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Every RNA added to an in vitro polyadenylation extract became stably associated with both the
heterogeneous nuclear ribonucleoprotein (hnRNP) A and C proteins, as assayed by immunoprecipitation
analysis using specific monoclonal antibodies. UV-cross-linking analysis, however, which assays the specific
spatial relationship of certain amino acids and RNA bases, indicated that the hnRNP C proteins, but not the
A proteins, were associated with downstream sequences of the simian virus 40 late polyadenylation signal in a
sequence-mediated manner. A tract of five consecutive uridylate residues was required for this interaction. The
insertion of a five-base U tract into a pGEM4 polylinker-derived transcript was sufficient to direct
sequence-specific cross-linking of the C proteins to RNA. Finally, the five-base uridylate tract restored efficient
in vitro processing to several independent poly(A) signals in which it substituted for downstream element
sequences. The role of the downstream element in polyadenylation efficiency, therefore, may be mediated by
sequence-directed alignment or phasing of an hnRNP complex.

Precursors to mRNA are found in the nucleus associated
with proteins to form heterogeneous nuclear ribonucleopro-
tein (hnRNP) complexes (reviewed in references 18 and 31).
The formation of hnRNP particles occurs immediately after
transcription (19, 21, 37). Many RNA processing events,
including splicing and polyadenylation, most likely occur
within these complexes and not on naked RNA. Experi-
ments using hnRNP-specific antibodies to inhibit RNA splic-
ing (11, 55), UV-cross-linking analysis (42, 70), and immu-
noprecipitation of nuclease-resistant RNA segments (61)
clearly document an association of hnRNP proteins with
splicing and polyadenylation substrate RNAs in vitro. The
hnRNP particle, therefore, plays some role in pre-mRNA
metabolism.

Purified 30S-40S hnRNP particles consist of six major
proteins and 20 to 30 auxiliary proteins (6, 8, 10, 15, 20, 49,
68, 69). The A1/A2, B1/B2, and C1/C2 species comprise the
major hnRNP proteins. Approximately 25 additional pro-
teins are found associated with immunopurified hnRNP
particles prepared with antibodies specific for several inde-
pendent hnRNP proteins (10, 19, 47) and by two-dimensional
gel electrophoresis (69). Many individual hnRNP proteins
possess inherent nucleic acid-binding properties (12, 30, 47,
60).
The Al protein is a basic, evolutionarily conserved protein

with an amino-terminal domain that contains two RNP
consensus sequences (1, 41, 50) and a glycine-rich COOH-
terminal region (12, 13, 30). The Al protein binds nucleic
acids cooperatively and may possess helix-destabilizing
properties. The hnRNP C proteins are evolutionarily con-
served, antigenically related, acidic phosphoproteins that
also contain an RNP consensus sequence as well as a
putative nucleoside triphosphate-binding site (9, 19, 29, 40,
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48, 62). Numerous multimeric complexes of the A and C
proteins, as well as the other hnRNP proteins, have been
described (4, 32). C proteins, for example, are normally
found in 3Cl:1C2 tetramers, with at least three of these units
being present per isolated monoparticle (4). Finally, the Cl
and C2 proteins, along with the Al polypeptide and most of
the hnRNA, are located in the peripheral portion of intact
hnRNP particles (32).
The role of hnRNP particles in RNA metabolism remains

to be elucidated. A multicomponent complex of 30 proteins,
some of which possess inherent, somewhat selective RNA-
binding capacities, clearly has the potential to interact with
RNA in many different ways. The fact that several hnRNP
proteins show homopolymer-binding preferences (60) and
cooperativity (12) leads to the possibility that hnRNP parti-
cles may interact with RNA in a specific fashion. Additional
lines of biochemical (2, 44, 46, 58, 59, 67) and microscopic
(5, 7, 33, 45, 66) evidence support the notion of a nonrandom
association of hnRNP particles with RNA. The complex
array of RNA-binding proteins of the hnRNP particle could,
perhaps, allow it to preferentially recognize and interact with
specific RNA sequences. Since hnRNP particles contain
many independent RNA-binding proteins, however, this
RNA interaction may appear to be essentially random over
the general population.
We have recently shown that hnRNP C proteins can be

cross-linked by UV light to sequences downstream of sev-
eral independent polyadenylation sites more efficiently than
to random RNA sequences (70). This downstream region
contains an element that is not absolutely required for
polyadenylation but plays a role in the efficiency of the
reaction in vivo and in vitro (14, 16, 23, 26, 27, 34-36, 38,
52-54). The sequence requirements for this element are

unclear, as comparison of several independent downstream
elements reveals only a U- or GU-rich consensus, and
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experiments using fine deletion mapping indicate that the
element may be reiterated (73). The efficient cross-linking of
C proteins with downstream sequences (70) leads to the
possibility that an hnRNP complex, with its multifaceted
RNA-binding capacity, may interact with the downstream
element in a sequence-mediated fashion and influence the
processing event.

In this report, we characterize the association of hnRNP
proteins with the simian virus 40 late (SVL) polyadenylation
signal. While immunoprecipitation evidence indicated that
the hnRNP A and C proteins were associated with all RNAs
tested, UV cross-linking studies clearly demonstrated a
sequence dependence in the C protein-RNA association.
The fact that C proteins were associated with but not
efficiently cross-linked to all RNAs, as well as the observa-
tion that other hnRNP proteins were quantitatively associ-
ated with all RNAs, leads us to propose that the sequence-
directed cross-linking of C proteins with RNA substrates is
the result of a specific alignment of proteins within the
hnRNP complex with respect to the RNA bases. A tract of at
least five consecutive uridylate residues was required for the
cross-linkable alignment of C proteins with respect to the
RNA bases. This sequence requirement was further sup-
ported by cross-linking experiments performed by using a
short, polylinker-derived RNA containing a UUUUU sub-
stitution. Finally, the polylinker-derived sequence contain-
ing the UUUUU tract was able to functionally replace
downstream element sequences, mediating efficient process-
ing with three independent polyadenylation signals. We
propose that the interaction between the downstream se-
quence element and C proteins represents a specific align-
ment or phasing of the substrate RNA with an hnRNP
complex and that this alignment allows the enzymatic events
of polyadenylation to occur efficiently.

MATERIALS AND METHODS

RNAs and plasmids. All RNAs were transcribed in vitro by
using SP6 polymerase (39) and [32P]UTP so that, on the
average, 1 in every 10 uridylate residues would be radioac-
tively labeled. RNAs were purified from 5% acrylamide-7 M
urea gels prior to use.

Transcripts were derived as follows. pSVL contains the
241-bp BamHI-BcII fragment of simian virus 40 (sequence
positions 2533 to 2770) inserted into the BamHI site of pSP65
(Promega). Transcription of Dral-, HpaI-, or Fnu4HI-linear-
ized templates yields RNAs of 224 bases (SVL), 163 bases
(SVL1), or 149 bases (SVL2), respectively. pSVL3 contains
the simian virus 40-specific AluI-HindIII fragment of pSVL
inserted into pGEM4 DNA (Promega) digested with HincIl
and HindlIl. Transcription of DraI-cut template gives a
122-base RNA (SVL3). pSVL6 was constructed by ligation
of a synthetic oligonucleotide into BamHI-HincII-cleaved
pSVL3 DNA as previously described (70). Transcription of
DraI-cut DNA gives a 111-base RNA (SVL6). pSVL7 was
produced by inserting the HincII-to-XbaI fragment of pSVL
into pGEM4 DNA cut with SmaI and XbaI. Transcription of
DraI-cleaved template gives an 89-base RNA (SVL7). The
BsmI-to-EcoRI fragment of pSVL7 was removed, and the
remaining large segment was blunted with Klenow polymer-
ase and recircularized to produce pSVL8. Transcription of
Dral-cut DNA gives a 61-base RNA (SVL8). To make
pSVL9, the synthetic oligonucleotide 5'-AGCTTACCTG
AAACATAAATGAATGCA-3', along with its complement,
was inserted into pSVL3 DNA cleaved with BsmI and
HindIll. Transcription of PvuII-cut template gives a 144-

base RNA (SVL9). pSVL10 was constructed by removing
the Hincll fragment from pSVL3 and recircularizing the
plasmid. Transcription of PvuII-linearized template gives a
121-base RNA (SVL10). pC220 contains a 1.38-kbp EcoRI-
to-HindIII fragment of bacteriophage lambda (sequences
26104 to 27479) cloned into the same sites of pSP64. Tran-
scription of Scal-cut DNA yields a 220-base control RNA.

Derivatives of SVL3 RNA containing point mutations in
the +50 to +55 uridylate tract were constructed by cloning
appropriate synthetic oligonucleotides containing an equal
mixture ofG or T residues at positions +50 through +52 into
BsmI-HindIII-cut DNA. Transcription of DraI-cut templates
yields a 122-base RNA with the indicated point mutations.
All mutations derived with synthetic oligonucleotides were
confirmed by chemical sequence analysis (data not shown).

Transcription of HindIII-linearized pGEM4 DNA gives a
65-base RNA (GEM4). p4U5 was constructed by inserting
the oligonucleotide 5'-TCGACAAAAAG-3' and its appro-
priate complement into pGEM4 DNA cut with BamHI and
Sall. Transcription of Hindlll-cut template yields a 64-base
RNA (4U5).

Polyadenylation signals containing substitutions for down-
stream sequences were constructed as follows. pSVL-GEM
was prepared by inserting the SmaI-to-HindIll fragment of
pGEM4 into BsmI-HindIII-cleaved pSVL. Transcription of
HindIII-linearized template yields a 214-base RNA (SVL-
GEM). pSVL-4U5 was made by inserting the SmaI-to-
HindIII fragment of p4U5 into BsmI-HindIII-cut pSVL.
Transcription of HindIII-linearized DNA gives a 213-base
RNA (SVL-4U5). pSVE was prepared by inserting the
HpaI-to-BamHI fragment of pSVL into SmaI-BamHI-cut
pGEM4. Transcription of the BamHI-linearized template
gives a 162-base RNA (SVE). pSVE-GEM was prepared by
inserting the SmaI-to-HindIll fragment of pGEM4 into
pSVE that had been cleaved with BsmI (and then blunt
ended with Klenow polymerase) and HindlIl. Transcription
of HindIII-linearized DNA gives a 143-base RNA (SVE-
GEM). pSVE-4U5 was made in a similar fashion by inserting
the SmaI-to-HindIII fragment of p4U5 into the BsmI and
HindIII sites of pSVE. Transcription of HindIII-cut DNA
gives a 142-base RNA (SVE-4U5).

Polyadenylation and cleavage assays. In vitro processing
assays were performed by using the system of Moore and
Sharp (43) as previously described (71). Comparisons of
processing efficiency were performed at times during which
product was accumulating linearly to ensure valid conclu-
sions.

UV-cross-linking and label transfer analysis. Nuclear salt
wash extracts were prepared from HeLa spinner cells grown
in 10% horse serum as described previously (17). RNAs
were incubated with HeLa nuclear extract under in vitro
polyadenylation conditions favoring the cleavage reaction
(3% polyvinyl alcohol, 1 mM EDTA, 40 to 60% extract) for
10 min. These conditions were chosen to ensure the stability
of the added substrate RNAs. Equal amounts or equal
counts per minute of RNAs labeled with UTP of the same
specific activity were used to ensure equivalent concentra-
tions of 32P-labeled U residues for valid comparisons. Reac-
tion mixtures were irradiated on ice, using a 15-W germicidal
light (71). Then 10 ,ug of RNase A was added, and the
mixture was incubated at 37°C for 15 min. An equal volume
of 2x protein sample loading buffer was added; reaction
mixtures were boiled for 5 min and loaded onto a 10%
acrylamide gel containing sodium dodecyl sulfate (SDS).

Antibody production. Monoclonal antibodies to the
hnRNP Al protein were prepared by using purified rat Al
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protein produced in Escherichia coli (12), kindly provided by
B. Merrill and K. Williams. BALB/c mice were immunized
by using two intraperitoneal injections of 250 ,ug of Al
protein 14 days apart, followed by a 100-,ug boost prior to
fusion. Cell fusions and selections were performed as de-
scribed previously (25). Positive hybridoma supernatants
were identified by using a nitrocellulose dot blot assay (28)
and alkaline phosphatase-conjugated rabbit anti-mouse im-
munoglobulin G (Sigma). Hybridomas were cloned twice by
limiting dilution and grown in RPMI medium supplemented
with 10o fetal bovine serum and glutamine for antibody
production. The monoclonal antibody used in this study
(lAl) recognized both Al and A2 proteins by Western
immunoblot analysis as well as by immunoprecipitation
analysis (65; data not shown).

Antibodies to the hnRNP C proteins were produced in a
similar manner, using 50 ,ug of affinity-purified, UV-cross-
linked material as the antigen source. The affinity-purified
antigen was generated as follows. Biotinylated SVL3 RNAs
were prepared by inclusion of biotinylated UTP (Sigma
Chemical Co.) in the in vitro SP6 transcription reaction at a
ratio of one biotinylated UTP molecule to five UTP mole-
cules. This resulted in SVL3 RNA with one to two biotin-
ylated residues per molecule. Biotinylated SVL3 RNA was
incubated with the HeLa nuclear extract, and UV cross-
linking was performed as described above except on a larger
scale. Reaction mixtures were then adjusted to 0.1% SDS
and 400 mM NaCl, boiled for 5 min, centrifuged to eliminate
precipitated proteins, and incubated with streptavidin-agar-
ose (Bethesda Research Laboratories) at room temperature
for 30 min, using a batch technique. The agarose beads were
pelleted at 3,000 x g and washed eight times with a buffer
containing 25 mM Tris (pH 7.6), 400 mM NaCl, and 0.1%
SDS. Proteins were eluted from the beads by treatment with
RNase A (10 jig) at 37°C for 30 min and concentrated by
precipitation with organic solvents prior to injection into
mice. The monoclonal antibody used in this study (lB12)
specifically immunoprecipitated both the Cl and C2 proteins
(Fig. 1B).

Immunoprecipitation. After UV cross-linking and RNase
digestion, 200 ,u of buffer A (25 mM Tris [pH 7.6], 75 mM
NaCl, 0.05% Nonidet P-40) was added, and precipitated
material was pelleted by centrifugation. The reaction mix-
ture was transferred to a fresh tube, and 100 ,u1 of monoclo-
nal antibody supernatant was added. After incubation on ice
for 2 h, 0.5 ,ul of rabbit anti-mouse immunoglobulin G
(Cappel) was added, and the mixture was incubated on ice
for 30 min. Then 50 pu1 of a 10% solution of Formalin-fixed
Staphylococcus aureus cells (Pansorbin; Calbiochem) was
added, and this mixture was incubated for an additional 10
mih. Immune complexes were pelleted and washed four
times with buffer A. Pellets were resuspended in 25 ,u1 of
sample loading buffer and heated at 100°C for 5 min prior to
analysis on a 10% acrylamide gel containing 0.1% SDS.
For immunoprecipitation analysis of RNA, samples were

incubated in the polyadenylation system and precleared with
Pansorbin prior to addition of antibody. After immunopre-
cipitation, washed pellets were resuspended in 300 ,ul of
buffer A, 5 ,ug of tRNA was added, and samples were
extracted with phenol-chloroform-isoamyl alcohol. RNAs
released into the aqueous phase were concentrated with
ethanol and analyzed on a 5% polyacrylamide gel containing
7 M urea.
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FIG. 1. Production and characterization of hnRNP protein-spe-
cific monoclonal antibodies. (A) Western analysis of HeLa cell
nuclear proteins, using representatives of the two classes of anti-
bodies obtained by using recombinant Al protein. Positions of the
major hnRNP proteins are indicated. (B) Immunoprecipitation anal-
ysis of total HeLa cell proteins labeled with [35S]methionine.
Monoclonal antibodies used are indicated above the lanes. Lane
CON refers to preimmune mouse serum. Precipitated proteins were
analyzed on a 10%o acrylamide gel containing 0.1% SDS. (C)
Demonstration of the biotin-streptavidin affinity purification tech-
nique used to purify the hnRNP C proteins for antibody production.
Proteins were cross-linked to 32P-labeled, biotinylated SVL3 RNA.
Reactions were then incubated with streptavidin-agarose, washed
with a high-salt buffer, and eluted with RNase. Cross-linked proteins
present in each fraction were analyzed on a 10%o acrylamide gel
containing SDS. ft, Flowthrough.

RESULTS
Production of tnonoclonal antibodies specific for the hnRNP

A and C proteins. The hnRNP C proteins are part of a
multicomponent complex of approximately 30 proteins re-
ferred to here as an hnRNP monoparticle. We have previ-
ously correlated the presence of sequences downstream of
several polyadenylation or cleavage sites with the ability of
the RNA to be efficiently cross-linked by UV light to the
hnRNP C proteins (70). To characterize this interaction by
additional criteria, as well as to investigate the role of other
components of the hnRNP monoparticle in the interaction
with polyadenylation substrate RNAs, we produced mono-
clonal antibodies to several hnRNP-specific polypeptides.
Twenty monoclonal antibodies to Al protein were gener-

ated by using a recombinantly produced rat Al protein.
These antibodies fell into two groups on the basis of Western
blotting to HeLa nuclear proteins (Fig. 1A). The first class,
represented by 4E4, recognized all six of the major hnRNP
proteins in Western blot analysis but failed to work in
immunoprecipitation analyses (data not shown). The second
class, represented by lAl, recognized both Al and A2
proteins by Western analysis and by immunoprecipitation
(Fig. 1B). These proteins share considerable similarity (76 to
85%) in their RNA-binding domains (9). Immunoprecipita-
tions with the lAl monoclonal antibody consistently copre-
cipitated other proteins, many of which comigrated with
major components of the hnRNP monoparticle (Fig. 1B).
The extensive similarity between the hnRNP A2 and Bi
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FIG. 2. Analysis ofRNAs associated with hnRNP A and C proteins by coimmunoprecipitation and UV-cross-linking assays. (A) Diagrams
of the SVL transcript and its derivatives. Symbols: ME, AAUAAA motif; I, cleavage site; M, non-SVL-specific sequence. SVL, SVL3,
SVL6, SVL7, and SVL 8 all contain the +30 to +55 RNA segment discussed in the text. (B) RNA analysis. Radiolabeled RNAs were

incubated in the in vitro polyadenylation system and immunoprecipitated by using the 1B12 C protein-specific monoclonal antibody.
Coprecipitated RNAs were analyzed in a 5% acrylamide gel containing 7 M urea. (C and D) Immunoprecipitation analysis of proteins
cross-linked to derivatives of the SVL RNA, using the hnRNP C or A protein-specific monoclonal antibody. Radiolabeled RNAs were

incubated in the in vitro system and cross-linked to proteins by UV light. After digestion with RNase A, samples were incubated with a

monoclonal antibody specific for the C (C) or A (D) proteins. Immune complexes were precipitated by using Formalin-fixed S. aureus cells.
Proteins were analyzed in 10% acrylamide gels containing 0.1% SDS. Lanes marked "control" represent immunoprecipitations using a

preimmune mouse serum and the SVL3 RNA; lanes marked "con" contained lambda-derived control RNA (see panel A).

proteins, as well as the possibility that the lAl antibody
recognizes features of the RNP consensus domain, may have
contributed to this complex immunoprecipitation pattern.
We have not, however, detected any cross-reaction of the
lAl antibody with the hnRNP C protein (data not shown).
The source of C proteins for antibody production was

generated by using an affinity purification approach (Fig. 1C)
that takes advantage of the covalent nature of the UV-
induced RNA-protein cross-link and the strength of the
biotin-streptavidin interaction. After UV cross-linking using
biotinylated SVL-3 RNA (Fig. 2A), reaction mixtures were
adjusted to 400 mM NaCl and 0.1% SDS to disrupt most of
the noncovalent RNA-protein interactions. Extracts were
immediately boiled to inhibit RNases. The proteins cross-
linked to biotinylated transcripts were selectively precip-
itated by association with streptavidin-agarose, and then
cross-linked proteins were specifically eluted from the ma-
trix by RNase digestion. They could be purified further by
gel electrophoresis or, in the case presented here, used
directly for monoclonal antibody production. The selectivity
of this approach is illustrated in Fig. 1C. Although overall

yields are low, this method offers a rapid alternative to
conventional purification of RNA-binding proteins identified
by UV-cross-linking analysis. The C protein-specific anti-
body obtained through this procedure immunoprecipitated
both Cl and C2 proteins (Fig. 1B) but did not work well in
Western analyses (data not shown).
hnRNP C proteins, but not hnRNP A proteins, exhibit

sequence-mediated interactions with a polyadenylation sub-
strate RNA. To characterize the association of hnRNP
proteins with the SVL polyadenylation signal, a series of
deletion derivatives ranging in size from 63 to 224 bases was
constructed (Fig. 2A). The combination of these overlapping
deletions was chosen so that sequence-specific interactions
could be localized to a specific RNA segment.
The SVL derivatives were incubated with HeLa nuclear

extract in the in vitro polyadenylation system in the presence
of EDTA, followed by analysis of RNAs coimmunoprecipi-
tated by using the hnRNP-specific monoclonal antibodies
described above. All RNAs tested, including the nonspecific
lambda-derived transcript, were coprecipitated with use of
the C (Fig. 2B) or A (data not shown) protein-specific
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antibody. The SVL7 and SVL8 transcripts were coprecipi-
tated somewhat less efficiently in this experiment than were
the other transcripts, perhaps because of their relatively
small size. We suspect that both hnRNP proteins were
associated with individual RNA molecules for two reasons.
First, all transcripts were nearly quantitatively coimmuno-
precipitated with use of either the A or C protein-specific
antibody. Second, each RNA added to the nuclear extract
became associated with a large complex, sedimenting at 20S
to 25S in a sucrose gradient (data not shown). Thus, it is
likely that the hnRNP A and C proteins, and most likely a
form of hnRNP monoparticle, assembled on each RNA,
regardless of its sequence. Since the exact nature of an in
vivo hnRNP particle is still unclear (18), for convenience we
will subsequently refer to the complex that forms on these
RNAs as an hnRNP complex.
The ability of the various SVL derivatives to interact with

the hnRNP A and C proteins was further analyzed by
UV-cross-linking analysis. This procedure assesses not sim-
ply RNA binding; the efficiency of cross-linking also de-
pends on the proximity of amino acids within the bound
protein to the RNA bases (56).
Equimolar amounts ofRNAs radiolabeled with UTP of the

same specific activity were incubated in the in vitro polyad-
enylation system for 10 min to allow specific complex
formation. Mixtures were irradiated with UV light to cross-
link closely associated RNA-binding proteins, followed by
RNase digestion. Prior to gel electrophoresis, cross-linked
proteins were immunoprecipitated by using the hnRNP A or
C protein-specific antibodies.
The hnRNP A and C proteins were selectively cross-

linked to different SVL deletion derivatives (Fig. 2C and D).
A comparison of the derivatives efficiently cross-linked to
the C proteins (SVL3, SVL6, SVL7, and SVL8; Fig. 2C)
showed that the interaction was indeed sequence mediated
and required the +30 to +55 sequence block described
previously (70). The hnRNP A proteins were efficiently
cross-linked to most of the SVL RNA derivatives (Fig. 2D),
but the pattern of efficient cross-linking did not implicate any
specific RNA segment in the interaction. Curiously, specific
cross-linking of C proteins to SVL derivatives of 125 bases
or less resulted in a decrease in the nonspecific cross-linking
to A proteins. In addition, the lambda-derived control RNA
was very efficiently cross-linked to the hnRNP A proteins
but not to the C proteins. The A proteins would apparently
cross-link nonspecifically to RNAs incubated in the nuclear
extract unless they were specifically prohibited from doing
so by a competing polypeptide.
We conclude that the hnRNP C proteins, but not the A

proteins, show a sequence-mediated association with the
SVL polyadenylation signal as assayed by UV cross-linking.
Since the results of our coimmunoprecipitation studies (Fig.
2B) indicated that both proteins were associated with all
RNAs tested, it is the alignment or phasing of the hnRNP C
proteins (as components of an hnRNP complex) with respect
to the RNA bases which must be sequence directed. The
lack of sequence specificity observed by immunoprecipita-
tion analysis, therefore, may be due to the fact that the
hnRNP proteins exist as constituents of hnRNP complexes.
While the complex as a whole exhibits nonspecific RNA
binding, the alignment of the individual proteins of the
hnRNP complex with respect to the RNA bases or the
overall phasing of hnRNP complexes appears to be influ-
enced by specific sequences.
A stretch of five uridylate residues permits efficient cross-

linking of hnRNP C proteins. Previous work by Swanson and

A 30 40 50
...UCAGGGGGAGGUGUGGGAGGUUUUUU

B
o - N
Ln Ln Ul

FIG. 3. Effects of point mutations in the +50 to +55 uridylate
tract of the SVL3 RNA on C protein-RNA cross-linking. Equimolar
amounts of radiolabeled SVL3 RNA or transcripts containing the
indicated U to G transversions in the SVL downstream sequence
(A) were incubated in the in vitro polyadenylation system and
subjected to UV-cross-linking analysis (B). Labeled proteins were
electrophoresed in a 109'o acrylamide gel containing 0.1% SDS. The
identity of the C protein-specific bands was confirmed by using
monoclonal antibodies (data not shown). WTr, wild type.

Dreyfuss (60) has shown that C proteins bind tightly to a
poly(U) agarose matrix, implicating U-rich sequences in
efficient C protein-RNA interactions. Our earlier mutational
analyses of the uridylate stretches in the +30 to +55
downstream element of the SVL polyadenylation signal
were consistent with this suggestion (70). To further delin-
eate the sequence requirements for the cross-linkable C
protein interaction with this RNA segment, a series of
single-point mutations in the six-base uridylate stretch from
+50 to +55 of the SVL transcript was constructed (Fig. 3A).
These mutants contain U to G transversions which result in
a progressive reduction in the number of consecutive uridy-
late residues found in this region of the transcript. Results of
cross-linking analyses performed with these mutants are
shown in Fig. 3B. Shortening of the U tract to five bases by
a U to G change at position +50 had no detectable effect on
C protein-SVL RNA cross-linking. A transversion at posi-
tion +51, which leaves only four consecutive U residues,
reduced cross-linking efficiency by about fivefold. An inter-
ruption of the tract at position +52, leaving only three
consecutive U residues, reduced C protein-RNA cross-
linking to background levels. Finally, these point mutations
had no effect on the cross-linking of other proteins to the
SVL transcript (Fig. 3B). The slight reduction in cross-
linking to larger material in the gel is simply a result of the
reduced cross-linking to C proteins because these bands are
generated by nonspecific covalent modifications and protein-
protein cross-links during UV irradiation.
A stretch of five or more uridylate residues, in the context

of SVL-specific downstream sequences, was therefore re-
quired for an efficient, cross-linkable interaction of the
hnRNP C protein. The observation that a four-base uridylate
stretch located from +15 to +18 relative to the SVL cleav-
age site (see Fig. 5A) had no effect on the interaction of C
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FIG. 4. Efficient C protein cross-linking upon insertion of
UUUUU into a polylinker-derived RNA. (A) GEM4- 4U5 se-
quence. Equimolar amounts of a radiolabeled RNA derived from the
pGEM4 polylinker region (GEM4) and one containing a UUUUU
substitution for the boxed nucleotides (4U5) were incubated in the in
vitro system and subjected to UV-cross-linking analysis (B). Pro-
teins were analyzed in a 10o acrylamide gel containing 0.1% SDS.

protein with the RNA (70) is consistent with this conclusion.
Finally, the addition of plasmid-specific sequences 3' to the
+50 to +55 uridylate tract had no effect on C protein-RNA
cross-linking (data not shown). This finding makes it unlikely
that the 3' location of the U tract in the SVL transcript has
a major influence on efficient C protein cross-linking.
To test whether this observation could be generalized to

non-poly(A) signal-containing RNAs, we replaced the XbaI
site in the pGEM4 polylinker region with a five-base uri-
dylate stretch by oligonucleotide mutagenesis (GEM4 versus
4U5; Fig. 4A). This results in a runoff transcript from
HindIII-linearized DNA of 64 nucleotides with only a 5%
increase in U content (to 23%) compared with the pGEM4-
derived 65-nucleotide transcript. UV-cross-linking analysis
was performed by using equal amounts of GEM4 and 4U5
transcripts labeled with UTP of the same specific activity
(Fig. 4B). The substitution of UCUAGA with UUUUU had
a dramatic effect on the cross-linking of C proteins to the
RNA, while cross-linking to other proteins remained un-
changed. Furthermore, both RNAs were nearly quantita-
tively precipitated by using either the anti-C or anti-A
monoclonal antibody (data not shown). We conclude that in
at least two unrelated contexts, a UUUUU tract is sufficient
to align the binding of the hnRNP C proteins (present as part
of an hnRNP complex) to RNA in a cross-linkable manner.
While we cannot rule out the possibility that other elements
contribute to the apparent hnRNP phasing that we observe,
it is unlikely that such elements would be present in the
polylinker-derived 4U5 transcript.
The C-protein alignment element UUUUU can efficiently

substitute for the downstream element of several independent
polyadenylation signals. We have shown previously that the
regions downstream of six different poly(A) cleavage sites
play some role in efficient cross-linking of hnRNP C proteins
(70), and it is well established that downstream domains
contribute to the efficiency of polyadenylation. This fact
raised the possibility that the polyadenylation reaction might
be modulated by sequence-mediated alignment or phasing of
hnRNP complexes, perhaps at elements such as UUUUU.
Our previous study showed that while a 25-base deletion

in the SVL polyadenylation signal (+30 to +55) resulted in a
fourfold decrease in in vitro processing efficiency, point
mutations in the two uridylate tracts in this segment had no
effect on polyadenylation efficiency, even though they dra-
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FIG. 5. Demonstration that UUUUU can substitute for the
downstream element of the SVL poly(A) signal in mediating proc-
essing efficiency. (A) Downstream sequences of the SVL poly(A)
signal were replaced by polylinker-specific sequences (SVL-GEM)
or polylinker-derived sequences containing the UUUUU substitu-
tion (SVL-4U5). (B) Equimolar amounts ofRNAs were incubated in
the in vitro polyadenylation system and subjected to UV-cross-
linking analysis. (C) Equimolar amounts of the SVL RNA down-
stream derivatives were incubated in the in vitro polyadenylation
system in the presence of AMP[CH2]PP and EDTA (to assay
cleavage only) or with ATP and phosphocreatine (to assay the
complete processing reaction). RNA products of the reaction were
analyzed on a 5% acrylamide gel containing 7 M urea.

matically decreased cross-linking to the hnRNP C proteins
(70). Since the downstream element of the SVL polyade-
nylation signal is known to be reiterated (35, 52, 73), it
remains possible that the sequence-directed alignment of
hnRNP proteins mediates polyadenylation efficiency
through downstream element interactions. Other RNA-bind-
ing proteins of the hnRNP complex could, perhaps, still
maintain an optimal alignment or phasing through a different
sequence, e.g., the GU-rich sequence located just upstream
from the UUUUU tract in this 25-base segment.

This model, postulating a role for hnRNP complex align-
ment or phasing in the function of the downstream element,
was first tested in the context of the SVL polyadenylation
substrate. The entire downstream domain of this RNA (+8
to +55 relative to the cleavage site) was substituted with a
SmaI to HindlIl fragment containing either the pGEM4
polylinker (SVL-GEM; Fig. SA) or the variant containing the
UCUAGA to UUUUU substitution (SVL-4U5; Fig. 5A).
Such a deletion or substitution would effectively remove the
entire downstream element and therefore allow a definitive
test of the role of hnRNP complex alignment or phasing on
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polyadenylation efficiency. These RNAs were first assayed
for their protein associations by UV cross-linking (Fig. 5B).
As expected, SVL-GEM RNA was cross-linked to C pro-
teins with much lower efficiency than was wild-type SVL
RNA. SVL-4U5 RNA was cross-linked to C proteins very
efficiently. The variant RNAs were next tested for their
ability to be processed in cell-free polyadenylation extracts
(Fig. 5C). Both SVL-GEM and SVL-4U5 RNAs were unsta-
ble when added to nuclear extracts in the presence of ATP
and Mg2". This phenomenon has been noted previously for
SVL derivatives lacking the downstream domain (70). Nev-
ertheless, it was clear that the SVL-4U5 RNA was polyade-
nylated with greater efficiency than was SVL-GEM RNA
[Fig. SC, poly(A)]. In fact, the same proportions of wild-type
SVL and SVL-4U5 RNAs were polyadenylated. The ability
of the UUUUU sequence to substitute for the downstream
element of SVL was confirmed by monitoring the endonu-
cleolytic cleavage reaction. The SVL RNA derivatives were
stable in the cleavage reaction, which was performed in the
presence of EDTA. SVL-GEM RNA was cleaved at a
fivefold-reduced efficiency to produce a 169-nucleotide 5'
fragment (the small 3' fragment was run off the end of the
gel), while the SVL-4U5 RNA was cleaved as efficiently as
was normal SVL substrate RNA (Fig. 5C).
The ability of the UUUUU tract to substitute for the

downstream element in a second substrate RNA was tested
by using the simian virus 40 early (SVE) polyadenylation
signal. SVE RNA was chosen for two reasons. First, the
efficiency with which this signal is processed has been shown
to be strongly influenced by its downstream domain (26, 27).
Second, its downstream domain is required for efficient
cross-linking to the hnRNP C proteins (70), but it does not
include a UUUUU tract (Fig. 6A). C protein cross-linking to
the wild-type SVE RNA (Fig. 6B) was not as efficient as that
observed with the SVL transcript (Fig. SB). The level of
cross-linking to the hnRNP C proteins was, however, clearly
influenced by the presence of the SVE downstream se-
quences (Fig. 6B). The SVE downstream domain (-3 to +52
relative to the cleavage site) was replaced with either GEM-
or 4U5-derived sequences (Fig. 6A). SVE-4U5 RNA, but not
SVE-GEM RNA, served as an efficient substrate for both
C-protein cross-linking (Fig. 6B) and in vitro polyadenyla-
tion (Fig. 6C).

Finally, we also replaced the downstream domain of the
adenovirus type S L3 polyadenylation signal (+ 10 to +67
relative to the cleavage site) with either the GEM- or
4U5-derived segment. Similar levels of recovery in the
efficiency of polyadenylation were observed with the L3-
4U5 RNA compared with those of the L3-GEM transcript
(data not shown).
We conclude that the UUUUU element, which apparently

is involved in hnRNP complex phasing or the alignment of
the proteins in an hnRNP particle and permits efficient
cross-linking to the hnRNP C proteins, was also able to
substitute for the downstream element of several indepen-
dent polyadenylation signals to mediate efficient in vitro
processing.

DISCUSSION

The data presented above describe several findings which
extend previous studies of C protein-RNA interactions. We
describe a one-step affinity approach for purifying proteins
identified by UV-cross-linking analysis. Two new monoclo-
nal antibodies reagents are described that proved useful in
these studies and will clearly have future applications in the
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FIG. 6. Demonstration that UUUUU can substitute for the
downstream element of the SVE poly(A) signal in mediating proc-
essing efficiency. (A) Downstream sequences of the SVE polyade-
nylation signal were replaced with polylinker-specific sequences
(SVE-GEM) or polylinker-derived sequences containing the indi-
cated UUUUU substitution (SVE-4U5). (B) Equimolar amounts of
RNAs were incubated in the in vitro polyadenylation system and
subjected to UV-cross-linking analysis. (C) SVE RNA downstream
derivatives were incubated in the complete in vitro polyadenylation
system. RNA products of the processing reaction were analyzed on
a 5% acrylamide gel containing 7 M urea.

study of hnRNP proteins. Evidence is presented that hnRNP
proteins in addition to the C proteins are stably associated
with polyadenylation substrate RNAs. We have extended
previous observations of the properties of C protein-RNA
interactions based on chromatography on homopolymer
affinity columns by fine mapping the minimal requirements
for efficient C protein-SVL RNA interaction. Finally, we
present a positive correlation between C protein cross-
linking and efficient in vitro RNA processing of our model
substrates.
Two main conclusions can be drawn from this study.

First, a stretch of five consecutive uridylate residues,
present either in the normal context of the downstream
domain of the SVL polyadenylation signal or in a randomly
selected polylinker-derived sequence, can mediate efficient
UV cross-linking of hnRNP C proteins to RNA (Fig. 3 and
4). Results of coimmunoprecipitation studies (Fig. 2) suggest
that this interaction most likely reflects an hnRNP complex-
RNA interaction rather than simply a C protein-RNA inter-
action. Second, this UUUUU tract, embedded in the poly-
linker sequence, can substitute for the downstream element
in several different polyadenylation substrate RNAs (Fig. 5
and 6). We cannot rule out the possibility that C proteins
interact with the downstream element and influence poly-
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adenylation in the absence of other hnRNP proteins. How-
ever, since the C proteins are normally found as constituents
of hnRNP monoparticles, it seems reasonable that a form of
hnRNP complex interacts with the downstream elements of
polyadenylation substrate RNAs. It should be emphasized
that we are assembling hnRNP-RNA complexes under a
specific set of in vitro conditions selected to maximize the
use of the transcripts as functional processing substrates. An
alteration in these assembly parameters could dramatically
affect the properties of the macromolecular complex that is
formed. In addition, we cannot rule out the possibility that
the cross-linking specificity reflects hnRNP phasing by
means other than an oligo(U)-specific interaction by hnRNP
proteins. Finally, the contribution of the UV hypersensitiv-
ity of the pyrimidine ring of uridine to our observations
remains to be elucidated.
The sequence or structural context of the uridylate tract

clearly influences its ability to serve as a C protein cross-
linking or hnRNP complex alignment element. The SVE
poly(A) signal, for example, contains a seven-base U tract
that lies adjacent to the AAUAAA motif (-7 to -13 relative
to the cleavage site). This U tract, however, does not
mediate efficient C protein cross-linking to the SVE RNA
(SVE-GEM; Fig. 6B), possibly because of its proximity to
the AAUAAA motif, which serves to direct the binding of an
independent complex (71, 72) that could block interaction
with hnRNP proteins. Alternatively, there may be a se-
quence requirement in the nucleotides surrounding the
UUUUU tract, an upper limit in the number of consecutive
U residues allowed for a functional element, or other struc-
tural influences yet to be determined.

It is clear that sequences in addition to UUUUU can
mediate the cross-linkable alignment of C proteins. The SVE
downstream domain does not contain a UUUUU tract (Fig.
6A), but it is cross-linked to C proteins (Fig. 6B). The
adenovirus L3 and E1B poly(A) addition signals also lack the
UUUUU element within their downstream domains, but
these RNAs are also efficiently cross-linked to C proteins
(70). The ability of the UUUUU element to functionally
substitute for the SVE (Fig. 6C) and L3 (data not shown)
elements, however, suggests a common mechanism for
mediation of processing efficiency by downstream elements.
Perhaps C proteins can recognize several different sequence
elements. It is also possible, since the hnRNP particle
consists of numerous independent RNA-binding proteins,
that there are multiple mechanisms which rely on different
constituents of the hnRNP complex for aligning or phasing it
on the downstream domain of the polyadenylation signal in a
sequence-directed manner. This proposed flexibility in spe-
cific hnRNP particle-RNA interactions could explain the
lack of a good consensus sequence for the downstream
element as well as its apparently reiterated nature (35, 73).

Several lines of evidence indicate that the hnRNP C
protein interactions we have observed are occurring on
functional polyadenylation substrate RNA and are not a
"dead-end" interaction. First, the SVL polyadenylation
substrate RNA, which is very efficiently (>80%) processed
in our in vitro system, was nearly quantitatively coimmuno-
precipitated with use of hnRNP-specific monoclonal anti-
bodies (Fig. 2). Second, cross-linked C proteins can be
detected in the 50S polyadenylation signal recognition com-
plex identified on native gels (43). Third, antibodies to the
hnRNP C proteins reduce in vitro polyadenylation efficiency
when used in depletion experiments (data not shown).
Fourth, antibodies to the hnRNP C proteins will coimmuno-
precipitate the AAUAAA-specific 64-kDa protein (71) if

samples are not treated with RNase prior to addition of
antibody (data not shown). This finding indicates that the
hnRNP C proteins are bound to the same molecule as is the
64-kDa protein, which has been shown to be involved in
polyadenylation specificity or stimulation (72). Finally, while
C proteins are not necessary for polyadenylation in a purified
reconstituted system (72), it should be noted that this frac-
tionated system also does not respond to downstream ele-
ment influences (52) as is the case with in vivo studies or
studies using crude in vitro systems. Gilmartin and Nevins
have recently reported a fractionated poly(A) system that
does respond to downstream element influences (24). Estab-
lishing the relationship of C proteins to processing in that
system would be informative. In conclusion, these observa-
tions, along with the other data presented above and in our
previous work, argue strongly for a role for hnRNP proteins
in polyadenylation efficiency. The technically challenging
genetic and biochemical experiments to definitively address
the role of the hnRNP complex in polyadenylation are now
being initiated.
To provide additional support for our proposed role of

hnRNP complexes in polyadenylation, we attempted to
assay the effect of the addition of poly(U) on the in vitro
reaction. The results of these studies were inconclusive
because all RNAs, including the lambda-derived control
RNA (Fig. 2, con), inhibited the polyadenylation reaction
when added at concentrations high enough to abolish the
hnRNP C protein (data not shown). This result probably
reflects the fact that hnRNP complexes, which contain C
proteins, will form on every RNA added to the in vitro
system (Fig. 2) in a sequence-independent manner, as well as
the many specific and nonspecific associations of hnRNP
proteins within the nuclear extract.

Previous work indicated that a deletion of the +30 to +55
segment of the SVL poly(A) signal resulted in a fivefold
decrease in polyadenylation efficiency. Interruption of the
+50 to +55 U tract in this region, however, did not result in
a decrease in processing efficiency (70). This finding is
consistent with previous observations that the downstream
element of the SVL polyadenylation signal is reiterated (52,
73). We have recently identified a 50-kDa protein that
requires a G-rich region within the +30 to +55 segment of
the downstream region for efficient cross-linking (and bind-
ing) to the SVL RNA (Fig. SB; unpublished observations).
This abundant nuclear protein may represent one of the
auxiliary polypeptides of the hnRNP monoparticle (47), and
it may provide an alternative or additional mechanism for the
sequence-mediated alignment or phasing of hnRNP com-
plexes with RNA. We are now evaluating the relationship of
this protein to the hnRNP particle as well as to the efficiency
of polyadenylation in vitro. To rule out the possibility that
SVL-4U5 and SVE-4U5 RNAs contained a fortuitous bind-
ing site for this 50-kDa protein (despite the fact that it was
not detected in cross-linking experiments), we removed the
three G residues located four bases upstream of the
UUUUU element (Fig. 5 and 6). Removal of this G-rich
stretch had no effect on the ability of the UUUUU tract to
functionally substitute for the SVL downstream element
(data not shown).

If hnRNP complexes are involved in efficient polyade-
nylation, they may act through several mechanisms. They
may hold the RNA substrate in an optimal configuration for
enzymatic processing. Alternatively, hnRNP complexes
may melt out structural conformations that are refractory to
AAUAAA-specific complex assembly. The association of
helix-destabilizing activity with hnRNP proteins is consis-
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tent with this suggestion (12, 30). A third possibility is that
the complexes attract specific factors that mediate process-
ing. The peripheral location of the C proteins in the hnRNP
particle and their resulting accessibility would support this
model (32). Finally, the hnRNP associations could prevent
nonspecific RNA-binding proteins from interacting with the
substrate RNA and interfering with polyadenylation. This
proposal fits well with the observations of Ryner et al. (52)
that the SVL downstream element is not required for optimal
polyadenylation efficiency in cell-free reactions using par-
tially purified components. It is unlikely that the hnRNP
proteins play an enzymatic role in polyadenylation, since the
hnRNP C proteins do not copurify with activities required to
reconstitute in vitro polyadenylation (72).
The mix of sequence-mediated and nonspecific interac-

tions that we observed between hnRNP proteins and RNAs
may explain earlier reports of apparently random versus
nonrandom distributions of monoparticles on different RNA
molecules (2, 7, 44, 49, 64, 68). The RNA associations of
hnRNP particles may depend on RNA sequence, RNA
structure, or protein-protein interactions within the particle
itself. Possibly, the ability of hnRNP particles to orient
themselves in nonspecific (perhaps through the A proteins)
and specific (perhaps through the C proteins) fashions with
respect to RNA sequence allows flexibility in the function of
these particles. Some particles may, for example, bind RNA
nonspecifically and participate in general hnRNA packaging
(15, 49, 64, 68). Other complexes, such as those aligned by
the UUUUU sequence described here, may be positioned to
play a more active role in RNA processing efficiency or
selectivity. Similar multifunctional roles in viral RNA pack-
aging and metabolism have been suggested for the vesicular
stomatitis virus nucleocapsid protein (reviewed in reference
3).

Finally, hnRNP proteins have also been implicated in in
vitro splicing reactions by antibody depletion-inhibition ex-
periments (11, 55) and by the specific immunoprecipitation
of nuclease-resistant RNA segments (61). The RNA seg-
ments protected by the hnRNP proteins in these experiments
involved the uridylate-rich polypyrimidine tracts of splicing
substrates. Perhaps the hnRNP complexes are the "default"
binding activity for this sequence element, in a manner
similar to that for the downstream element of the polyade-
nylation signal. Specific factors such as U2AF (51), Sex
Lethal (57), or U5-associated proteins (22, 63) may compete
with the hnRNP proteins for these sequence elements and
act as specific activators or repressors ofRNA splicing. The
sequence-mediated alignment or phasing of hnRNP com-
plexes on pre-mRNA may also influence other aspects of
nuclear mRNA metabolism, including stability and transport
to the cytoplasm.
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