 8, and C) were incubated with HeLa cell nuclear extract in the
absence (lanes 1-5) or presence of competitor unlabeled Ad10 RNA (lane 6) or pBS RNA (lane 7). A 1:20 dilution of the nuclear
extract was used in lanes 6 and 7. Circled numbers 7 and 8 refer to RNA numbers in A4; {7) An 18-mer (5’-UCCCUUUUUUUUC-
CACAG-3); (8) a 14-mer {5'-UCAUACUUAUCCUG-3"); (C) a 12-mer (5'-ACAAACUCUUCG-3').

cleotide fragment (5-UCAUACUUAUCCUG-3') en- the synthesis of RNAs containing the Ad10 RNA poly-
compassing the branch site (RNA 8 in Fig. 3A} and an pyrimidine tract and 3’ splice site or mutants of these
18-nucleotide  fragment (5’-UCCCUUUUUUUUC- sequences. The rest of the sequence of the BPY RNAs is
CACAG-3') encompassing the polypyrimidine tract and totally unrelated to Adl0 RNA. The 35-nucleotide
the AG dinucleotide at the 3’ splice site (RNA 7 in Fig. BPY-1 RNA, containing the Ad10 RNA 18-mer sequence
3A). Three RNase Tl-resistant oligonucleotides were (5'-UCCCUUUUUUUUCCACAG-3') cross-linked to
purified from the Ad10 substrate and tested for cross- p62, thus demonstrating again that this 18-mer was suf-
linking to the p62 protein. The 18-nucleotide fragment ficient for binding (data not shown). Unlabeled BPY-1
containing the polypyrimidine tract and the 3’ splice RNA and a 35-nucleotide BPY-3 RNA, which contained
site, but not the 14-nucleotide fragment, cross-linked to a C-rich polypyrimidine tract {5’-UCCCUCCCUCC-
p62 (Fig. 3A,B, lanes 3 and 4). A 12-nucleotide (5' CUCCACAG-3') both competed efficiently with Ad10
ACAAACUCUUCG-3') RNase Tl-resistant fragment RNA for binding of p62 (data not shown).

from the Ad10 RNA (C in Fig. 3B) did not cross-link to Poly(l), poly(U), and poly{AUC) were tested as compet-
p62. As a test of the specificity of this oligonucleotide itors of p62 binding. These RNAs did not compete with
assay, p62 cross-linking to the 18-nucleotide fragment Ad10 RNA for p62 binding even at 100 pg/ml. This rep-
was competed by unlabeled Ad10 RNA but not by unla- resents a 2000-fold mass excess. In contrast, poly(U) at a
beled pBS RNA (Fig. 3B, lanes 6 and 7). concentration of 100 wg/ml competed with Ad10 RNA

Sequences important for efficient cross-linking to the for hnRNP C protein binding (data not shown).

hnRNP C protein also mapped to the same 18-nucleo- The importance of the AG dinucleotide at the 3’ splice
tide fragment at the 3’ splice site. This is in agreement site for p62 binding was tested with a previously charac-
with the work of others (Kumar et al. 1987; Swanson and terized pB-globin mutant {the AG at 3’ splice site was
Dreyfuss 1988). As expected, hnRNP C cross-linking to converted to AU; Lamond et al. 1987). Substrate RNA
this 18-nucleotide fragment was competed by both Ad10 from this mutant template was efficiently cross-linked
and pBS RNAs (Fig. 3B, lanes 6 and 7). (data not shown) and competed for cross-linking of p62

We constructed plasmids {pBPY-1 through pBPY-3} in to the Ad10 RNA, as well as wild-type B-globin pre-
which either the Ad10 RNA 18-mer oligonucleotide or mRNA (Fig. 2B). A 35-nucleotide RNA containing the
two mutant oligonucleotides were inserted in the poly- Ad10 RNA polypyrimidine tract and a mutated 3’ splice
linker of the pBS~ vector {see Methods). This permits site  (5'-UCCCUUUUUUUUCCACCC-3'} was tran-

GENES & DEVELOPMENT 1877


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press

Garcia-Blanco et al.

scribed from plasmid pBPY2 (see Methods). This RNA
cross-linked to p62 and competed efficiently with Ad10
RNA for cross-linking to p62 (data not shown). There-
fore, the AG dinucleotide at the 3’ splice site is not an
important determinant for p62 binding.

p62 is bound to pre-mRNA in splicing complexes

Pre-mRNAs have been shown to interact with snRNPs
and proteins in nuclear extracts to form splicing com-
plexes (Brody and Abelson 1985; Grabowski et al. 1985}
that can be separated by gel electrophoresis (Konarska
and Sharp 1986, 1987; Pikielny et al. 1986; Lamond et al.
1988). Three complexes (A,B,C) are discernible using
Tris-glycine native gels (Fig. 4A). A two-dimensional gel
system was used to determine whether or not the p62
protein was in contact with the substrate RNA in these
complexes. The complexes were separated on a native
polyacrylamide gel (first dimension), UV cross-linked,
digested with nuclease in situ, and subjected to electro-
phoresis in a polyacrylamide gel containing SDS {second
dimension; see Methods). The cross-linked p62 product
was generated by both the heterogeneous complex (H]
and the splicing complexes (A-C) (Fig. 4B). When the
reaction was incubated in the absence of ATP, p62 was
associated with the H complex, as was expected (data
not shown).
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Surprisingly, only a very low level of hnRNP C protein
was cross-linked to the pre-mRNA using the two-di-
mensional protocol. In contrast, efficient cross-linking
was observed with the unfractionated aliquot of the
same reaction loaded on the native gel {Fig. 4B, lane 2). It
is likely that the Tris-glycine gel condition perturbs the
interactions between hnRNP C protein and the RNA.
This perhaps accounts for the enhanced resolution of
this gel system.

A protein of ~50,000 daltons (50 kD) was cross-linked
to pre-mRNA only in the splicing complexes (Fig. 4B|. A
protein of this molecular weight had not been detected
as a specific RNA-binding product in analysis of total
solution reactions. The low level of signal for this pro-
tein could have been obscured in analysis of the total
reactions {+ ATP lane; Fig. 4). We have observed, how-
ever, a UV cross-linked protein of 50 kD that can be de-
tected by immunoprecipitation with the Y12 Sm-type
monoclonal antibody (data not shown).

p62 binding and U2 snRNP complex formation

A pre-mRNA derived from a fibronectin intron, which is
alternatively spliced in vivo, was used in the above
assays (Schwarzbauer et al. 1987). The fibronectin pre-
mRNA was inactive for splicing in vitro both in regard
to the formation of any of the splicing complexes, A-C,

A H

JOVd-SAS NOISNIWIA pue

=1

Figure 4. p62 is bound to pre-mRNA in splicing complexes. Labeled Ad10 RNA was incubated with HeLa cell nuclear extract under
splicing conditions. A preparative splicing reaction was loaded on a native Tris-glycine gel. The gel was UV-irradiated to cross-link
RNA and protein in situ, digested with RNase A, equilibrated with SDS—-PAGE sample buffer, and embedded in the stacking gel of an
SDS-PAGE gel (see Methods). (A) Native gel showing the pattern of splicing complexes (lane adjacent to that used in the second
dimension). Nonspecific complex (H) and splicing-specific complexes (A—C) are indicated. (B) RNA—protein cross-linked products
separated by one-dimensional SDS—PAGE and by the two-dimensional procedure. Lanes 1-3 and the two-dimensional panel were
from the same SDS—PAGE gel. p62, p50, and hnRNP C proteins are indicated; comigrating spots in the second dimension are indi-

cated with bidirectional arrows.
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and the generation of the lariat intron and spliced exons
{data not shown). This pre-mRNA did not cross-link di-
rectly to p62 (data not shown) and did not compete with
the AdIO substrate for cross-linking to p62 (Fig. 2B).
Moreover, a human immunodeficiency virus (HIV) pre-
mRNA (see Fig. 6}, which formed splicing complexes
very inefficiently, if at all, did not cross-link to p62 (D.
Chang and M. Garcia-Blanco, unpubl.) These observa-
tions suggested that p62 binding may be important in
the formation of the U2 snRNP complex (complex A).

To test the correlation between p62 binding and U2
snRNP complex formation, a pre-mRNA-encoding
plasmid was constructed, pPIP3: precursor in pieces.
The sequence of pPIP3 was derived from that of
pBSAd10 and is shown in Figure 5. pre-mRNA (PIP3
RNA) derived from this plasmid was spliced in vitro and
formed the anticipated splicing complexes (see Fig. 7A,
below). pPIP3 has unique restriction endonuclease sites
embedded within the region encoding the PIP3 RNA, al-
lowing the easy substitution of mutant sequences
within RNA substrates (Fig. 5). The PIP3 RNA was
shown to bind p62 as was expected, given that it shares
all but the first uridine of the 18-nucleotide-long frag-
ment of Ad10 RNA. Several mutants of pPIP3 were con-
structed that encode pre-mRNAs with mutated polypyr-
imidine tract/3’ splice site regions (Fig. 6).

Inspection of the polypyrimidine tract/3’ splice site
sequences of the fibronectin and HIV pre-mRNAs (FNE
and HIV in Fig. 6) revealed several elements that differed
from the corresponding regions of Ad10 and B-globin
RNAs {wt Ad10 and wt B-gl in Fig. 6). A mutant
(pPIP3py4) was constructed where the polypyrimidine
tract of pPIP3 was substituted by that present in the fi-
bronectin pre-mRNA {Fig. 6). PIP3py4 did not form a U2
snRNP complex, and it did not cross-link efficiently to

pBS- —_— — —
T7 promoter [:i EcoRl Sacl

10

BamH1

Polypyrimidine tract binding protein

p62 (Fig. 7). This suggests that the polypyrimidine tract
of the fibronectin pre-mRNA is not efficiently recog-
nized by p62, and this may be responsible for the ineffi-
cient formation of splicing complexes.

A second mutant of pPIP3 was constructed by deleting
6 nucleotides in the polypyrimidine tract/3’ splice site
segment of pPIP3 (see pPIP3py2 in Fig. 6). This mutant
reduces the length of the polypyrimidine tract from 13
nucleotides in PIP3 RNA to 9 in PIP3py2 RNA. Further-
more, this mutant changes the sequence immediately
upstream of the invariant 3' splice site AG dinucleotide.
PIP3py2 RNA did not form a complex with U2 snRNP
and did not cross-link to p62 (Fig. 7).

A third mutant, pPIP, was constructed by replacing
three uridine residues with adenosines in the polypyri-
midine tract of pPIP3 (see U2 pPIP3py6 in Fig. 6). The
sequence around the 3’ splice site was not changed from
that in pPIP3. The pPIP3py6 RNA formed U2 snRNP
complex very inefficiently and did not bind p62 (Fig. 7).
The binding to hnRNP C protein was also diminished
(Fig. 7).

A mutant pre-mRNA was constructed that modified
the sequences immediately upstream of the invariant
AG dinucleotide but did not change the sequence of
polypyrimidine tract (pPIP3py5 in Fig. 6. pPIP3py5 RNA
did not form a complex with U2 snRNP; however, this
RNA was recognized, albeit less efficiently than pPIP3
RNA, by p62 (Fig. 7). These results with pPIP3py5 RNA
are similar to those obtained with mutants in the 3’
splice site AG dinucleotide in B-globin RNA, which
bind p62 but do not form U2 snRNP complex efficiently
(Fig. 7; Lamond et al. 1987). Taken together, these data
strongly suggest that binding to p62 is required but is
not sufficient for efficient formation of the U2 snRNP
complex.

Kpnl

5'-GGGCGAATTCGAGCTCACTCTCTTCCGCATCGCTGTCTGCGAGGTACCTG

30 50

Xbal

TTGGGGTGAGTAGGATCCCTCTAARAAAGCGGGCATGACTICTAGAGTAGTC

5' splice site
Sall

90

BS Apal Py
TT

CAGGGTTTCCGTCGACGATGTCATACTTATCCTGGGCCCTTTTTTITCCA

110

Pstl sSphl

130 150

Hind3

CAGCTCGCGCTGCAGGCATGCAAGCTT -3" =m =m =

170

3* splice site

Figure 5. Construction of pPIP3. The plasmid pPIP3 was constructed by the sequential addition of pairs of adjacent double-stranded
DNA oligonucleotides. These oligonucleotides were cloned between the Sacl and PstI sites of pBS ~ and were designed so that the ends
would reconstruct enzyme-restricted ends. The six double-stranded DNA oligonucleotides contained the following pPIP3 sequences:
Sacl-Kpnl, Kpnl-BamHI, BamHI-Xbal, Xbal-Sall, Sall-Apal, Apal-Pstl, respectively. The sequence shown is equivalent to the
pre-mRNA synthesized from the T7 promoter in HindIll-linearized pPIP3 (5’ end is at + 1). Unique restriction sites are underlined and
indicated in boldface type. Landmarks in the pre-mRNA encoded by pPIP3 are indicated: 5’ splice site, 3’ splice site, branch site (BS),
and polypyrimidine tract (Py). The invariant dinucleotides GT and AG, at the 5’ and 3’ splice sites, respectively, are indicated in

boldface type.
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5' splice site

3' splice site

{

Binding to

p62 U2snRNP
wt Ad10 UCCCUUUUUUUUCCACAG + +
wt Bgl CCUUCUUCUUUUUCCUACAG + +
FNE UUUUCCUUAUUUGAAAUCAG - -
HIV UAUUCACCAUUAUCGUUUCAG - -
PIP3 CCCUUUUUUUUCCACAG + +
PIP3py2 cccuuuuuyu — — AG - -
PIP3pyd CCCUUUUUAUUCCGAAAUCAG - -
PIP3py5 CCCUUUUUUUUCCGGAG +/- -
PIP3py6 CCCAUUAUUAUCCACAG - -

Figure 6. p62 binding and formation of complex containing U2 snRNP with wild-type and mutant pre-mRNAs. The polypyrimidine
tract and sequences up to and including the invariant AG dinucleotide at the 3’ splice site are shown for various pre-mRNAs. The
DNA sequence for pBSAd10 and all pPIP-derived plasmids were determined by the Sanger dideoxy method {Sanger et al. 1977}, using a
primer complementary to the T3 promoter in pPIP3 and pBSAd10. The sequence of pBSAL4 [template for the wild-type B-globin RNA
{Bgl)] was published by Lamond et al. (1987). The sequence of pBi8.3 (template for the FNE RNA) was communicated by P. Norton
(pers. comm.). The sequence of pdHXB3 (template for the HIV RNA; D. Chang, unpubl.) is that of the parental plasmid pgtat (Malim et
al. 1988). The HIV RNA spans the tat-coding exons and the large intron that separates them in the HIV-1 genome. A schematic
representation of a general splicing unit is shown above. Cross-linking to p62 and the formation of the U2 snRNP complex by these

pre-mRNAs are indicated (see Fig. 7).

Purification of p62

Using UV photo-cross-linking as the assay, p62 was pu-
rified to homogeneity by column chromatography using
sequentially DEAE-Sephacel, heparin—-agarose, and
poly(U)-agarose matrices (for technical details, see
Methods and Table 1). Several preliminary experiments
indicated that >90% of the detectable p62 eluted in the
flowthrough and washes (100 mm KCl) of DEAE-Se-
phacel (not shown). In the purification scheme presented
in Table 1, this fraction (FT/W) was immediately loaded
on an equilibrated heparin—agarose matrix. After exten-
sive washing, the matrix was developed with a linear
salt gradient. p62 eluted, together with many other
RNA-binding proteins, at a KCl concentration of ~300
mM (Fig. 8A). The first two steps of this scheme gave a
140-fold purification and a yield of 411%. The yield
value >100% is probably due to purification of p62 away
from nucleic acids in the nuclear extract. The p62-con-
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taining fractions were diluted with buffer to reduce the
salt concentration to 100 mm KCl, and chromatographed
on poly(U)-agarose matrix. After extensive washes, the
matrix was developed with a linear salt gradient, and
p62 eluted at 600 mm KCl as a homogeneous protein
(Figs. 8B and 9A).

The purified protein resolved into a doublet of bands
following electrophoresis in SDS—polyacrylamide gels
and silver staining (Fig. 9A). Most of the tryptic peptides
obtained from these two proteins coeluted from a re-
verse-phase high performance liquid chromatography
(HPLC) matrix, indicating that the two proteins share
most of their sequence (data not shown). This doublet
corresponds to the doublet observed in the initial cross-
linking pattern of p62 in the crude nuclear extract used
as the starting material for the purification (see Fig. 2A).
In one experiment, homogeneous p62 was cross-linked
to labeled Ad10 RNA, and the products were resolved on
an SDS—PAGE gel that was both silver-stained and ex-
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Figure 7. p62 binding and U2 snRNP complex formation. (A) Labeled PIP3 RNA and PIP3 mutant RNAs were incubated with HeLa
nuclear extract in buffer optimal for splicing either at 4°C for 45 min or at 30°C for 15 or 45 min (top). Splicing complexes were
resolved by native gel electrophoresis. The U2 snRNP complex (A) and larger splicing complexes (B/C) are indicated. (+) Incubated
RNA. (B} A fraction of the splicing reactions incubated at 30°C for 45 min (described in A) was irradiated with 254-nm UV light and
processed as described in Methods. The RNA incubated is indicated above the corresponding lane. The autoradiogram of the SDS—
polyacrylamide gel is shown, and p62 is indicated. Molecular weight markers are myosin (200,000 daltons), phosphorylase b {100,000
and 92,500 daltons), BSA {69,000 daltons), ovalbumin (46,000 daltons), and carbonic anhydrase (30,000 daltons).

posed to film. The silver-stained bands in the doublet
comigrated exactly with the radiolabeled bands (data not
shown), demonstrating that both polypeptides have
RNA binding activity.

The purified p62 protein had RNA binding properties
similar to that of the p62 product in the initial extracts.
Unlabeled Ad10 RNA competed efficiently with the
cross-linking of Adl10 RNA to homogeneous p62,
whereas pBS RNA, even at 1000-fold molar excess, did
not significantly compete with the binding of homoge-
neous p62 (Fig. 9B). Moreover, purified p62 cross-linked
to the labeled RNAse Tl-resistant 18-nucleotide RNA
generated from sequences spanning the polypyrimidine
tract and the 3’ splice site of Ad10 RNA (data not
shown). Importantly, the purified p62 was shown to bind
the polypyrimidine tract in the absence of other RNA-
binding proteins, particularly hnRNP C protein.

Discussion

A 62,000-dalton protein (p62) that binds to the polypyri-
midine tract of the 3’ splice site region of introns has
been identified and purified. Recognition of the pre-

cursor RNA by this protein may partially account for the
critical role of the polypyrimidine tract in specifying the
splicing of RNA in mammalian cells.

Binding of p62 to the polypyrimidine tract was de-
tected by UV cross-linking of labeled RNA to cellular
proteins. The specificity of binding was also determined
by comparing the efficiency of competition of various
RNAs for formation of the cross-linked product. Poly-
pyrimidine tracts from two substrate RNAs that are effi-
ciently spliced in vitro—the first intron of adenovirus
major late transcription unit (5’-UCCCUUUUUUUC-
CACAG-3’) and the second intron of the rabbit B-globin
(5'-CCUUCUUCUUUUUCCUACAG-3') are readily
bound by p62. Similarly, a C-rich tract (5’-UCCCUCC-
CUCCCUCCACAG-3'} is also efficiently recognized.
The specificity of p62 recognition, however, is not
simply determined by a polypyrimidine tract, as poly(U)
does not efficiently compete for p62 binding. At the mo-
ment, it is difficult to definitively assign the sequence
specificity of p62 binding. The protein does not bind ef-
ficiently to RNAs with polypyrimidine tracts shorter
than 10 nucleotides, e.g., 5'-CCCUUUUUUAG-3’, nor
to tracts interrupted with purines, e.g, 5'-
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Table 1. Purification of p62
Specific activity®

Total protein? {cross-linked p62/mg Yieldb
Step {mg) of total protein) (%)
Nuclear extract 136.0 1.0 100
DEAE-Sephacel 19.0 ND ND
Heparin—agarose 4.0 140.0 411.0
Poly{U)-agarose 0.025¢ 2000.0¢ 35.5

aTotal protein was determined using the Bio-Rad assay, following the recommendations of the manufacturer.

YThe level of UV cross-linking was determined by scanning autoradiograms with an LKB soft laser scanner. Quantification of cross-link-
ing of p62 to Ad10 RNA was obtained by cross-linking serial dilutions of the samples. This resulted in arbitrary units of cross-linking
to p62 for a given volume which, divided by the milligrams of total protein in this volume, gave the specific activity. The level of
cross-linked p62 for the total volume in a pooled fraction was the yield. The cross-linking assays for starting material and purified
fractions were all repeated in the same experiment to accurately compare levels of cross-linking.

¢Amino acid analysis of the purified protein suggested that the amount of protein shown may have been a 3- to 5-fold overestimate;

thus, the purification could have been as high as 10,000-fold.

CCCAUUAUUAUCCACAG-3' or 5'-CCCUUUUUAU-
UCCGAAAUCAG-3'. The binding specificity of p62
does not apparently extend to the AG of the 3' splice
site, which can be altered without a reduction in binding
affinity. Alteration of the next 2 nucleotides in the 3’
splice site, ACAG — GGAG, partially reduces the
binding affinity of p62. Thus, it is possible that p62 rec-
ognizes a long polypyrimidine tract in conjunction with
the AC sequence at the 3’ splice site. This specificity of
binding of p62 is interesting in the context of efficient
splicing of substrate RNA in vitro.

The polypyrimidine tract and highly conserved PyAG
have been shown to be the major determinants of the 3’
splice site in mammalian introns (Padgett et al. 1986). In
contrast, the conserved sequences at the branch site and
the AG dinucleotide at the 3’ splice site in yeast appear
to be the major determinants (Padgett et al. 1986). Con-

—— Gradient Fractions

A |

Load FT Wash 13 15 17 19 21 23 25 27
= . .
e T

sistent with this, there is little evidence of an enriched
polypyrimidine tract in the 3’ region of most yeast in-
trons. One example of the importance of the polypyri-
midine tract in mammalian introns is that the efficiency
of splicing in vivo of an intron of rabbit B-globin de-
creased >13-fold when a deletion shortened the tract
from 16 to 8 nucleotides (Wieringa et al. 1984). Consis-
tent results have been reported with other mutations in
the polypyrimidine tract (Ruskin and Green 1985). The
best evidence relating this dependence of splicing on the
polypyrimidine tract to binding of p62 emerged from
analysis in vitro of substrate RNAs from mutant tem-
plates. Shortening of the polypyrimidine tract or substi-
tutions of adenosine residues for pyrimidine residues co-
ordinately reduced p62 binding, formation of U2 snRNP
complex, and splicing in vitro. Similarly, substrate
RNAs from introns of fibronectin and HIV were ineffi-

MW

a5 37 M B Gradient Fractions

28 31

29 31 33 35 37

- pb2

Figure 8. Purification of p62. p62 was purified through DEAE—Sephacel, heparin—agarose, and poly(U)-agarose matrices, and activity
was followed by UV cross-linking of the eluted fractions to Ad10 RNA (see Table 1). The cross-linked products obtained with fractions
13-37 eluted from heparin—agarose (A) and fractions 29-37 eluted from poly(U)-agarose (B) were resolved by SDS—PAGE and are

shown. (MWM) Molecular weight markers {described in Fig. 7B).

1882 GENES & DEVELOPMENT


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press

0.6

Polypyrimidine tract binding protein

>
@

0.4 4

poi2—p = 0.3 -

(relative units)

0.2 1

Crosslinked p62

0.1

0.0

0.5+ D-_0__—_'_'_—_’_’______,_,_,_—o

T
200

T T T g
400 600 800 1000 1200

[Competitor]

Figure 9. Properties of purified p62. (A) When p62 fraction 33 of the elution gradient from poly(U)-agarose (see Fig. 8B) was resolved
by SDS—PAGE and detected by silver staining (Blum et al. 1987), a homogeneous p62 doublet was observed. (B) Fraction 33 from
poly{U}-agarose was incubated with labeled Ad10 RNA in the presence of varying amounts of unlabeled Ad10 RNA (e} or pBS~ RNA
(). The level of cross-linked p62 was plotted vs. the concentration of competitor RNA, given in fold molar excess over labeled Ad10

RNA.

ciently spliced in vitro and were inefficiently recognized
by p62. Thus, in general, all substrate RN As with an in-
tact CAG at the 3’ splice site that were bound by p62
also efficiently formed the U2 snRNP complex and were
spliced in vitro.

Recognition of the 3’ splice site region during splicing
involves more than the binding of p62. A stable complex
of U2 snRNP and the branch site—3’ splice site is formed
as a result of this recognition. Mutation of the CAG at
the 3’ splice site reduces formation of this U2 snRNP
complex and splicing (Aebi et al. 1986; Lamond et al.
1987). Because changes in the AG dinucleotide do not
affect p62 binding, another factor must be involved in
mediating the effect of AG dinucleotide on U2 snRNP
complex formation. Candidates for this factor would be
the [BPs, mentioned previously, or hnRNP proteins Al
or D, which have been shown to have specificity for the
AG sequence (Gerke and Steitz 1986; Tazi et al. 1986;
Swanson and Dreyfuss 1988). It is possible that the p62
protein could interact with one or more of these proteins
in binding to the substrate RNA. Such an interaction,
however, is not essential for p62 binding, because the
purified p62 protein specifically binds RNA. Experi-
ments indicating a direct role for either IBP or hnRNP
A1l or D in splicing are not available. The hnRNP C pro-
tein preferentially recognizes the polypyrimidine tract of
the 3’ splice site region. Whether or not hnRNP C pro-
tein and p62 could simultaneously bind a single RNA is
unclear. Depletion of nuclear extracts of hnRNP C pro-
tein with a monoclonal antibody inactivates the splicing
activity, suggesting this protein is important {Choi et al.
1986).

Formation of the U2 snRNA complex also involves rec-
ognition of sequences at the branch site. Part of this
recognition involves sequence complementarity be-
tween U2 snRNA and the branch site {Parker et al.
1987). It is also possible that a protein factor could also
bind to sequences at the branch site and promote
splicing. Again it is unclear how p62 might cooperate

with factors recognizing the branch site. A factor U2AF
was partially purified on the basis of an assay for compo-
nents important in U2 snRNP binding to the branch
site. The most purified fraction contained components
that recognized sequences in the polypyrimidine tract
and the AG of the 3’ splice site. If the U2AF factor is
homogeneous, then it can be differentiated from p62 on
the basis of its chromatographic behavior on DEAE ma-
trix and its dependence on the AG sequence. It is also
possible that U2AF is a mixture of more than one com-
ponent (e.g., see Krimer 1988), one of which might be
po62.

Thus, we conclude that p62 is a novel polypyrimidine
tract binding protein that is probably important for RNA
splicing, and we propose the name polypyrimidine tract
binding protein (pPTB) based on its biochemical activity.

The UV cross-linking method provides a simple and
general way of identifying proteins that are in contact
with the pre-mRNA during splicing. In addition to p62,
we have identified several other proteins that interact
with splicing precursors. A protein >200,000 daltons
binds the pre-mRNAs only during splicing reactions and
is probably the human homologue of the yeast prp8
splicing factor (M.A. Garcia-Blanco, G. Anderson, J.
Beggs, and P.A. Sharp, in prep.). A 50,000-dalton protein
was seen to cross-link to the pre-mRNA in the splicing
complexes, is Sm-precipitable, and binds at or near the
5’ splice site (M.A. Garcia-Blanco, S.F. Jamison, and P.A.
Sharp, unpubl.]. X. Fu and, independently, R.A. Padgett,
have also identified what is probably this 50-kD protein
(both pers. comm.]. As demonstrated in this paper, the
cross-linking method can be used as an assay for purifi-
cation of these proteins. Other proteins that bind RNA
in a sequence-specific fashion have been identified
(Bandziulis et al. 1989; Hodgkin 1989}, and more will
undoubtedly be identified in the near future. These pro-
teins will be responsible for specifying the sequences to
be excised as introns during splicing and for regulation
of this process. Characterization of this family of pro-
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teins will be of primary importance in understanding
these processes.

Methods
Nuclear extracts and RNA substrates

HeLa cell nuclear extracts were obtained using the procedure of
Dignam et al. (1983). RNAs were synthesized from DNA tem-
plates using T7 or T3 RNA polymerases (Stratagene) and puri-
fied by gel electrophoresis, as described previously (Grabowski
et al. 1984; Melton et al. 1984). RN As were labeled to high spe-
cific activity with [32P]JUTP (Melton et al. 1984]. Unlabeled
RNAs were synthesized in the absence of labeled NTPs or with
labeled NTPs at 2500-fold lower specific activity. The plasmids
used as templates for RNA synthesis were derivatives of pBS~
(Stratagene). pBSAd10 was constructed by ligation of a 90-bp
FnuD2—Hhal fragment to a 168-bp Hhal-BamHI fragment of
pBSAdI (Konarska and Sharp 1987) and cloning of this complex
into a Smal-BamHI-restricted pBS- vector. pBSAd13 was con-
structed by ligation of the 168-bp Hhal-BamHI fragment of
pBSAd1 into a Smal-BamHI-restricted pBS~ vector. T7 RNA
polymerase-directed transcription of Sau3A-restricted pBSAd10
yielded a 217-nucleotide Ad10 pre-mRNA that contained an in-
tron with a 136-nucleotide internal deletion when compared to
the previously described pBSAdl pre-mRNA (Konarska and
Sharp 1987). B-Globin (second intron) pre-RNAs were synthe-
sized from EcoRI-linearized pBSAL4 and pBSALS8 (Lamond et al.
1987). PIP3 and mutant PIP3 RNAs were synthesized using T7
RNA polymerase from Hindlll-linearized pPIP3 and mutant
constructs. BPY-1 through BPY-3 RNAs (35-nucleotide long)
were synthesized using T3 RNA polymerase from Kpnl-linear-
ized pBPY-1 through pBPY-3). pBPY-1 through pBPY-3,
plasmids were constructed by cloning oligonucleotides 5'-
GTCCCTTTTTTTTCCACAG-3', 5'-GTCCCTCCCTCCCTC-
ACAG-3’, or 5'-GTCCCTTTTTTTTCCACCC-3, respectively,
into a Hindlll-Smal-digested and Klenow filled-in pBS~ vector.
A polyadenylation precursor was synthesized from pT3L3
{Skolnik-David et al. 1987), and a fibronectin pre-mRNA was
synthesized from pBi8.3 (a gift of P. Norton and R. Hynes). This
construct contains the 5' splice site and adjacent sequences
from the EIIIB exon fused to the 3’ splice site and adjacent se-
quences of the II8a exon of the rat fibronectin gene (Schwarz-
bauer et al. 1987; P. Norton and R. Hynes, pers. comm.). A 229-
nucleotide-long RNA (pBS RNA| was synthesized from Hhal-
restricted pBS-. RNase T1 oligonucleotides were obtained by
RNase T1 digestion of the pBSAd10 transcript. RNA (1 x 10%
cpm) was incubated with 10 pg of tRNA (Bethesda Research
Laboratories) and 1 unit of RNase T1 (Pharmacia) in 10 mm
Tris-HCI (pH 7.5) and 1 mm EDTA for 2 hr at 37°C. The reac-
tions were terminated by lyophilization. The dried RNAs were
resuspended in 90% formamide and loaded on a 20% polyacryl-
amide~7 M urea gel, from which the RNA oligonucleotides
were eluted as described (Grabowski et al. 1984).

Monoclonal antibodies that recognize hnRNP C (Choi and
Dreyfuss 1984), M, and L proteins were a gift of M. Swanson
and G. Dreyfuss, and the anti-Sm (Y12} monoclonal antibody
(Lerner et al. 1981) was a gift of ]. Steitz.

In vitro assays

Labeled RNA (1 x 10% cpm) was usually added to an in vitro
binding reaction. The conditions employed were optimal for
splicing in vitro: 20 mm HEPES—-KOH (pH 7.9), 62 mm KCI, 2
mM MgCl,, 1 mm ATP, 5 mM creatine phosphate, 150 pm di-
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thiothreitol, and 6% (vol/vol) glycerol. Nuclear extract was
spun at 14,000g for 2 min at room temperature, and the super-
natant fraction was added to 33% (vol/vol| of the final reaction
volume (24 pl). Incubation was at 30°C for 20 min, unless
stated otherwise. At this point, the sample was processed by
UV cross-linking (see below) or direct loading on a native poly-
acrylamide gel (Konarska and Sharp 1987), or the RNA was ex-
tracted from protein and analyzed on denaturing polyacryl-
amide gels {Grabowski et al. 1984). In many cases, all three
steps were done for the same reaction.

UV cross-linking

The reaction mixtures were transferred to ice and irradiated
with a UV light (maximum intensity at 254 nm of 10 mW/min
on the surface of the lamp, model UVG-54 from UVP, Inc.) at
4.5 cm from the surface of the lamp for 10 min {Shoemaker and
Schimmel 1974; Wilusz and Shenk 1988). The intensity of the
lamp was measured using a UV light meter (UVP, Inc.). RNase
A was added to 1 mg/ml, and the samples were incubated at
30°C for 15 min. SDS—-PAGE sample buffer was added, and the
samples were boiled for 3 min and loaded on discontinuous
15% SDS—-polyacrylamide gels (Laemmli 1970). The gels were
run at a constant 35 mA. The bromphenol blue (BPB) dye front
was electrophoresed off the end of the gel to ensure that short
RNA oligonucleotides would not be present in the gel. The gel
was fixed by shaking in 50% (vol/vol) ethanol and 10% {vol/vol)
glacial acetic acid for >1 hr, soaked in 10% (vol/vol) glycerol for
5 min, and dried at 80°C under vacuum. The proteins now la-
beled by the covalent addition of RNA oligonucleotides were
detected by autoradiography on XAR-5 film using one intensi-
fying screen.

Two-dimensional electrophoresis

A 240-pl splicing reaction was loaded on a native 4% acryla-
mide/bis-acrylamide gel (80 : 1) buffered with 50 mMm Tris-gly-
cine (Konarska and Sharp 1987}, which was the first dimension.
The gel was run at a constant 200 V (13 V/cm) for 5.5 hr; the gel
was then placed on developed XAR film for support and UV-ir-
radiated at 4°C for 20 min with the 254-nm lamp described
above. The distance from the surface of the gel to the surface of
the lamp was 0.5 ¢cm, giving ~8 mW/min of irradiation on the
surface of the gel. The wet gel was exposed on film overnight at
4°C to ensure that the expected complexes had been separated
on the native gel. The lane containing the complexes was ex-
cised and introduced in a sealable plastic bag where it was in-
cubated with 1 mg/ml of RNase A by immersion in a 37°C
water bath for 2 hr. The RNase A solution was replaced by 2 x
SDS—PAGE buffer, and the gel lane was incubated further at
37°C for 1 hr and at 65°C for 15 min. The gel lane was em-
bedded into the stacking gel portion of a discontinuous SDS—
polyacrylamide gel, and this second-dimension gel was run at a
constant 25 mA until the BPB reached the bottom of the gel. At
this point, the second-dimension gel was processed as described
above.

Column chromatography

Nuclear extract [8.5 ml in buffer D, 20 mm HEPES—KOH (pH
7.9), 200 uM EDTA, 0.5 mm dithiothreitol, 0.4 mm PMSF, and
20% (vol/vol) glycerol with 100 mm KCl] was loaded on a
DEAE—Sephacel (Pharmacia) matrix column (cross-sectional
area = 4.9 cm?, height = 4 cm, V = 19.6 cm?) at a flow rate of
5 ml/h-cm? (see Table 1). The matrix was washed with 60 ml of
buffer D with 100 mMm KCl at the same flow rate. The
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flowthrough and the wash were collected and assayed for RNA-
binding proteins using the UV-cross-linking assay, for total pro-
tein using the Bio-Rad assay, and for conductivity. The DEAE-
Sephacel wash (59 ml) was loaded on a heparin—agarose (Sigma)
matrix column (CSa = 0.78 cm?, h = 6.4 cm, V = 5 cm?), ata
flow rate of 11 ml/h-cm?. The matrix was washed with 120 ml
of buffer D and 100 mm KCl and developed with a 100-ml gra-
dient of KCl concentration from 100 mMm to 600 mm KCl in
buffer D at a flow rate of 21 ml/h-cm?. The flowthrough, wash,
and gradient fractions (2.5 ml) were collected and assayed as
above. The gradient fractions containing the p62 activity were
pooled to ~17 ml; of this, 2.8 ml was diluted with 9 ml of buffer
D without KCI and loaded on a AG(U}-agarose [poly(U}-agarose|
(Pharmacia) matrix column (CSa = 0.78 c¢cm? h = 3.2 cm,
V = 2.5 ml) at a flow rate of 11 ml/h-cm?2. The flowthrough was
loaded again and collected after the second pass through the
column. The matrix was washed once with 12 ml of buffer D
with 100 pg/ml heparin sulfate. The matrix was developed with
a KCI concentration gradient from 0.1 to 1 M KClI in buffer D,
and 1-ml fractions were collected.
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