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The heterogeneous nuclear ribonucleoprotein Cl and C2 proteins were preferentially cross-linked by
treatment with UV light in nuclear extracts to RNAs containing six different polyadenylation signals. The
domain required for the interaction was located downstream of the poly(A) cleavage site, since deletion of this
segment from several polyadenylation substrate RNAs greatly reduced cross-linking efficiency. In addition,
RNAs containing only downstream sequences were efficiently cross-linked to C proteins, while fully processed,
polyadenylated RNAs were not. Analysis of mutated variants of the simian virus 40 late polyadenylation signal
showed that uridylate-rich sequences located in the region between 30 and 55 nucleotides downstream of the
cleavage site were required for efficient cross-linking of C proteins. This downstream domain of the simian
virus 40 late poly(A) addition signal has been shown to influence the efficiency of the polyadenylation reaction.
However, there was not a strict correlation between cross-linking of C proteins and the efficiency of
polyadenylation.

Maturation of the 3' end of most pre-mRNAs involves a
site-specific endonucleolytic cleavage followed by polymer-
ization of 150 to 200 adenylate residues at the newly formed
3' terminus (3, 24). Two sequence elements are required for
efficient cleavage and polyadenylation. A highly conserved
hexanucleotide, AAUAAA, located 10 to 30 bases upstream
from the site of cleavage (25) has been shown to be abso-
lutely required for polyadenylation of most RNA transcripts
(12, 17, 20, 34). A second element, located 3' to the cleavage
site, has been identified in several genes and shown to
enhance the efficiency of polyadenylation (7, 8, 13, 26, 28).
Although U or GU residues are highly represented, a con-
sensus sequence for the downstream element is unclear (1,
14, 15, 19).
The cleavage and poly(A) addition reactions have been

accurately and efficiently reproduced in vitro (22). A com-
plex is formed in association with the substrate RNA during
in vitro processing (18, 23, 29, 33, 37, 38). Formation of
specific complexes requires the AAUAAA sequence and the
downstream element or, alternatively, a 3' end in proximity
to the AAUAAA. These complexes may include small
nuclear ribonucleoproteins (snRNPs), since autoimmune
sera containing antibodies specific for the La and U1-RNP
antigenic determinants, as well as a monoclonal antibody
specific for the Sm determinant, can inhibit in vitro poly-
adenylation (21, 22). Furthermore, antibodies specific for the
Sm antigen or trimethyl cap of snRNAs can precipitate Ti
nuclease-resistant RNA fragments containing the AAUAAA
sequence (16, 18) and trimethyl cap-specific antibodies can
precipitate substrate RNA present in a polyadenylation-
specific 50S complex (23).
We have previously used photocross-linking to transfer

radioactivity from 32P-labeled substrate RNAs to associated
proteins within a cell-free polyadenylation extract (35). This
procedure identified a 64-kilodalton (kDa) polypeptide that
specifically interacted with all polyadenylation substrates
tested. Its binding was shown to be dependent on the

* Corresponding author.

AAUAAA sequence, since an RNA carrying an altered
AAGAAA sequence failed to interact with the polypeptide.

In this report we demonstrate the association of heteroge-
neous nuclear ribonucleoprotein (hnRNP) C proteins with
several RNAs that contain a polyadenylation signal. The Cl
and C2 proteins are constituents of the 30S to 50S hnRNP
monoparticle (reviewed in reference 10). They are antigeni-
cally related, evolutionarily conserved 32-kDa phosphopro-
teins (4, 5, 11, 32) which have been shown to play a role in
RNA splicing (6). The C proteins can be efficiently cross-
linked to sequences downstream of the cleavage site in RNA
molecules containing polyadenylation signals.

MATERIALS AND METHODS
Plasmids and transcripts. Linearized templates were tran-

scribed in vitro by using bacteriophage RNA polymerases
(SP6 or 17) in the presence of kx-32P]UTP and 7mGpppG
(35). The plasmid constructions and transcripts produced are
as follows. pC220 (New England Biolabs, Inc.) contains the
1.38-kilobase (kb) EcoRI-HindIII fragment of bacteriophage
lambda (sequence 26104 to 27479) cloned into the equivalent
sites of pSP64. Transcription of ScaI-cut DNA yields a
220-base RNA (termed XC220). pTPL contains the HhaI-
Sall fragment of pDF4-15 (Logan and Shenk, unpublished),
including the adenovirus type 5 (AdS) tripartite leader cDNA
(originally derived from pJAW43 [42]) inserted between the
HindIII and Sall sites of pSP64. Transcription of Sall-cut
DNA yields a 243-base RNA (TPL). pGEM4 (Promega
Biotech, Inc.) was transcribed after cutting with PvuII to
produce a 107-base RNA (GEM). pSP64 (Promega Biotech,
Inc.) was transcribed after linearization with PvuII to yield
a 232-base RNA (termed 64). pAd5L3 contains a 260-base-
pair (bp) KpnI-DraI fragment of AdS inserted between the
KpnI and HincII cleavage sites of pGEM4. Transcription of
HindIII- or AvaI-cut templates yields a 298-base or 240-base
RNA (AdL3 and AdL3-1, respectively). pAdSE1B contains
an Ad5 fragment (sequence 3943 to 4122) cloned into the
BamHI site of pSP65. Transcription of XbaI- or Hinfl-cut
DNAs generates a 224-base or 144-base RNA (AdElB and
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AdElB-1, respectively). pAd5E1B-2 contains the 70-bp
Hinfl-BamHI fragment of pAd5E1B inserted into pGEM3
DNA that was cleaved with HincIl and BamHI. Transcrip-
tion of BamHI-cut DNA yields a 104-base RNA (AdElB-2).
pAd5IVa2 contains the 155-bp BamHI-PvuII fragment of
pAd5E1B cloned into pGEM4 DNA that was cut with HinclI
and BamHI. Templates cut with the following enzymes yield
the indicated RNAs: HindIll, 210 bases (AdIVa2); BglI, 156
bases (AdIVa2-1); and MnII, 139 bases (AdIVa2-2). pAd
5IVa2-4 contains the HindIII-Hinfl fragment of pAd5E1B
inserted into HincII-cut pGEM3 DNA. Transcription of
BgII-cut DNA yields a 96-base RNA (AdIVa2-4). pSVE
contains the 241-bp BamHI-BclI fragment of simian virus 40
(SV40) (sequence positions 2533 to 2770) inserted into the
BamHI site of pSP65. Transcription of BamHI-cut DNA
yields a 269-base RNA (SVE). pSVL contains the BamHI-
BclI fragment ofSV40 inserted into the BamHI site of pSP65
in the opposite orientation from that in pSVE. Transcription
of a Dral-cut plasmid gives a 224-base RNA (SVL), and
Fnu4HI-linearized template yields a 149-base RNA (SVL-2).
pSVL-7 was produced by inserting the HincII-XbaI frag-
ment of pSVL into pGEM4 DNA cleaved with SmaI and
XbaI. Transcription of Dral-cut DNA gives an 89-base RNA
(SVL-7). The BsmI-EcoRI fragment of pSVL-7 was excised,
and the remaining large fragment was blunted with Klenow
polymerase and recircularized with DNA ligase to produce
pSVL-8. Transcription of DraI-cut DNA gives a 61-base
RNA (SVL-8). To make pSVL-12, the DNA oligonucleotide
5'-AGCTTACCTGAAACATAAAATGAATGCA-3' with its
complement was inserted into pSVL3 DNA cleaved with
BsmI and HindIII. pSVL-14 was then constructed by insert-
ing the HindIII-HincIl fragment of pSVL DNA, which
contains sequences upstream of the polyadenylation signal,
into the appropriate sites of pSVL-12. Transcription of
HinfI-cleaved DNA generates a 223-base RNA (SVL-14). To
make pSVL-15 and pSVL16, pSVL3 (which contains the
SV40-specific AluI-HindIII fragment of pSVL inserted into
pGEM4 DNA digested with HincIl and HindlIl) was cut at
its SaI and HindIII sites located downstream of the insert,
the overhanging ends were blunted, and the plasmid was
recircularized to make pSVL-3-S/H. Oligonucleotides con-
taining mutations were inserted between the BsmI and
HindlIl sites of pSVL3-S/H. The HindlIl-HincII fragment
of pSVL DNA was then inserted into the appropriate site of
the new constructs. Transcription of Dral-cut DNAs yields
224-base RNAs (SVL-15 and SVL-16), with the base
changes indicated.

In vitro polyadenylation. Nuclear extracts were prepared
from HeLa spinner culture cells grown in 5% calf serum as
described by Dignam et al. (10). Polyadenylation reaction
mixes contained final concentrations of 3% polyvinyl alco-
hol, 1 mM ATP, 20 mM phosphocreatine, 12 mM HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, pH
7.9), 12% glycerol, 60 mM KCI, 0.12 mM EDTA, 0.3 mM
dithiothreitol, and 60% (vol/vol) nuclear extract. Reactions
were performed at 30°C.
UV cross-linking and label transfer analysis. Gel-purified

RNAs (10 fmol), 32P-labeled to the same specific activity,
were incubated in the in vitro polyadenylation system for 10
min. Escherichia coli tRNA (5 ,ug) was added, and the
sample was irradiated for 10 min at 4°C with a germicidal
light (Sylvania G15T8) placed 4 cm from the sample. The UV
light generates covalent cross-links between RNA bases and
closely associated proteins (30). RNase A was added to a
final concentration of 1 mg/ml, and samples were incubated
at 37°C for 15 min. An equal volume of protein gel loading
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FIG. 1. Label transfer analysis of polypeptides bound to RNAs
in polyadenylation extracts. 32P-labeled polyadenylation substrates
(AdIVa2, AdL3, AdElB, SVL, and SVE) or nonspecific RNAs
(XC220, TPL, GEM, and 64) of the same specific activity were added
to polyadenylation extracts, incubated at 30°C for 10 min, digested
with RNase A, and subjected to electrophoresis in a 10o polyacryl-
amide gel containing 0.1% SDS. The sizes (in kilodaltons) of key
polypeptides determined relative to marker proteins are indicated.

buffer containing sodium dodecyl sulfate (SDS) and -
mercaptoethanol was added, and samples were heated to
100°C for 5 min prior to electrophoresis in polyacrylamide
gels containing 0.2% SDS.

Immunoprecipitation. Following UV cross-linking, sam-
ples were diluted fivefold with buffer A (50 mM Tris [pH
7.5], 75 mM NaCl, 0.05% Nonidet P-40) and centrifuged for
2 min in a microcentrifuge at 4°C. Antibody was added to
supernatants, and samples were incubated at 4°C for 30 min.
Rabbit anti-mouse immunoglobulin G (Cappel Laboratories
Inc.) was added and incubated for 15 min on ice. Formalin-
fixed Staphylococcus aureus cells (Pansorbin; Calbiochem,
Inc.) were added, and after incubation for 15 min on ice, the
pellets were washed five times with buffer A. Loading buffer
was added, and samples were boiled for 5 min prior to
electrophoresis in SDS-containing polyacrylamide gels.

RESULTS

hnRNP C proteins interact with RNAs that contain a
polyadenylation signal. A label transfer experiment in which
five different polyadenylation substrates and four control
RNAs were examined is displayed in Fig. 1. The polyadeny-
lation substrate RNAs were derived from the SV40 early
(SVE), SV40 late (SVL), Ad5 E1B (AdElB), AdS L3
(AdL3), and Ad5 IVa2 (AdIVa2) transcription units. RNAs
were labeled with [a-32P]UTP and incubated in a polyadeny-
lation extract. All substrates were efficiently cleaved and
polyadenylated in the extracts (data not shown). After 10
min, 5 p,g of tRNA was added, and the mixture was UV
irradiated for 10 min at 4°C. The cross-linked mixture of
protein and RNA was then digested with RNase A, and
proteins were analyzed by gel electrophoresis. All of the
substrates transferred 32P label to a variety of proteins,
including a 64-kDa polypeptide (35) and a protein doublet
that migrated at 34 to 37 kDa relative to markers (Fig. 1).
Similar results were obtained with an RNA carrying the AdS
E2A polyadenylation signal (data not shown). None of four
control RNAs (XC220, TPL, GEM, and 64) was cleaved or
polyadenylated in the extracts (data not shown). The control
RNAs failed to efficiently transfer label to the doublet of 34
to 37 kDa (34-37K doublet) although a low level of transfer
was detectable in the case of the XC220 RNA and possibly
the 64 RNA (Fig. 1). Thus, the 34-37K polypeptides can be
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hnRNP C PROTEINS BIND POLYADENYLATION SUBSTRATES
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FIG. 2. Identification of the hnRNP C proteins as major 32p_
labeled products in label transfer experiments. (A) Immunoprecipi-
tation with a C protein-specific antibody. After cross-linking of
32P-labeled SVL RNA and RNase A treatment, immunoprecipita-
tions were carried out with nonspecific (al to a4) or C protein-
specific (4F4) monoclonal antibodies. (B) Effect of NaCl on the C
protein-RNA interaction. Reaction mixes were adjusted to the
indicated concentration of NaCl prior to UV irradiation.

cross-linked to all polyadenylation substrates tested, but
their specificity is not absolute.

Additional proteins were cross-linked to each of the poly-
adenylation substrates (Fig. 1). These proteins were not
cross-linked to all of the RNAs tested, and their significance
is unclear.
The identity of the 34-37K polypeptides was probed by

using antibodies. They were precipitated from cross-linked
mixtures containing SVL RNA by using a monoclonal anti-
body (4F4 [5, 11]) specific for the hnRNP Cl and C2 proteins
(Fig. 2A). They were precipitated after RNase digestion,
demonstrating that the 34-37K doublet was indeed the moi-
ety recognized by the antibody. If the immunoprecipitation
step preceded the RNase treatment, the C proteins, the
64-kDa polypeptide, and the additional cross-linked proteins
were precipitated (data not shown), indicating that these
proteins can interact with the same molecule of RNA.
Immunoprecipitations were performed with the other poly-
adenylation substrates, and in each case the 4F4 antibody
reacted with the 34-37K doublet (data not shown). The
association of the 34-37K proteins with SVL RNA was
resistant to 600 mM NaCl (Fig. 2B), consistent with previous
analyses of C protein-RNA interactions (2).
The 34-37K polypeptides could be precipitated with the

4F4 antibody, and their interaction with RNA was resistant
to salt. Furthermore, the 34-37K species were cross-linked
to RNAs in a ratio (Cl > C2) similar to that observed for C
proteins in vivo (11), and their apparent size corresponded
well with that derived from analysis of C protein-specific
cDNAs (31.9 kDa [36]). We conclude that the 34-37K
doublet represents the hnRNP Cl and C2 proteins.
C proteins interact downstream of the polyadenylation

cleavage site. To ascertain which regions of the substrate
RNAs interacted with the C proteins, deletion derivatives
were prepared and tested for their ability to transfer label.
The RNAs used in these experiments are diagrammed in Fig.
3A. Positions on the RNA substrates are designated relative
to the cleavage site used during polyadenylation: the first
nucleotide upstream is -1 and the first downstream nucleo-
tide is +1. SVL-2 contains only sequences upstream of the
cleavage site (-142 to -20), and its ability to transfer label to
the C proteins, as well as to other proteins normally labeled
in transfer experiments by SVL, was substantially reduced
(Fig. 3B). In contrast, two SVL derivatives containing
downstream sequences (SVL-7, -6 to +55; SVL-8, +8 to
+55) transferred label to C proteins with an efficiency similar
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FIG. 3. Localization of the domain on polyadenylation sub-
strates required for interaction with C proteins. (A) Diagram of
RNAs used in the analysis. Sequences present in an RNA are
represented by rectangles, while those absent are indicated by
dashed lines. The AAUAAA sequence is marked by a solid portion
of the rectangle. The cleavage site is designated by an arrowhead,
and plasmid-specific sequences are shaded. The first nucleotide
upstream of the cleavage site is -1, and the first downstream
nucleotide is + 1. The ability of each RNA to interact with C proteins
as assayed by label transfer analysis is indicated to the right. (B)
Label transfer analysis of polypeptides bound to RNAs in poly-
adenylation extracts. Experimental procedures were as described in
the legend to Fig. 1. (C) Effect of NaCl concentration on the C
protein-RNA interaction. Label transfer reaction mixes were ad-
justed to the indicated concentrations of NaCl prior to UV irradia-
tion.

to that of the entire SVL transcript (Fig. 3B). Furthermore,
the C protein interaction with SVL-8 was resistant to high
salt, while the low-level interaction with SVL-2 was com-
pletely inhibited by 400 mM NaCl (Fig. 3C). These results
indicate that the C proteins preferentially interact with the
downstream domain of SVL and that the interaction is
independent of the presence of an AAUAAA sequence or its
attendant 64-kDa binding protein. These findings were gen-
eralized by testing cross-linking to derivatives of the AdEiB,
AdIVa2, and AdL3 RNAs. In each case, efficient label
transfer mapped to the domain downstream of the poly-
adenylation cleavage site (Fig. 3B). Similar results were
obtained with truncated SVE and AdE2A RNAs (data not
shown).
The mapping data predict that C proteins might not

interact with the polyadenylated products of the substrate
RNAs. To test this prediction, RNAs that were cleaved and
polyadenylated in vitro were subjected to label transfer
analysis in cell extracts. While SVL, AdIVa2, and AdElB
RNAs were efficiently cross-linked to C proteins, their
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FIG. 4. Label transfer analysis of polypeptides bound to poly-
adenylation substrates and their processed products. Substrate
RNAs (SVL, AdIVa2, and AdE1B) were as diagrammed in Fig. 3A.
Polyadenylated RNAs (SVL-A+, AdIVa2-A+, and AdElB-A+)
were prepared by in vitro processing of substrate RNAs and
electrophoretic purification of polyadenylated product. Label trans-
fer and electrophoresis were done as described in the legend to Fig.
1.

processed derivatives were not (Fig. 4). The presence of a

poly(A) tail and its associated proteins could interfere with C
protein interactions. Nevertheless, the inability of poly-
adenylated RNAs to transfer label to C proteins correlated
well with the mapping data presented in Fig. 3. The three
polypeptides (65 to 90 kDa) that were cross-linked to poly-
adenylated RNAs might be part of a complex associated with
polyadenylated RNAs that has been described by Humphrey
et al. (18).

Fine mapping and functional analysis of the C protein site of
interaction. The fact that the C protein-binding domain
mapped to the downstream side of the poly(A) cleavage site
raised the possibility that it coincided with the downstream
element required for efficient polyadenylation. Accordingly,
SVL was chosen for further analysis, since its downstream
element has been extensively studied (9, 26, 27).
To better define the sequence required for interaction of C

proteins with SVL RNA, additional derivatives of the RNA
were prepared. SVL-14 RNA (contains nucleotides from
-142 to +29, Fig. SA) was not efficiently cross-linked to C
proteins (Fig. SB). Possible 3'-end effects on the C protein
interaction were ruled out by including plasmid-specific
sequences downstream of +29 in SVL-14 (Fig. SA). Since
SVL-8 (contains nucleotides from +8 to +55, Fig. 3A) was

efficiently cross-linked to C proteins (Fig. 3B), we can
conclude that at least part of the sequence required for the
interaction lies between nucleotides +30 and +55 (under-
lined sequence, Fig. SE).
SVL-14 RNA failed to transfer label to several polypep-

tides in addition to the C proteins (Fig. SB). The significance
of the additional altered polypeptides in the SVL-14 pattern
to polyadenylation is unclear, since they were not efficiently
cross-linked to all polyadenylation signals tested (Fig. 1 and
3).

Recently, Swanson and Dreyfuss (31) used affinity chro-
matography to implicate polyuridylate stretches in the bind-
ing of C proteins to RNA. The domain required for cross-
linking of C proteins to SVL RNA contained two U
stretches, two and six residues in length (Fig. SE). SVL-16
RNA, which contains U to G transversions at +30 and +52
that disrupt these U stretches, transferred label to C proteins
with much reduced efficiency (Fig. 5A and B). SVL-1S RNA,

with transversions outside of the key domain, generated a
pattern of labeled proteins indistinguishable from that of
SVL RNA. The effect of the alterations in SVL-16 is
consistent with a role for short stretches of U residues in the
interaction between C proteins and SVL RNA. A role for U
residues is further suggested by the observation that SVL
RNA with 32P-labeled U residues efficiently transferred label
to C proteins while SVL RNA with 32P-labeled G, C, or A
residues did not (data not shown).
Our mapping of SVL indicates that a domain required for

C protein cross-linking lies at least in part between nucleo-
tides +29 and +55 and that U residues at either +30 or +52
are important. This mapping coincides with the downstream
domain (nucleotides +47 to +55, overlined in Fig. 5E)
required for efficient polyadenylation at the SVL site within
transfected cells (27). Therefore, the in vitro polyadenylation
efficiency of the SVL derivatives was assessed (Fig. SC).
Curiously, SVL RNAs lacking sequences downstream of
+29 were rapidly degraded in polyadenylation extracts
(SVL-2 and SVL-14, Fig. SC and data not shown). The
RNAs were stabilized in the presence ofEDTA, allowing the
efficiency of in vitro cleavage at the poly(A) addition site to
be monitored. Identical cross-linking results were obtained
in the presence of EDTA (data not shown). SVL-14 RNA,
which was cross-linked inefficiently to C proteins, was
cleaved three- to fourfold less efficiently than the wild-type
substrate (Fig. SD). However, SVL-16 RNA also cross-
linked poorly to C proteins (Fig. SB) but was cleaved (Fig.
SD) and polyadenylated (Fig. SC) normally. Perhaps C
proteins functionally interact with SVL-16 RNA but fail to
be cross-linked. Alternatively, C proteins might have no role
in the polyadenylation reaction. The functional species could
be one of the additional polypeptides that fail to interact with
SVL-14 RNA. Inefficient cleavage and polyadenylation do
not always correlate with the inability to transfer label to C
proteins.

DISCUSSION

The main conclusion of this work is that the hnRNP C
proteins can be cross-linked to sequences downstream of the
cleavage site on a variety of RNAs that serve as polyadeny-
lation substrates (Fig. 1, 2, and 3). RNA sequence down-
stream of the cleavage site is sufficient to mediate the
interaction, since deleted substrates including only the
downstream domain (SVL-8 and AdIVa2-4, Fig. 3) can
efficiently transfer label to C proteins. Thus, there is no
dependence on the canonical AAUAAA polyadenylation
signal or its attendant 64-kDa binding protein (35) for inter-
action of C proteins with the downstream element. Con-
versely, the 64-kDa moiety can bind to polyadenylation
substrates lacking the preferred C protein-binding site (35).
The specificity of the C protein interaction with the

downstream domain of polyadenylation substrates is not
absolute. Substrate RNAs lacking the downstream domain
(e.g., SVL-2, Fig. 3) and even RNAs with no known function
in eucaryotic cells (e.g., XC220, Fig. 1) can be cross-linked to
C proteins. However, the efficiency of cross-linking is much
reduced (Fig. 1 and 3) and the interaction is more readily
inhibited by high salt (Fig. 3 and data not shown) for these
RNAs compared with the downstream domains of poly-
adenylation substrates. Thus, C protein cross-linked to a
nonspecific RNA probably represents a different type of
interaction than occurs when C proteins are cross-linked to
the downstream domain of poly(A) addition signals. Perhaps
the downstream domains contain a high-affinity sequence
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FIG. 5. Localization of the domain required for preferential C protein interaction with SVL RNA and the effect of its loss on cleavage and
polyadenylation. (A) Diagram of substrate RNAs. Symbols and numbering are as described in the legend to Fig. 3A. (B) Label transfer
analysis of polypeptides bound to RNAs in polyadenylation extracts. Label transfer and electrophoresis were as described in the legend to
Fig. 1. (C) Accumulation of polyadenylated product. Substrate RNAs were incubated in poly(A) addition extracts for 30 min and then
analyzed by electrophoresis on a 5% acrylamide gel containing 7 M urea. Bands representing polyadenylated product are designated At. (D)
Accumulation of 5' cleavage products. RNAs were incubated as described above, but the a,,-methylene analog of ATP [AMP(CH2)PP] and
EDTA were added instead of ATP and phosphocreatine. Products were analyzed by electrophoresis on a 10%o acrylamide gel containing 7 M
urea. nt, Nucleotides. (E) Sequence of the SVL downstream domain. The underlined segment was defined by deletion analysis to include at
least part of the site of C protein interaction. Solid circles designate U-to-G mutations in SVL-16. The overlined sequences mark the region
(+ 10 to + 26) required for efficient cleavage at the poly(A) addition site within injected frog oocytes (8) and the sequence (+47 to + 55) required
for efficient polyadenylation in transfected COS cells (27).

motif recognized directly by C proteins. Alternatively, the
interaction of C proteins with polyadenylation substrates
might be stabilized by an additional, unidentified factor or
factors that also interact with the RNA. If additional factors
are involved, they might provide the preference for binding
downstream of poly(A) cleavage sites. Thus, we cannot yet
conclude that C proteins themselves exhibit the sequence
specificity.
Whether or not additional factors are involved, the RNA

sequence must contain a recognition signal that mediates an
efficient C protein interaction. Perhaps, at least in some
cases, the recognition sequence is as simple as an accessible
stretch of U residues. Swanson and Dreyfuss (31) have
recently shown that C proteins display high binding affinities
for poly(U) homopolymers. Consistent with their observa-
tion, the SVL downstream domain contains a stretch of six
uridylate residues, and their disruption by a single U to G
transversion inhibited transfer of 32p label to C protein (Fig.
5). Furthermore, only SVL RNA with 32P-labeled U residues
transferred label at high efficiency. 32P label transfer to C
proteins with RNAs containing radioactive G, C, or A
residues was much less efficient (data not shown).
Recent work has identified a large 40S to 50S complex

which specifically associates with polyadenylation substrate

RNAs (18, 23, 29, 37, 38). It is likely that the 64-kDa protein
described previously (35) as well as the hnRNP C proteins
described in this report are components of this complex.
Additional cross-linked proteins, although they were not
detected with all of the polyadenylation substrates tested,
also require downstream sequence elements for their inter-
action with RNA (Fig. 3 and 5). These may reflect generic
components of the 40S to 50S complex which vary in their
ability to cross-link due to RNA topology, or they may
represent interactions specific to individual polyadenylation
signals.
The region downstream of poly(A) addition sites has been

shown in a number of instances to play a role in the
efficiency of polyadenylation both in vivo and in vitro (7, 8,
13, 15, 26, 28, 38). Is the interaction with C proteins
responsible for this effect? As yet, our data are inconclusive
on this point. The 26-nucleotide interval to which the C
protein interaction has been mapped on SVL RNA includes
a 9-nucleotide stretch shown by Sadofsky et al. (27) to be
required for efficient polyadenylation of the SVL transcript
within transfected COS cells. In fact, the 9-nucleotide seg-
ment identified in the transfection assay includes the run of
six uridylate residues which plays a role in the transfer of
label from SVL RNA to C proteins (Fig. 5). However, the

VOL. 8, 1988 4481

1lv*l



4482 WILUSZ ET AL.

inability of an RNA to efficiently cross-link to C proteins
does not always correlate with inefficient polyadenylation.
Two derivatives of SVL, SVL-14 and SVL-16 (Fig. 5), failed
to efficiently cross-link to C proteins. SVL-14 RNA was
inefficiently cleaved at the poly(A) addition site, while SVL-
16 was cleaved and polyadenylated normally. The behavior
of SVL-14 is consistent with the hypothesis that C proteins
play a role in polyadenylation. However, SVL-14 RNA
failed to transfer 32P label to several proteins in addition to
the C proteins (Fig. 5), so it is possible that one of these
additional polypeptides mediates the downstream efficiency
function either alone or in association with the C proteins.
The normal polyadenylation of SVL-16 RNA suggests that C
proteins play no direct role in the efficiency of the reaction.
However, we cannot yet rule out the possibility that the C
proteins can associate with SVL-16 RNA in such a way that
they are no longer cross-linked but still provide the efficiency
function. In sum, additional experiments are required to
unambiguously establish or rule out a role for C proteins in
polyadenylation.
We have found (unpublished results) that C proteins can

be efficiently cross-linked to an intron sequence located
between the first two exons of the adenovirus tripartite
leader sequence (36) and that the SV40 late exon does not
contain such a preferential cross-linking site. This small
sampling suggests that preferential interaction sites for C
proteins may coincide with domains removed from tran-
scripts, i.e., introns and sequences downstream of poly(A)
addition sites within the nucleus. Since C proteins are
removed from mRNAs prior to their transport from nucleus
to cytoplasm, it is tempting to speculate that C protein-
binding sites mark RNA segments for retention in the
nucleus.
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