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The immunoglobulin M heavy-chain locus contains two poly(A) sites which are alternatively expressed
during B-cell differentiation. Despite its promoter proximal location, the secretory poly(A) site is not expressed
in undifferentiated cells. Crucial to the activation of the secretory poly(A) site during B-cell differentiation are
changes in the binding of cleavage stimulatory factor 64K to GU-rich elements downstream of the poly(A) site.
What regulates this change is not understood. The secretory poly(A) site contains two downstream GU-rich
regions separated by a 29-nucleotide sequence. Both GU-rich regions are necessary for binding of the specific
cleavage-polyadenylation complex. We demonstrate here that U1A binds two (AUGCN,_;C) motifs within the
29-nucleotide sequence and inhibits the binding of cleavage stimulatory factor 64K and cleavage at the

secretory poly(A) site.

The immunoglobulin M (IgM) heavy-chain pre-mRNA ()
is alternatively processed into mRNAs encoding a membrane
receptor or secreted antibody during differentiation (4) (Fig.
1). It is the classic model for an important pattern of alterna-
tive processing which involves competition between splicing
and cleavage-polyadenylation, and it includes a number of
important receptors involved in growth and differentiation (for
a review, see reference 6). In undifferentiated cells, exons en-
coding a membrane tail are spliced on and the mRNA is
cleaved at a downstream, membrane poly(A) site, resulting in
mRNA encoding the heavy chain of the membrane receptor.
When cells differentiate into Ig-secreting cells, an upstream,
secretory poly(A) site is activated within the intron involved in
the splicing of the membrane exons. This results in the secre-
tory form of mRNA which encodes the heavy chain of a se-
creted antibody. The secretory form of p-mRNA is expressed
in differentiated cells by a combination of increased cleavage at
the secretory poly(A) site and increased stability of the secre-
tory mRNA itself (1, 3, 10, 12).

3’ end cleavage in metazoans takes place on the recognition
of a bipartite poly(A) signal consisting of a consensus
AAUAAA and a less-defined GU-rich sequence, upstream
and downstream of the cleavage site, respectively, by compo-
nents of the cleavage-polyadenylation complex. These consist
of the multimeric cleavage polyadenylation specificity factor
(CPSF) and cleavage stimulatory factor (CstF), of which the
64-kDa component (CstF64K) recognizes the GU-rich region,
as well as cleavage factors I and II and poly(A) polymerase
(reviewed in reference 31). After cleavage, the RNA is specif-
ically polyadenylated by poly(A) polymerase tethered to the
RNA via the 160-kDa component of CPSF, bound by the
AAUAAA sequence (16).
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The secretory poly(A) site is unusual in that it contains dual
elements for both CPSF and CstF binding (23). The hexanucle-
otide sequence is situated within an AU-rich region that re-
tains residual activity even when the consensus sequence is
mutated, suggesting a mechanism by which CPSF may be re-
cruited away from its optimal binding site. In addition, there
are two GU-rich regions, one is suboptimally located too close
to the cleavage site and the other requires to be presented in
the form of a stem-loop structure to be operational (21). Both
GU-rich regions are necessary for full expression of the secre-
tory poly(A) site (23). This bipartite structure suggests a mech-
anism by which this poly(A) site is weak. However, experi-
ments involving progressive depletion of CstF64K from
chicken B cells showed that this poly(A) site is particularly
sensitive to CstF64K concentration (25), suggesting supple-
mentary mechanisms to prevent its activation in undifferenti-
ated B cells. Indeed there is an early report of an inhibitory
factor whose binding site is coincident with the poly(A) site
(30).

A comparison of ratios of usage of tandem splice sites and
tandem poly(A) sites in cell lines representing different stages
of B-cell differentiation indicated that it is changes in poly(A)
site expression that regulate the switch from the membrane to
secretory form of mRNA (18). Furthermore, a non-Ig gene
with a similar balance and arrangement of competing cleavage-
polyadenylation reactions is alternatively processed and regu-
lated in murine splenic B cells at a twofold lower level than is
a coexpressed IgM heavy-chain gene, suggesting that addi-
tional mechanisms unique to the IgM heavy-chain gene regu-
late its expression (24). Artificial introduction of CstF64K can
activate the secretory poly(A) site in a chicken B-cell line
which normally produces the membrane form of mRNA (27),
suggesting that CstF64K binding strength plays a crucial role in
the activation. However, this does not appear to be via an
increase in overall CstF64K levels in physiologically relevant
cells but rather due to a differentiation-specific transacting
factor that alters CstF64K binding strength at this site (5, 11).



VoL. 24, 2004

mRNA for
secreted antibody

nnnne AAAAAAAAAAAR

mRNA for

membrane receptor
naﬂn EE AAAAAAAAAAAA

splicing reaction
or membrane

IgM heavy chain pre-mRNA

—| i Hewz[H crHow

o o o 1 ] o @ O n
-] - MmN~ o ] @ o
~ « @ @ (=2 =] o 99
——{H—T{
= ro =
g, A4 3 L £ TEEE
o= 2 A E—1%
o'n U1A bms é’ < x U1A T
in = g bms 3
C © 3 °
2s =2
" 4s i
8s
dsi1
ds2
U1snRNA/ PIE

FIG. 1. Schematic model of the Ig secretory poly(A) site. (A) The
genetic organization of the IgM heavy chain and its alternative pro-
cessing to a secretory or a membrane form of mRNA. (B) The location
of the secretory poly(A) site and relative location of the 5’ splice site,
the U1A binding motifs, the hexanucleotide sequence, and the down-
stream GU-rich regions. Numbers indicate the positions referred to in
the text. (C) A comparison of the AUGCN,_;C sequences for the 2s,
4s, 8s, ds1, and ds2 U1A binding sites.

It has previously been shown that the change in stability of
the secretory mRNA is regulated by the addition of a poly(A)
tail to the secretory mRNA (20). The U1A protein binds up-
stream of the secretory poly(A) site and inhibits poly(A) ad-
dition to the secretory mRNA in a developmentally regulated
manner. This inhibition depends on sequences that resembled
the U1l snRNA consensus U1A binding site (AUUGCAC) but
are nonconsensus [A(U/G)GCN, ;C] (20) (see Fig. 1B for
location and C for sequences).

We now demonstrate the existence of two U1A binding sites
downstream of the secretory poly(A) site between the two
GU-rich regions which have the same AUGCN,_;C motif as
those upstream (see Fig. 1B and C for location and sequences).
However, these downstream UIA sites inhibit secretory
poly(A) site expression by a completely different mechanism.
They play a unique role by inhibiting cleavage at the secretory
poly(A) site via impeding the binding of the cleavage complex
and in particular CstF64K.

MATERIALS AND METHODS

Plasmid constructs. For in vitro transcription, the PCR products from the
secretory poly(A) site sequences, containing mutations and 5" EcoRI and 3’ Xbal
sites, introduced as part of the synthetic primers, were cloned into pGem 3Zf
(containing a T7 promoter in the forward direction) between the EcoRI and
Xbal sites. For transfection, a 5’ BgllI site replaced the EcoRI site, and PCR
products were cloned into pPKLTS5 (22) containing the Firefly luciferase cDNA
between the Bglll and Xbal sites, replacing the poly(A) site. The forward prim-
ers (5"GAC TCT AGA [or AGATCT] GGA CCG TGG ACA AGT CC3' [1790
wild type] and 5'GAC TCT AGA [or AGATCT] GGA CCG TCC ACA AGT
CCA CTG CAA ACC CCA CAC TGT ACA ATG3' [1790 5’ splice site muta-
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tion]) were combined with the reverse primer (5'GCG TCT AGA TAG GGT
GGA GGC AAG TAT GC3' [2085]) to amplify from position 1790 to 2085
(nucleotide positions are numbered according to the mouse IgM sequence with
accession number [emb] V00818). The mutations in the downstream U1A se-
quences were incorporated using crossover PCR as previously described (21).
The outside forward and reverse primers were combined with the internal re-
verse and forward primers, respectively, to produce two PCR products which
when combined formed the template for a second PCR using the outside prim-
ers. The forward internal primers were as follows: for mutant (mut) ds1, 5'CGT
CAC TGG TTT TGA TTA TAC AAA AAT CAT GCC TGC TGA GAC AG3';
for mut ds2, 5’CGT CAC TGG TTT TGA TTA TAC AAT GCT CAT CGG
ACG TGA GAC AGT TGT GTT TTG CTT GC3’; for mut ds12, 5'CGT CAC
TGG TTT TGA TTA TAC AAA AAT CAT CGG ACG TGA GAC AGT TGT
GTT TTG CTTGC3'. The introduced mutations are highlighted in bold. The
reverse internal primers were the exact reverse of the forward internal primers.

RNA substrates for footprinting, electrophoretic mobility shift assays
(EMSAs), UV cross-linking, and cleavage assays. Templates for synthesis of
radiolabeled RNA were obtained by Xbal digestion of the pGem 3Zf constructs.
Uniformly labeled RNA substrates were synthesized by in vitro transcription
using T7 RNA polymerase and [a->*P]JUTP as previously described (23). 5’
end-labeled transcripts were obtained by the same protocol, substituting
[y->?P]GTP as the radiolabeled nucleotide. 3’ end-labeled RNA substrates were
synthesized by the same protocol omitting [«-**PJUTP. The cold RNA was
subsequently labeled at the 3" end with 5'-*?pCp using T4 RNA ligase as previ-
ously described (21). All transcripts were purified by extraction after electro-
phoresis on 8% polyacrylamide gels containing 7 M urea.

Recombinant proteins. Untagged recombinant wild-type U1A and U1A with
the scrambled dimerization domain were purified from E. coli as described
previously (2). Recombinant bovine poly(A) polymerase, tagged at the carboxy
terminus with six histidines, was purified from E. coli on Ni?* nitrilotriacetic acid.
The His-tagged carboxy terminus ensured that all of the C-terminal residues
were present after purification (8). The first 108 amino acids of CstF64K (span-
ning the RNA binding domain [RBD]) fused to glutathione S-transferase (GST)
at the N-terminal end (26) were purified from E. coli on glutathione Sepharose
(Amersham Pharmacia) and eluted in 20 mM reduced glutathione (Sigma) as
described in reference 26.

Cell culture and transfection. HeLa cells were plated at 10* per ml and grown
overnight to ensure that they were in log phase. Plasmids were transfected into
cells using Superfect (QIAGEN) at 20 ul/10° cells. Transfection efficiency was
measured by cotransfection of Renilla SV40. Firefly and Renilla luciferase activ-
ities were measured using a dual luciferase kit from Promega.

RNA secondary structural probing and footprinting. Probing of the secondary
structure of RNA was carried out as previously described (21). Briefly, all RNA
substrates were first refolded by heating in reaction buffer at 70°C for 2 min
followed by cooling to 37°C over a 30-min period. For RNase T1 cleavage, 10,000
cpm of 3’ or 5’ end-labeled RNA substrate was incubated at 37°C in a total
volume of 5 ul with 0.001 U of RNase T1 (Boehringer) in 50 mM PIPES
[piperazine-N, N'-bis(2-ethanesulfonic acid)], pH 7.0, 100 mM NaCl, and 10 mM
MgCl, for 5 min. The reactions were stopped by the addition of 10 M urea and
25 mM EDTA. Samples were analyzed on 15% polyacrylamide gel electrophore-
sis (PAGE) containing 7 M urea. A reference nucleotide ladder was made by
boiling of substrates with 50 mM NaOH and 10 mM EDTA for 10 s. Footprints
were obtained by adding U1A before T1 digestion. These reactions were stopped
by the addition of 180 pl of proteinase K buffer (50 mM Tris, pH 7.9, 10 mM
EDTA, 230 mM NaCl, 0.2% sodium dodecyl sulfate [SDS]) and 50 pg of
proteinase K and incubated for 10 min at 30°C. This was followed by phenol-
chloroform extraction and ethanol precipitation before loading on PAGE as
above.

EMSAs. U1A binding assays were performed as previously described (20, 28)
by using 50 fmol of 3?P-labeled RNA substrate per lane and recombinant UTA
as indicated.

UV cross-linking assays. The UV cross-linking assays were performed as
previously described (22) by using conditions described by Takagaki and Manley
for gel shift assays (26). Briefly, recombinant GSTCstF64KRBD (2.5 wM) and
increasing concentrations of recombinant UIA (as indicated) were incubated
with 50 fmol of uniformly 3?P-labeled RNA in 8 mM HEPES (pH 7.9), 40 mM
NaCl, 2 mM EDTA, 0.2 mM dithiothreitol, 0.5 ng of tRNA, and 8% glycerol in
a total volume of 12.5 pl. Products were cross-linked on ice under a handheld
UV lamp at 245 nM for 10 min. These were incubated with 1 ug of RNase A at
30°C for 30 min and immediately run on SDS-12% PAGE. Cross-links were
visualized by phosphorimagery.

Cleavage assays. Cleavage assays were performed as described in references
14 and 15, by using 250 fmol of 3?P-labeled RNA substrate and 7 ul of HeLa cell
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FIG. 2. UlA protects AUGCN,_;C sequences downstream of the cleavage site between the two GU-rich regions. (A) 3’ end-labeled RNA. The
indicated amounts of UIA were allowed to bind the RNA before partial RNase T1 digestion. Samples were treated with proteinase K before
PAGE. Sites of RNase T1 digestion are labeled with position numbers according to the mouse IgM sequence with accession number V00818. The
downstream footprint is labeled with a line, the positions of the two AUGCN, _;C sequences are indicated with asterisks. The protected bands are
indicated with open symbols, and those used as comparison are indicated with solid symbols. Symbols relate to quantitation in panel B.
(B) Quantitation of the bands marked with symbols in panel A by phosphorimager analysis. Results were normalized to zero UTA. Symbols refer
to bands marked with equivalent symbols in panel A. (C) Schematic diagram of predicted RNA structure of the poly(A) site and the downstream
region (position 1949 to 2085). The position of the RNase T1 cuts are indicated with arrows of the size proportional to the intensity of the cut.
Positions of RNase T1 cuts quantitated in panel B are indicated with the equivalent symbol. The AUGCN,_;C motifs are indicated with brackets
and labeled with asterisks. The positions of the GU-rich sequences are indicated by arrows and shaded.

nuclear extract (10 pg of total protein/ul), 1.25 mM 3’ dATP, 0.7 mM MgCl,,
and 3% polyvinyl alcohol in a total reaction volume of 20 pl. Increasing amounts
of recombinant U1A were added immediately before the nuclear extracts. These
were incubated for 2 h at 30°C and digested with proteinase K. RNA products
were then extracted and precipitated with phenol-chloroform and ethanol, re-
spectively, and run on 8% denaturing PAGE.

RESULTS

UlA protects AUGCN, ;C sequences downstream of the
cleavage site between the two GU-rich regions, as well as the

distal GU-rich region. A possible protection downstream of
the cleavage site had previously been noticed while investigat-
ing U1A’s ability to protect the upstream U1A binding sites in
the context of an RNA substrate spanning 295 nucleotides (nt),
position 1790 to 2085 encompassing a possible cloverleaf struc-
ture (19). To investigate the downstream footprints more
closely, we 3" end-labeled the substrate (position 1790 to 2085)
(for location sequence and motifs spanned, see Fig. 1B). We
added increasing amounts of recombinant U1A and looked for
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FIG. 3. Inclusion of sequences downstream of the secretory
poly(A) site results in the formation of two extra UIA(IgM) com-
plexes. EMSAs using recombinant UIA and uniformly radiolabeled
RNA spanning the indicated sequences. IgM(U1A) complexes are
labeled with arrows and numbers representing the number of UlA
molecules in each complex.

protection from partial digestion with RNase T1 (which cuts 3’
of accessible guanosines) (7). As can be seen in Fig. 2A, a
protection is seen downstream of the proximal GU-rich region
which extends into the distal GU-rich region (Fig. 2A). The
indicated bands were quantitated by phosphorimager analysis
to measure the effect of increasing concentrations of U1A at
each site of RNase T1 digestion. Bands both 5’ and 3’ of the
protected region were quantitated as controls. As can be seen
in Fig. 2B, the intensity of the bands inside the protected
regions decreased more rapidly than those outside the region,
demonstrating protection by U1A. Furthermore, within the
protected cluster, it can be seen that the two 5’ bands are
protected to a greater extent than those which are within the
distal GU-rich region. Examination of the sequences of these
two bands revealed two AUGCN,_;C motifs, which is the se-
quence we had previously determined to bind U1A upstream
of the secretory poly(A) site (20) (Fig. 2A and C). Figure 2C
shows the predicted secondary structure of this region. The
structure of the stem-loop spanning the downstream GU-rich
region (position 2024 to 2077) has been systematically mapped
(21). The structure surrounding the hexanucleotide sequence
1960 to 2012 was predicted by MFOLD. As can be seen, the
GU-rich regions flank the potential U1A binding sites, and the
U1A protected region extends to cover the distal GU-rich
region. We named the possible downstream U1A binding mo-
tifs ds1 and ds2, with ds standing for downstream.

Mutations in either or both of the downstream AUGCN, ;C
sequences reduced UlA binding to the secretory poly(A) site.
We obtained further evidence for UlA binding sites down-
stream of the secretory poly(A) site in binding studies. We
have previously reported that three UlA molecules bind a
substrate spanning the region upstream of the poly(A) site IgM
1790-2001 (20). When this substrate is expanded in a 3’ direc-
tion to include the poly(A) site and downstream GU-rich re-
gions (IgM 1790-2085), we obtained five bands representing
U1A complexed with RNA (Fig. 3, compare lane 4 [IgM 1790-
2001] and lane 8 [IgM 1790-2085]). This suggests five binding
sites on the longer substrate and that the extra two binding
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sites are in the region 2001 to 2085. We examined a series of
truncation mutants to determine more precisely the sequences
required for the binding of the two extra complexes and were
able to discern bands in substrates spanning both regions 1951
to 2030 and 1924 to 2071, suggesting that U1A binds in the
1924 to 2030 region (data not shown). However, these bands
were not very intense, suggesting low-affinity binding without
the surrounding sequences. As long-range RNA-RNA interac-
tions control the accessibility of the upstream sites (19), RNA
outside the 1924 to 2030 region may contribute to the structure
of these sites and their accessibility to U1A.

Therefore, to test whether the two AUGCN, ;C motifs
within this region are responsible for these additional bands,
we introduced mutations into both sequences in the context of
the whole IgM 1790-2085 substrate. This region also contains
the three upstream U1A binding sites that we described pre-
viously. We mutated ds1 from AUGCUC to AAAAUC but ds2
from AUGCCUGC to AUCGGACG, so as not to introduce
too many A’s in close proximity (see Materials and Methods
for primers). We introduced the mutations into the two down-
stream U1A binding motifs independently or in combination
with each other and examined the number of UIA-RNA com-
plexes formed on each substrate. As can be seen in Fig. 4, five
complexes are formed with the wild-type substrate (Fig. 4A,
lanes 1 to 6; Fig. 4B, phosphorimager quantitation directly
below lanes 1 to 6). Three of these are UlA binding the
upstream sites and the other two are those found when the
substrate was extended into the 2002 to 2085 region in Fig. 3.
Mutation of either the ds1 or ds2 U1A binding sites reduced
the number of complexes to four in each case (Fig. 4A, lanes 7
to 12 [dsl] and lanes 13 to 18 [ds2]; Fig. 4B, phosphorimager
quantitation directly below the equivalent lanes), and both
mutations in combination reduced this to three (Fig. 4A, lanes
19 to 24; Fig. 4B, phosphorimager quantitation directly below
each lane). Mutations do not sizably reduce the intensity of the
complexes which form on nonmutated sites but result in the
disappearance of the fifth complex (in the case of the single
mutations) or the fourth and fifth complex (in the case of the
double mutant). Furthermore, mutation of the two down-
stream sites in the context of the mutated upstream site abol-
ished the residual complexes (data not shown). We have pre-
viously shown that mutation of sequences 100 nt upstream can
affect the accessibility and the binding of U1A to the upstream
AUGCN,_;C motifs (19). Therefore, we cannot formally rule
out the possibility that mutations in the downstream motifs
cause conformational changes which allow U1A to bind to
other sites. However, the fact that U1A protects these sites and
that they match the motifs that we have shown to bind UIA
upstream of the poly(A) site are strong arguments that the
extra two UTA(RNA) complexes are formed on the two down-
stream AUGCN, ;C sites.

U1A binding between the downstream GU-rich regions in-
hibits secretory poly(A) site expression in vive. In order to
discover a functional role for the downstream U1A, we next
examined how mutation of the downstream U1A binding sites
affects the expression of the secretory poly(A) site in vivo. For
this we used a luciferase reporter system that has been de-
scribed previously (20-23). We found that mutation of either
of the downstream sites enhanced the luciferase activity (Fig. 5,
compare wild type with mut dsl1 and mut ds2), and in combi-
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FIG. 4. Mutations in either or both of the downstream AUGCN,_;C sequences reduced U1A binding to the secretory poly(A) site in the context
of intact upstream U1A binding sites. EMSAs used recombinant UlA and uniformly radiolabeled RNA containing the indicated mutation.
(A) Mutation of the downstream U1A binding sites results in fewer IgM(U1A) complexes. Bands representing the unbound substrate (IgM) and
the IgM(U1A) complexes are indicated with an arrow or bracket, respectively. The number of complexes formed [(ULA)N] are indicated below
each lane. wt, wild type. (B) A phosphorimager quantitation of the bands in panel A. Bars represent pixels (arbitrary units) for each of the five
complexes. The number of UTA molecules in the complex is indicated on the left. Each set of bar graphs appears directly below the lane it

represents.

nation this was further enhanced to double that of the wild type
(compare wild type with mut ds12). All constructs used in Fig.
5 contained intact upstream UlA binding sites which were
previously shown to inhibit expression of the secretory poly(A)
site (20). That we obtained such a significant increase in ex-
pression upon mutation of the downstream sites even in the
context of intact upstream sites suggests that the downstream
sites make an important contribution to the inhibition of se-
cretory poly(A) site expression and raises the possibility that
they may play a separate role in its regulation.

U1A binding between the two GU-rich regions inhibits
CstF64K binding. As the downstream UlAs are located be-
tween the two GU-rich regions which bind CstF64K and the
protected regions extended to cover the distal GU-rich region,
we next directly assessed the effect of U1A on the binding of
CstF64K in UV cross-linking assays. For this we used the
N-terminal amino acids 1 to 108 of CstF64K, which spans the
RBD, fused with GST (GSTCstF64KRBD), which has been
previously shown to cross-link to RNA on its own (26). The
full-length CstF64K does not bind to RNA alone but requires
the other components of CstF as well as CPSF to stabilize its
binding. This is because full-length CstF64K contains domains

which partially occlude its binding to RNA, thereby increasing
its dependence on the simultaneous binding of CPSF to an
AAUAAA motif. In this way, the specificity of the full poly-
adenylation complex is maintained (26). Takagaki and Manley
showed that the RBD of CstF64K binds RNA alone, as it does
not include domains which occlude the binding site (26). The
RBD alone is sufficient to define a functional downstream
element and, in SELEX experiments, selected GU-rich se-
quences closely matching those present in natural poly(A) sites
(26). Thus, the isolated CstF64KRBD provides a convenient
tool to investigate the effect of ULA on CstF64 binding to
downstream elements.

By titrating the amount of GSTCstF64KRBD, we deter-
mined that at 2.5 wM, a cross-link was clearly discernible by
phosphorimagery but did not completely saturate the available
RNA (4 nM). This is comparable to the 7.5 uM found by
Takagaki and Manley to completely shift 1.5 nM 59-nt GU-rich
SELEX-selected RNA (26). Furthermore, the assay is inter-
nally controlled, as the U1A cross-link is in the same lane as
the GSTCstF64KRBD cross-link. We found that the introduc-
tion of a very low relative concentration of U1A (0.04 to 0.2
U1A-to-GSTCstF64KRBD molar ratio) inhibits GSTCstF64
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FIG. 5. UlA binding between the downstream GU-rich regions
inhibits secretory poly(A) site expression in vivo. Luciferase constructs
containing the wild-type secretory poly(A) site from position 1790 to
2085 or that containing single (mut ds1 and mut ds2) or double mu-
tations (mut ds12) in the downstream U1A binding sites were trans-
fected into HeLa cells, and luciferase activity was measured 24 h later.
Bars represent the mean of triplicates = SE. Activity was expressed as
a percentage of the wild type (wt).

KRBD binding to the wild-type substrate (Fig. 6A, lanes 1 to
4). This is consistent with the very low binding affinity of
GSTCstF64KRBD to RNA shown by Takagaki and Manley
compared with the relatively stronger UlA binding to the
nonconsensus U1A binding sites in the vicinity of the secretory
poly(A) sites (19). Figure 6B shows the quantitation of the
results.

Mutating the upstream U1A binding sites (248 mutant) does
not reduce the inhibition of the GSTCstF64KRBD cross-link
as increasing amounts of UlA are added (Fig. 6A, compare
lanes 5 to 8 with 1 to 4; Fig. 6B, compare wild type and IgM
1790-2085 mut 248 for the CstF64K cross-link). From this we
conclude that the upstream sites do not contribute greatly to
the inhibition of CstF64K binding. Note, however, that the
amount of U1A which cross-links to the substrate is reduced,
consistent with mutation of three major UIA binding sites
(Fig. 6A, compare lanes 5 to 8 with 1 to 4; Fig. 6B, compare
wild type and IgM 1790-2085 mut 248 for the U1A cross-link).

In contrast, mutation of the downstream sites (ds12) consid-
erably reduces the inhibitory effect of U1A (Fig. 6A, compare
lanes 9 to 12 with 1 to 4; Fig. 6B, compare wild-type with IgM
1790-2085 mut ds12). Note, however, that the total amount of
UIA which cross-links to this substrate is intermediate be-
tween the wild type and the 248 mutant (Fig. 6A, compare
lanes 9 to 12 with 1 to 4 and 5 to 8), consistent with the
mutation of two rather than the three U1A binding sites in the
case of the 248 mutant.

We note that by mutation of dsl from AUGCUC to
AAAAUC and ds2 from AUGCCUGC to AUCGGACG (mu-
tated UG sequences are in boldface), we have eliminated three
UG dinucleotides in the intervening sequence. As CstF64K is
known to prefer to bind GU-rich sequences (26), this raises the
possibility that these mutations affect the binding affinity of
CstF64K to the downstream region. In addition, as the sub-
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strate is uniformly labeled by including [**P]JUTP in the tran-
scription reaction, elimination of three U’s in the intervening
sequence may decrease the labeling of the CstF64K cross-link.
In fact, a slight diminution in CstF64K binding between the
wild type and mut ds12 is seen (Fig. 6, compare lanes 1 and 9).
To correct for this, we normalized each cross-linked product
obtained after competition with U1A to its respective cross-
link obtained with zero U1A (Fig. 6B). In this way, we mea-
sured the effect of UlA for each substrate individually. If
CstF64K does binds more weakly to the mutant substrate due
to the elimination of three UG’s in the intervening sequence,
a greater effect of ULA competition would be expected, all else
being equal. In contrast, we obtained a reduction in the effect
of U1A, compounding the result. Taken together, these results
show that the downstream U1A has a unique role in inhibiting
CstF64K binding: it is not the total amount of U1A that binds
the substrate but the binding of U1A to the downstream sites
that has the inhibitory effect.

We note, however, that there is still a residual inhibitory
effect of ULA even when the downstream sites are mutated
which is abolished when the upstream sites are mutated in
addition (Fig. 6A, compare lanes 9 to 12 with 13 to 16; Fig. 6B,
compare IgM 1790-2085 mut ds12 and IgM 1790-2085 mut 248
ds12 for the CstF64K cross-link). Thus, we do not exclude the
possibility that U1A binding upstream of the poly(A) site may
have a minor effect on CstF64K binding. Nevertheless, it is
clear that the U1A binding between the two GU-rich regions
downstream of the poly(A) site exerts the major inhibitory
effect on GSTCstF64KRBD binding to this substrate.

UlA binding between the two GU-rich regions inhibits
poly(A) cleavage at the secretory poly(A) site. We next exam-
ined whether U1A binding between the two downstream GU-
rich regions affected cleavage at the secretory poly(A) site. For
this we performed in vitro cleavage assays in HeLa cell nuclear
extracts (14, 15) (Fig. 7). By including 3" dATP in the reaction
mixture, the addition of a poly(A) tail is prevented and the
cleavage product is seen as a discrete band. The unreacted
substrate is 305 nt and the cleavage products are 218 and 87 nt.
The latter runs off the gel. A substrate containing an extended
hexanucleotide mutation (AGA;G,AGA,GA;) (Fig. 7A, lane
2) does not cleave, showing that the cleavage of the wild type
and U1A mutants is hexanucleotide specific (lanes 5 and 11).
Unreacted wild-type and mutated substrates are included as
controls (lanes 4 and 10, respectively). An in vitro-transcribed
precleaved substrate is included as a reference (lane 3). Under
these conditions, we achieved 6.9% =+ 0.8% standard error
(SE) (lane 5) cleavage of the wild-type substrate and 5.7% *
0.4% SE cleavage of the mutated substrate (lane 11), which
compares to 32% cleavage of an adenovirus L3 substrate under
the same conditions (data not shown). Addition of increasing
concentrations of U1A significantly inhibits cleavage of the
wild-type substrate (Fig. 7A, lanes 5 to 9; Fig. 7B, wild type). In
contrast, when the U1A binding sites between the two GU-rich
regions are mutated, addition of U1A did not inhibit cleavage
and a slight enhancement was seen, although this was not a
significant effect (Fig. 7A, lanes 11 to 15; Fig. 7B, mutated
substrate). Similarly, UTA had no significant effect on the ad-
enovirus L3 substrate (data not shown). Interestingly, increas-
ing concentrations of U1A have a biphasic effect on cleavage
(Fig. 7B, wild type). Lower concentrations of ULA produce an
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FIG. 6. UlA binding between the two GU-rich regions inhibits CstF64K binding. (A) CstF64K UV cross-linking assays. Uniformly radiolabeled
RNA was incubated with recombinant GSTCstF64KRBD (2.5 uM) and increasing concentrations of U1A (as indicated), also expressed as a molar
ratio of U1A to GSTCstF64KRBD. Products were cross-linked with UV light, subjected to RNase A digestion, and run on SDS-12% PAGE. wt,
wild type. (B) Phosphorimager quantitation of panel A. CstF64K cross-link, results expressed as a percentage of CstF64K binding without added
U1A; U1A cross-linking, results expressed a percentage of 500 nM U1A binding the wild-type substrate (lane 4, U1A cross-link). Solid circles, wild
type; solid squares, IgM 1790-2085 mut 248; open circles, IgM 1790-2085 mut ds12; open squares, IgM 1790-2085 mut 248 ds12. Data are means

of triplicates from three separate cross-linkings = SE.

immediate effect on cleavage which then plateaus into a slower
decline. This, taken together with the footprinting results in Fig.
2 (which showed that U1A protected the distal GU-rich region
and not the proximal GU-rich region), is consistent with U1A
blocking one GU-rich element more efficiently than the other.
We note a second band that appears above the indicated
cleavage product and is more highly represented in the mut
ds12 than in the wild type in the image chosen for this figure.
This band was present to a greater or lesser degree in the other
images which were quantitated to form Fig. 7B and appeared
in wild type and mutant alike. We cannot rule out the possi-
bility that this is an alternative cleavage site 8 to 12 nt upstream
of the mapped cleavage site but favor the interpretation that it
is a nuclease site: it is close to a nuclease site which appears in
the unreacted substrate which is obscured by the more intense
site directly above it, and its appearance correlated with the
age of the substrate. From the data discussed above, we con-
clude that U1A binding between the two GU-rich downstream
elements inhibits cleavage at the secretory poly(A) site.

DISCUSSION

We have identified two U1A binding sites downstream of the
secretory poly(A) site between the two GU-rich regions which

have an inhibitory effect on the expression of the p-secretory
poly(A) site. These inhibit the binding of CstF64K, which binds
the GU-rich sequences and subsequent cleavage at the secre-
tory poly(A) site.

U1A may selectively block the distal GU-rich region. We
found that U1A’s footprint extends into the distal GU-rich
element which raises the possibility that U1A binds within this
region also. However, mutation of the two AUGCN, _;C motifs
completely abolished the inhibitory effect of U1A, demonstrat-
ing that these motifs play the major role in inhibiting cleavage.
These motifs show a clustering in this vicinity of much greater
than expected frequency, suggesting specific targeting to this
region (20). We therefore favor the model that U1A binding
the AUGCN, ;C motifs protects the adjacent distal GU-rich
region in addition. We cannot rule out the possibility that U1A
binds the GU-rich region and requires U1A to bind the ds12
motifs to stabilize its binding to the GU-rich region. This
would be difficult to test directly, as mutating the GU-rich
element would affect CstF64K binding, making interpretation
of the results inconclusive. Nevertheless, the footprint extend-
ing into the distal GU-rich region rather than the proximal
GU-rich region suggests that U1A blocks CstF64K’s access to
the distal rather than the proximal GU-rich region.
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FIG. 7. UlA binding between the two GU-rich regions inhibits cleavage at the secretory poly(A) site. Uniformly radiolabeled RNA was
incubated with increasing concentrations of recombinant UlA and HeLa cell extracts for 2 h at 30°C. After proteinase K digestion, phenol-
chloroform extraction, and ethanol precipitation, products were run on 8% denaturing PAGE. The full-length RNA and cleavage products are
indicated on the right. The controls were an extended hexanucleotide mutant spanning position 1790 to 2085 which did not cleave in HeLa cell
extracts (lane 2) and a precleaved RNA substrate (position 1790 to 1998) as a marker of the correct position for the cleaved product (lane 3). Lanes
4 and 10 are input RNA without nuclear extracts. wt, wild type. (B) Phosphorimager quantitation of panel A. Results are expressed as percent
cleavage. Solid squares are the quantitation of the wild type (lanes 5 to 9) with increasing concentrations of recombinant U1A; open circles
represent the same for the substrate containing mutations in the downstream U1A (lanes 11 to 15). Data are means of triplicates from three

separate cleavage assays * SE.

It has previously been shown that deletion of the distal
downstream GU-rich element reduced but did not eliminate
expression in vivo (23). Interestingly, increasing concentrations
of U1A have a biphasic effect on cleavage (Fig. 7). Low con-
centrations of UlA produce an immediate effect on cleavage
which then plateaus into a slower decline consistent with U1A
blocking one GU-rich element more efficiently than the other.
Thus, the effect of U1A on cleavage may be to eliminate the
contribution of the distal GU-rich region to polyadenylation
efficiency.

U1A as a negative regulator of CstF64K binding. The down-
stream UlAs are located between the two GU-rich regions
which are both necessary for full polyadenylation activity at
this site. We showed that a relatively small amount of U1A can
inhibit CstF64K binding to this substrate and that the down-
stream U1As have the major effect on CstF64K binding. A
negative regulator of the activation of the secretory poly(A)
site has been detected previously (30). The binding of that
factor was mapped to between the hexanucleotide sequence
and the GU-rich regions, the location which we now discover
for UlA. UlA as a negative regulator of CstF64K binding
would explain why the activity of the secretory poly(A) site has

been ranked as one of the weakest poly(A) sites despite its
prominent GU-rich regions (25).

Regulation of UlA during B-cell differentiation. UTA was
first identified as a component of U1 snRNP involved in splic-
ing. It was subsequently shown that it could autoregulate its
production by preventing poly(A) tail addition and thus allow-
ing degradation of its own mRNA (2). This could imply that
U1A that is not Ul snRNP bound would quickly shut off its
own production and that the amount of snRNP-free UlA
would be severely limited. However, we showed that U1A also
binds p-secretory mRNA via novel UlA binding sites and
similarly regulates poly(A) addition. We have found evidence
that these novel UlA binding sites are used by other genes
which follow the same pattern of regulation (20), thus demon-
strating the existence of a pool of UlA-binding pre-mRNA in
the nucleus. As UIA can be imported into the nucleus inde-
pendent of Ul snRNP (reviewed in reference 9), this UlA
would presumably be available to bind either Ul snRNP or
pre-mRNA. UlA bound by heterologous mRNAs would be
unavailable to ULA’s own mRNA, and autoregulation would
be avoided. Other mechanisms that prevent autoregulation
may also exist. For instance, U1A has been found free of Ul
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snRNP in large complexes which can be immunoprecipitated
by antibodies which recognize an epitope that is buried when
U1A binds Ul RNA (17). This complex may target the free
U1A to mRNA. However, once UlA binds mRNA, it will
presumably no longer be recognized by this antibody.

By using two antibodies that recognize different epitopes on
the U1A molecule, one hidden when U1A binds RNA (12E12)
and one which is exposed whether or not UlA is bound to
RNA (10E3), Milcarek et al. found that approximately 16% of
U1A in human B cells is not bound by RNA, and this does not
change upon differentiation (13). However, the total amount of
UlA (recognized by 10E3) was significantly reduced upon dif-
ferentiation relative to other snRNP proteins, suggesting a
redistribution of UlA between the Ul snRNP and mRNA
pools. They concluded that this changing level of U1A may be
important for influencing Ig heavy-chain mRNA processing.
Furthermore, we have evidence that both the total level of
U1A and the proportion that is not snRNP bound is raised in
undifferentiated cells (our unpublished data). Thus U1A may
be an important regulator of the expression of the secretory
poly(A) site both at the level of cleavage and poly(A) addition.

UlA may regulate a group of poly(A) sites coordinately
during differentiation. Other factors have been shown to be
involved in regulating the activation of the secretory poly(A)
site. It is likely that a number of mechanisms would be em-
ployed to control a poly(A) site, whose expression could un-
leash pathogenic amounts of antibodies of poor or dangerous
specificity. It has been shown that B cells from transgenic mice
containing non-Ig genes modified to have an Ig gene-like struc-
ture with the same balance and positioning of two poly(A) sites
and an intron show an upregulation in the usage of the prox-
imal poly(A) site upon stimulation with lipopolysaccharide
(24). Thus, changes in the amounts or activities of general
RNA processing components play a role in activating the se-
cretory poly(A) site. However, those experiments consistently
showed at least a twofold higher level of activation of the
endogenous secretory poly(A) site above the introduced prox-
imal non-Ig poly(A) site in eight different experiments with
cells from three lines of transgenic mice (Fig. 2 and Table 1 of
reference 24). This shows that additional factors bind se-
quences in the vicinity of the secretory poly(A) site to regulate
the activation of the secretory poly(A) site over and above the
introduced gene. A number of factors may coordinately regu-
late specific groups of poly(A) sites which contain binding sites
for these factors. For instance, the ratio of hnRNP F to H or
H'’ changes between memory and plasma stage B cells and may
affect the ability of CstF64K to bind the secretory poly(A) site
(29). Here we have shown that UlA inhibits the binding of
CstF64K to the secretory poly(A) site by binding between the
two downstream GU-rich regions. UlA may regulate other
poly(A) sites in a similar manner. Thus, changing amounts of
U1A available to interact with mRNA during differentiation
could regulate a specific ULA binding group of poly(A) sites
coordinately.
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