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The human U1 snRNP-specific U1A protein autoregulates its own production by binding to and inhibiting
the polyadenylation of its own pre-mRNA. Previous work demonstrated that a short sequence of U1A protein
is essential for autoregulation and contains three distinct activities, which are (i) cooperative binding of two
U1A proteins to a 50-nucleotide region of U1A pre-mRNA called polyadenylation-inhibitory element RNA, (ii)
formation of a novel homodimerization surface, and (iii) inhibition of polyadenylation by inhibition of poly(A)
polymerase (PAP). In this study, we purified and analyzed 11 substitution mutant proteins, each having one
or two residues in this region mutated. In 5 of the 11 mutant proteins, we found that particular amino acids
associate with one activity but not another, indicating that they can be uncoupled. Surprisingly, in three mutant
proteins, these activities were improved upon, suggesting that U1A autoregulation is selected for suboptimal
inhibitory efficiency. The effects of these mutations on autoregulatory activity in vivo were also determined.
Only U1A and U170K are known to regulate nuclear polyadenylation by PAP inhibition; thus, these results will
aid in determining how widespread this type of regulation is. Our molecular dissection of the consequences of
conformational changes within an RNP complex presents a powerful example to those studying more compli-
cated pre-mRNA-regulatory systems.

The U1 small nuclear ribonucleoprotein (snRNP) is the
most abundant member of the spliceosomal snRNPs in verte-
brate cells. Human U1 snRNP is required for splicing of
pre-mRNA and is composed of the 164-nucleotide (nt) U1
small nuclear RNA (snRNA) and 10 polypeptides, 3 of which
are specific to U1 snRNP (34). One of these U1 snRNP-
specific proteins, U1A, contains two conserved RNA recogni-
tion motifs (RRMs) characteristic of the largest family of RNA
binding proteins (reviewed in references 3, 25, and 31). Inde-
pendent of the other U1 snRNP proteins, the N-terminal 101
residues of U1A (U1A1-101), containing one of these RRMs, is
sufficient to bind to stem-loop 2 (SL2) of U1 snRNA (22, 27)
and the U1A-SL2 complex has been the subject of intense
biochemical and structural studies. Indeed, of the more than
1,000 RRMs known, the N-terminal RRM of U1A is the best
understood at the biochemical and structural levels. RRMs are
about 80 amino acids in length and consist of a �1�1�2�3�2�4

structure in which the four � strands form a sheet buttressed
by two � helices (13, 23; see Fig. 1A). Usually, the RRM is
sufficient for RNA binding activity; however, in the case of
U1A, additional flanking sequences in the form of a third �
helix, helix C (residues 92 to 98), are necessary (1, 7, 11, 14, 15,
19). In stark contrast to the N-terminal RRM, the C-terminal
RRM of U1A has low affinity for RNA and no cellular RNA
targets have been identified (21).

U1 snRNP is involved in early steps of spliceosome forma-
tion and binds to the 5� splice site of the pre-mRNA (reviewed
in reference 18). The function of U1 snRNP-bound U1A in
splicing is unknown, and it is possible that U1A is not even

essential for the splicing reaction because in vitro splicing in
HeLa cell nuclear extracts can still proceed in the absence of
U1A (33) and the Saccharomyces cerevisiae U1A homolog is
not an essential gene (20). The U1A protein also functions in
5� and 3� splice site communication, although the molecular
nature of this remains unclear (9, 28). Aside from its role in U1
snRNP function, snRNP-free U1A autoregulates its own ex-
pression level by a negative feedback mechanism in which the
polyadenylation of its own pre-mRNA is inhibited (2). The 3�
untranslated region (UTR) of the human U1A pre-mRNA
contains a 50-nt sequence, designated the polyadenylation-
inhibitory element (PIE) RNA, whose sequence and structure
are conserved in vertebrates. PIE RNA consists of two asym-
metric 7-nt loops flanked by short base-paired sequences that
each bind one molecule of U1A protein (see Fig. 1A). Al-
though one of the loops, when studied in isolation, has a
27-fold lower affinity for U1A than the other loop, it was
demonstrated that two molecules of U1A bind with high af-
finity (Kd, �0.1 nM) to PIE RNA, which is indicative of coop-
erative RNA binding (2, 29). The resulting (U1A)2-PIE RNA
complex inhibits addition of the poly(A) tail to the U1A
pre-mRNA by specifically inhibiting the enzyme poly(A) poly-
merase (PAP) (8). Inhibition of polyadenylation requires both
the C-terminal 20 residues of PAP and residues 103 to 115 of
U1A (9). By using a similar inhibitory mechanism, U1A can
also affect expression of the immunoglobulin heavy-chain gene
by regulating poly(A) tail addition, in this case, however,
through multiple novel U1A binding sites that deviate signifi-
cantly from the consensus (26).

Determination of the structures of both free U1A1-101 and
RNA-bound U1A2-102 by X-ray crystallography (23, 24) and
nuclear magnetic resonance (NMR) analysis (1, 7, 14, 15, 19,
32) showed that helix C undergoes a large 135° conformational
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change upon binding to an RNA containing SL2 of U1 snRNA
or as a monomer to PIE RNA (see Fig. 1A). In the (U1A)1-
RNA complex, this conformational change prevents dissocia-
tion of U1A, consistent with the observation that mutation or

deletion of helix C destabilizes the complex (1, 7, 11). PIE
RNA also contributes to complex formation because fluores-
cence resonance energy transfer analysis by tagging of PIE
RNA identified an inherent bend that brings the two U1A
proteins close together (5, 6). The conformational change in
helix C also leads to the formation of a homodimerization
surface, as seen in both the NMR structure of the (U1A)2-PIE
RNA complex (32) and fluorescence resonance energy transfer
analysis by tagging of the U1A protein (4).

The functional implications of this structural work became
evident with the assigning of three biochemically defined ac-
tivities to residues 103 to 115 of U1A that are essential for
autoregulation: (i) cooperative binding of two U1A proteins to
PIE RNA, (ii) formation of a novel homodimerization surface,
and (iii) inhibition of polyadenylation (16). It was assumed that
these activities are tightly linked for the following reasons.
Cooperative RNA binding could be readily explained by the
formation of a homodimerization surface that accounted for
�30% (1,190 Å) of the protein-protein and protein-RNA con-
tacts in the complex (32). Likewise, polyadenylation inhibition
could be readily explained by the same homodimerization sur-
face and can be accurately mimicked by a dimeric peptide that
was conformationally constrained in a similar head-to-head
parallel orientation (16). Experimental evidence of this tight
linkage came from the finding that all three activities were
strongly reduced in two U1A mutant proteins that each con-
tain three residue substitutions in the 102-to-115 region.

Here we undertook a systematic fine-scale mutational and
biochemical analysis of U1A residues 102 to 115 and flanking
residues. Five of the 11 mutant U1A proteins analyzed dem-
onstrate that particular amino acids associate with one func-
tion but not another, indicating that these functions can be
uncoupled. Even more surprisingly, three mutant proteins
show increased activity, suggesting that the autoregulatory sys-
tem is under selective pressure not to be too strong. The effects
of these mutations on autoregulatory activity in vivo were also
determined. Only U1A and U170K are known to regulate
nuclear polyadenylation by PAP inhibition; thus, these results
will aid in determining how widespread this type of regulation
is. Our molecular dissection of the consequences of conforma-
tional changes within an RNP complex presents a powerful
example to those studying more complicated pre-mRNA-reg-
ulatory systems.

MATERIALS AND METHODS

Plasmids. All of the plasmids containing the wild-type U1A (U1Awt) and
mutant U1A proteins were encoded by cDNAs lacking the U1A binding sites in
the 3� UTR. The U1A expression constructs used to make stable cell lines were
derived from the pIRESPuro3 plasmid (Clontech), in which a Tet-OFF promoter
replaced the constitutively active cytomegalovirus promoter. pIRESPuro3 is a
bicistronic expression vector that produces two polypeptides from one transcript;
one is the U1A protein, and the other is the puromycin resistance protein.

Proteins and RNA substrates. The U1Awt and mutant U1A proteins were
expressed in and purified from BL21 cells as previously described, first by nickel
chromatography with nitrilotriacetic acid-agarose (Qiagen), followed by Mono S
chromatography on an AKTA system (Pharmacia) (10). RNA substrates used in
the in vitro assays were made by in vitro transcription as previously described,
and if necessary, the RNAs were gel purified prior to use (16).

Cell culture, stable cell lines, and extract preparation. Cell lines stably ex-
pressing U1Awt and mutant versions of U1A protein were derived from HeLa
Tet cells (Clontech), which stably express the reverse tetracycline repressor
(rTA), by using G418 as the selection reagent. The growth medium contained

FIG. 1. Structural features of the (U1A)2-PIE RNA complex and
the U1A mutations that are the subject of this work. (A) Shown is the
ribbon structure of two molecules of U1A (residues 1 to 102) bound to
PIE RNA during autoregulation. Note that the atomic structure of
residues 103 to 283, which includes a C-terminal RRM (RRM# 2), has
not been determined. The three activities map to residues 103 to 115,
and the homodimerization domain extends N terminal to about resi-
due 95. (B) Shown are the domain structure of U1A and the sequences
of the mutant U1A proteins that are the subject of this work. The
mutated residues are boxed. On the left are the names of the mutant
U1A proteins, which correspond to the amino acid positions of the
mutations. WT, wild type.

3164 GUAN ET AL. MOL. CELL. BIOL.



Dulbecco modified Eagle medium, 10% fetal calf serum, penicillin, streptomycin,
0.2 �g of G418 per ml to maintain the expression of rTA, and various amounts
of puromycin and doxycycline (DOX). In the absence of DOX, the Tet-OFF
promoter is active, whereas in the presence of DOX, rTA represses the activity
of the Tet-OFF promoter. Stable cells were selected in complete growth medium
containing 0.8 �g of puromycin per ml, whereas stable expression was main-
tained by growing them in medium containing 0.8 to 4 �g of puromycin per ml,
depending on the level of expression desired. Note that puromycin was omitted
when DOX was present in the medium. The level of expression of the tagged
U1A proteins was confirmed by Western blotting.

Nuclear and cytoplasmic fractionation was performed as follows. One 10-cm-
diameter plate of HeLa cells was harvested, pelleted, and washed once in 1�
phosphate-buffered saline. The pellet was resuspend in buffer A (20 mM Tris
[pH 7.5], 10 mM KCl, 1.5 mM MgCl2, 0.1% Triton X-100), rotated for 5 min, and
centrifuged at 5,000 � g for 3 min. The supernatant (cytoplasmic extract) was
removed, and the pellet was resuspended in buffer C (420 mM KCl, 10% glyc-
erol, 20 mM Tris [pH 7.5], 0.1 mM EDTA) and incubated with agitation for 10
min. After centrifugation for 5 min at 5,000 � g, the supernatant (nuclear
extract) was collected. Protein concentration was determined by using Bio-Rad
reagent.

Western blotting and in vitro assays. Experiments to determine polyadenyl-
ation inhibition, homodimerization, and RNA binding (electrophoretic mobility
shift assays [EMSAs]) were performed as previously described (16). Western
blots were probed with an anti-U1A antibody as previously described (26).
Western blots were reprobed with an anti-U2AF65 antibody to confirm equal
loading and transfer of samples.

RESULTS

Rationale for strategy of approach. We undertook a muta-
genic analysis of U1A residues 98 to 115 with the following
goals: (i) to better understand the functional basis of three
biochemically defined activities (Fig. 1A) and how they affect
each other and U1A autoregulation and (ii) to determine the
sequence constraints on autoregulation that would allow a
more straightforward assessment of the polyadenylation-regu-
latory potential of other proteins with similar sequences. Note
that limited, rather than exhaustive, mutagenesis was per-
formed because the goal was not to determine the function of
each individual amino acid. In most cases, we changed two
amino acids at a time (Fig. 1B) because we expected that
cooperativity and homodimerization would depend on an ex-
tensive series of protein-protein interactions that were unlikely
to be significantly affected by single amino acid changes. We
also made and analyzed mutations in residues 98 to 101 be-
cause they would likely contribute to at least some of these
activities. We did not mutagenize residues 92 to 97 of helix C,
however, because they are needed for the binding of U1A as a
monomer to RNA (1, 11, 19), which would overly complicate
the analysis. Additionally, we made and analyzed several sin-
gle-residue changes at positions 107, 111, and 113 for the
following reasons. Proline 113 is near the extreme end of the
conserved region and would be expected to disrupt the pre-
dicted �-helical structure of residues 102 to 112. Mutation of
lysine 107, arginine 111, or both would disrupt two groups of
three basic residues that had been predicted to be critical for
polyadenylation inhibition. During our database searches, we
found it necessary and useful to include at least one group of
three uninterrupted basic residues in a consensus polyadeny-
lation-inhibitory sequence because this greatly shortened the
list of proteins with significant matches (10). Because there was
no experimental basis for the inclusion of these three basic
residues, mutation of positions 107 and 111 would be the first
direct test of this inclusion.

Recombinant mutant U1A proteins all bind similarly to SL2
RNA. To aid in purification, all of the U1A proteins in Fig. 1B
contained a C-terminal histidine tag that we had previously
shown does not affect U1A activity in any of the assays used in
this work (9, 16). The U1A proteins were expressed in BL21
bacterial cells and purified to �95% homogeneity by Ni-ni-
trilotriacetic acid chromatography, followed by Mono S chro-
matography. The quality and uniformity of the preparations
were verified with a Coomassie-stained protein gel (Fig. 2A).
To compare cooperative RNA binding of the mutant U1A
proteins with that of U1Awt, it was essential that all of the
U1A proteins bind with similar affinity to RNAs with a single
binding site. EMSA of each U1A protein bound to radiola-
beled SL2 RNA was done, and an example of some of the
results is shown in Fig. 2B. All of the EMSAs were quantitated
by phosphorimager analysis, and the values were used to gen-
erate the graph in Fig. 2C, where it is evident that each mutant
U1A protein bound to SL2 RNA with the same relative affinity
as U1Awt.

Analysis of cooperative binding to PIE RNA. It has previ-
ously been demonstrated that the binding constants (Kd’s) of
the two individual binding sites on PIE RNA for U1A differ by
about 27-fold. This was done by measuring the Kd of each site
in the absence of the other site, which was inactivated by
mutation (29). However, in the case of the wild-type PIE RNA,
where both binding sites are present, the second molecule of
U1A binds with nearly the same affinity as the first molecule,
indicating cooperative RNA binding and suggesting a direct
interaction between the two RNA-bound U1A proteins. We
had previously shown that residues 102 to 115 are important
for cooperativity because scrambled mutant U1A (in which the
order of these residues is scrambled) resulted in complete loss
of cooperative RNA binding (16) with no significant effect on
binding as a monomer to SL2 RNA. To examine this region of
U1A in more detail, we analyzed cooperative RNA binding by
performing an EMSA of each mutant U1A protein bound to
radiolabeled PIE RNA (Fig. 3A and B). Four of the mutant
U1A proteins had no reduction, and seven mutant U1A pro-
teins had a moderate reduction in cooperativity compared to
U1Awt. These results were consistent with the expectation that
cooperativity would be based on an extensive set of interac-
tions across the entire homodimerization region. The fact that
none of the mutant proteins was as severely down in cooper-
ativity as scrambled mutant U1A (which binds at a 4% level
relative to U1Awt) indicated that pairs of residues in this
region make partial but not essential contributions to cooper-
ativity.

With this in mind, we were surprised to find that two mutant
U1A proteins, U1A98-99 and U1A100-101, exhibited a signif-
icant increase in cooperativity (EMSA in Fig. 3A and graph in
Fig. 3B). The anomalous behavior of U1A98-99 and U1A100-
101 was not due to a specific set of EMSA conditions because
similar results were obtained when we varied the MgCl2, NaCl,
competitors, cross-linking, and percentage of acrylamide (data
not shown). An alternative explanation is that changes in the
homodimerization activity of free mutant U1A protein, rather
than RNA-bound U1A, were responsible for this anomalous
behavior. By using a battery of assays (immunoprecipitation,
coselection, and gel filtration), we had previously shown that
U1Awt has no detectable homodimerization activity in the
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absence of RNA (16). By using these same assays with these
two up mutant proteins in the absence of RNA, we observed
no detectable homodimerization activity (data not shown),
thus ruling out this alternative explanation. This increase in
cooperativity is also visible in the gel shift pattern of the
EMSA. For example, there were four points in the titration
curve of U1Awt where the (U1A)1-PIE RNA complex was
more abundant than the (U1A)2-PIE RNA complex (Fig. 3A,
lanes 2 to 5). In contrast, there were no points in the titration
curve of the U1A98-99 mutant protein, where the (U1A)1-PIE
RNA complex was more abundant than the (U1A)2-PIE RNA
complex. Thus, each incremental increase in the U1A98-99
mutant protein favored the notion that the added protein pref-
erentially binds the (U1A)1-PIE RNA complex, shifting it to
the (U1A)2-PIE RNA complex instead of binding free PIE
RNA. The U1A100-101 mutant protein also showed a signifi-
cant increase in cooperativity, although less than the U1A98-

FIG. 2. Relative SL2 RNA binding activities of the mutant U1A
proteins compared to that of U1Awt. (A) Coomassie-stained gel of
purified, recombinant U1A proteins. Lanes 1 to 3 contain 1, 3, and 10
�g, respectively, of U1Awt protein. Lanes 4 to 17 contain 3 �g of the
various mutant U1A proteins, as indicated. Lane 17 contains the pre-
viously characterized scrambled mutant U1A protein (16). For com-
parison, lane 18 contains 10 �g of the U1A107E/111E mutant protein.
The values on the left are in kilodaltons and represent the positions of
the molecular weight markers (lane M). WT, wild type. (B) Autora-
diogram of an EMSA of selected U1A proteins bound to 32P-radiola-
beled SL2 RNA, which is the site of U1A binding on U1 snRNA. Each
lane contains 1.0 nM SL2 RNA, except lane 1, which lacks added U1A
protein. Lanes 2 to 25 contain increasing amounts of U1Awt or mutant
U1A protein, and the nanomolar concentration and type of U1A are
indicated. On the left are indicated the positions and identities of the
complexes. (C) Graphic summary of the EMSAs in which the y axis
shows the SL2 RNA binding activities of the mutant U1A proteins
relative to that of U1Awt, which was set to 1.0. Also shown are the
standard deviations, which were less than 15% for each mutant pro-
tein. Each mutant protein was tested in at least three independent
EMSAs.

FIG. 3. Relative cooperative RNA binding activities of mutant
U1A proteins compared to that of U1Awt. (A) Shown is an autora-
diogram of an EMSA of selected U1A proteins bound to 32P-radiola-
beled PIE RNA. Each lane contains 1 nM PIE RNA, except lane 1,
which contains no added U1A protein. Lanes 2 to 25 contain increas-
ing amounts of mutant U1A protein or U1Awt, and the nanomolar
concentration and type of U1A are indicated. On the left are indicated
the positions and identities of the complexes. (B) Graphic summary of
the EMSAs in which the y axis shows the PIE RNA binding activities
of the mutant proteins in forming the (U1A)2-PIE RNA complex
relative to that of U1Awt, which was set to 1.0. Also shown are the
standard deviations, which were less than 15% for each mutant pro-
tein. Each mutant protein was tested in at least three independent
EMSAs. WT, wild type.
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99 mutant protein. Stated in a different way, our results
indicate that residues 98 to 101 act to dampen cooperativity,
suggesting that one of their functions is to reduce the negative
feedback inhibition in the U1A autoregulatory system. Finally,
we note the puzzling observation that the U1A111E mutant
protein is down 50% in cooperativity but the double-mutant
protein U1A107E/111E is like the wild type. Possible explana-
tions for this result are presented in the Discussion.

Analysis of polyadenylation inhibition. We next tested the
mutant U1A proteins for the ability to inhibit polyadenylation
in HeLa cell nuclear extracts. It has previously been shown that
only the (U1A)2-PIE RNA complex, but not (U1A)1-PIE

RNA, is active in polyadenylation inhibition (8, 29). Since each
mutant U1A protein bound with a different affinity as two
molecules to PIE RNA, we expressed the amounts of added
U1A as PIE RNA binding units to reflect these differences.
For each mutant U1A protein or U1Awt, one PIE RNA bind-
ing unit was chosen to be the amount needed to shift 50% of
PIE RNA to the (U1A)2-PIE RNA complex. Thus, polyade-
nylation inhibition could be plotted as a function of the amount
of (U1A)2-PIE RNA complex in the reaction, giving us a direct
measure of the inhibitory activity of that complex independent
of its binding affinity for PIE RNA. Figure 4A is an example of
polyadenylation inhibition of the U1A98-99 and 100-101 mu-

FIG. 4. Relative polyadenylation-inhibitory and homodimerization activities of mutant proteins compared to those of U1Awt. (A) Polyade-
nylation-inhibitory activity of selected mutant U1A proteins relative to that of U1Awt. The autoradiogram is of a denaturing 8% acrylamide gel
used to separate the products of a polyadenylation assay by using HeLa nuclear extracts, 32P-radiolabeled PIE RNA, and increasing amounts of
exogenously added U1A. Lane 1 is the RNA probe in the absence of nuclear extract. Lanes 2, 21, and 32 are the complete polyadenylation assay
in the absence of exogenously added U1A protein. Lanes 3 to 20 and 22 to 31 contain increasing amounts of various types of U1A protein, as
indicated. The amount of U1A is in PIE RNA binding units, where 1.0 represents the amount of U1A needed to obtain 50% of the (U1A)2-PIE
RNA complex, as determined by EMSA from Fig. 3. As denoted by the asterisk, lanes 6, 12, and 18 used the same amount of U1A as lanes 5, 11,
and 17, respectively, except that a different dilution of U1A was done. The two lanes marked M contain 32P-labeled MspI markers from
MspI-digested pBR322, and the sizes of the markers are indicated in nucleotides on the right. (B) Graphic summary of the polyadenylation
inhibition assays. The y axis shows the polyadenylation-inhibitory activities of the mutant U1A proteins relative to that of U1Awt, which was set
to 100%. Note that the values were corrected to reflect differences in affinity to PIE RNA as described in the text and as shown in Fig. 4A. Note
that standard deviations were less than 15% for all of the mutant proteins, which were tested in at least three independent experiments. (C)
Graphic summary of the homodimerization assay results. The y axis shows the homodimerization activities of the mutant U1A proteins relative
to that of U1Awt, which was set to 100%. The assay is described in the text. Note that the standard deviations were less than 15% for all of the
mutant proteins, which were tested in at least three independent experiments. WT, wild type.
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tant proteins (lanes 9 to 20), demonstrating that these mutant
proteins had an inhibitory activity similar to that of U1Awt
even though they were up mutant in cooperativity. Figure 4A,
lanes 27 to 31, is an example of polyadenylation inhibition of
the U1A104-105 mutant protein, which was severely down in
inhibitory activity even though it bound PIE RNA with a co-
operativity similar to that of U1Awt. The U1A113 mutant
protein (lanes 22 to 26) was of particular interest because it
was the only mutant protein that actually inhibited polyade-
nylation better than U1Awt. Mutation of proline 113 to alanine
would remove the disruption of the predicted � helix of this
region; thus, we speculate that the function of this conserved
proline is to reduce the negative feedback inhibition in the
U1A autoregulatory system.

The graph in Fig. 4B summarizes the polyadenylation-inhib-
itory activities of the mutant U1A proteins relative to that of
U1Awt after correction for differences in affinity to PIE RNA.
Mutation of residues in the 102-to-112 region all had moderate
or severe effects on polyadenylation inhibition that contrasted
with the smaller effects of these residues on cooperative PIE
RNA binding (Fig. 3B). Mutations in residues 98 to 101 did not
affect polyadenylation-inhibitory activity. These results indi-
cate that the polyadenylation inhibition region spans a smaller
number of residues (102 to 115) than the homodimerization or
cooperativity region (see Discussion). As discussed earlier, the
changes to residues 107 and 111 were designed to test the
importance of three basic contiguous residues for inhibition of
polyadenylation. Mutation of arginine 111 had no effect on
polyadenylation inhibition, while the double mutation at 107
and 111 had a modest but significant reduction in polyadenyl-
ation inhibition, suggesting that at least one stretch of three
basic contiguous residues is important for polyadenylation in-
hibition, although not strongly so.

Analysis of homodimerization activity. We also analyzed
these mutant proteins for homodimerization activity by using a
previously described coselection assay in which recombinant,
unlabeled U1A containing a histidine tag was used to select
35S-labeled U1A lacking a histidine tag made by in vitro trans-
lation off a U1A mRNA lacking the PIE RNA sequence (16).
For this assay, both the His-tagged U1A protein and the 35S-
labeled U1A protein were either all wild type or all mutant. In
agreement with this previous work, the U1A106-108 and
U1A110-112 mutant proteins were strongly defective (more
than fivefold) in homodimerization, indicating that the assay
was working (autoradiograms not shown). As summarized in
Fig. 4C, the homodimerization results indicate that all of the
single- and two-amino-acid mutant proteins were similar to
U1Awt or modestly down (2-fold), except for the U1A110-111
mutant protein (down 3.3-fold). The lack of any strong effects
on homodimerization contrast with the effects on cooperativity
and polyadenylation inhibition, including the fact that none of
the mutant proteins showed an increase in homodimerization.
This suggests that residues 98 to 115 contribute in a similar way
to stabilization of the homodimerization surface.

The graph in Fig. 5A summarizes the data by plotting rela-
tive cooperativity versus relative polyadenylation inhibition,
where the values for relative polyadenylation inhibition have
been adjusted for differences in binding to PIE RNA (as mea-
sured in the experiment whose results are shown in Fig. 3B).
This type of graph is useful for facile assessment of the differ-

ences between mutant proteins that affect only cooperativity or
only polyadenylation inhibition and mutant proteins that affect
both activities. Thus, mutant U1A proteins falling on the y axis
(U1A98-99, U1A100-101, and U1A111E) affect only cooper-

FIG. 5. Summary of mutant U1A proteins. (A) The x axis shows the
polyadenylation-inhibitory activities of the mutant proteins relative to
that of U1Awt, which was set to 1.0, and the values were adjusted for
differences in affinity to PIE RNA (taken from Fig. 3B). The y axis
shows the cooperative RNA binding activities of the mutant proteins
relative to that of U1Awt, which was set to 1.0. Solid circles represent
mutant U1A proteins having homodimerization activity similar
(�75%) to that of U1Awt, whereas hatched circles represent mutant
U1A proteins with lower (	75%) homodimerization activity than
U1Awt. (B) The y axis shows the absolute polyadenylation-inhibitory
activities of the mutant proteins, where that of U1Awt was set to 100%.
Note that unlike in panel A, the values here were not corrected for
differences in affinity of binding to PIE RNA. WT and wt, wild type.
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ativity while mutant proteins falling on the x axis affect only
polyadenylation inhibition. With only one exception (the
U1A108-109 mutant protein), these x and y axis mutant pro-
teins had no significant change in homodimerization activity
and thus were truly affecting only one activity. We also note
that four of the five mutant proteins affecting both activities,
i.e., mutant proteins in the lower left quadrant, also were
significantly down in homodimerization. Although the type of
graph shown in Fig. 5A is useful for dissecting changes in
polyadenylation inhibition activity separately from changes in
cooperativity, the ability of U1A to inhibit polyadenylation in
vivo is a combination of these two activities. Thus, Fig. 5B is a
graph of the absolute polyadenylation-inhibitory activity of
the mutant proteins (U1Awt is set to 100%) and the values
are not corrected for differences in affinity of binding to PIE
RNA. Figure 5B can therefore be used to predict the inhibitory
activity of each mutant protein in vivo.

Inhibitory activity in vivo. We had previously shown that
overexpression of U1Awt in vivo by using a vector lacking the
PIE RNA U1A binding sites leads to downregulation of en-
dogenous U1A levels (2). Note that the U1A protein stably
expressed from this type of transgene is not subject to auto-
regulation because it lacks PIE RNA in its 3� UTR. We
adapted this approach to determine the relative ability in vivo
of the mutant U1A proteins to autoregulate endogenous U1A
expression. As diagrammed in Fig. 6A, we produced HeLa
cells stably expressing U1Awt and mutant U1A proteins under
the control of a tetracycline-controlled promoter (the Tet-OFF
system from Invitrogen) by using puromycin as the selection
agent. The tetracycline promoter system has the advantage
that varying the amount of DOX, an inhibitor of the tetracy-
cline promoter, in the medium allows control of the levels of
the FLAG-tagged U1A proteins.

Stable cell lines expressing the various U1A proteins were
produced, and clones expressing higher levels were sub-
jected to further analysis. In the absence of DOX, expression
of tagged U1A was maximal and similar to that of the other
tagged U1A proteins (lanes 7, 11, 14, and 17). However, the
tagged U1A proteins differed in the ability to repress endoge-
nous U1A levels, as quantified by phosphorimager analysis of
the Western blot. To demonstrate that these differences were
due to the levels of tagged U1A and not an artifact of the
stable-cell selection process, we titrated in various amounts of
DOX to reduce the levels of tagged U1A. In every case, the
endogenous U1A levels were restored to near normal levels
(Fig. 6, lanes 5, 8, 12, and 15). On the basis of Fig. 5A and B,
mutant protein U1A98-99 is predicted to have enhanced in-
hibitory activity in vivo because of its increased binding affinity
for PIE RNA (not because of any changes in its intrinsic
polyadenylation-inhibitory activity). Consistent with this pre-
diction, mutant protein U1A98-99 strongly reduced the levels
of endogenous U1A compared to those of FLAG-U1Awt. In-
hibition was still observed when tetracycline promoter activity
was reduced by addition of DOX. In contrast, high levels of
stably expressed U1A104-105 had only a modest inhibitory
effect on endogenous U1A while the U1A106-108 mutant pro-
tein had essentially no inhibitory effect. Thus, the biochemical
activities of these mutant U1A proteins correlate with their
abilities to inhibit U1A expression in vivo.

DISCUSSION

We have presented a mutagenic and biochemical analysis of
a domain in the U1A protein previously shown to contain three
distinct biochemical activities necessary for autoregulation by
inhibition of polyadenylation. The goals were to better under-
stand how these three activities are interconnected with each
other and to determine their boundaries in the protein. We
also expected to learn whether a particular activity is dispens-
able for regulation of polyadenylation, giving us a clearer cri-
terion by which to judge whether other proteins containing
domains similar in sequence also regulate polyadenylation.
Besides improving our mechanistic understanding of this do-
main and of U1A autoregulation, several rather surprising
conclusions emerged, as discussed in detail below.

Boundaries of the three activities. These results begin to
map down to the single-residue level which sets of amino acids
are responsible for which type of interaction or activity. The
polyadenylation-inhibitory region is the best mapped of the
three activities because it can be accurately mimicked with a
dimeric peptide containing residues 102 to 115 (16). Thus, the
polyadenylation inhibition region spans a smaller number of
residues (102 to 115) than the homodimerization (94 to 112) or

FIG. 6. In vivo inhibitory activity of selected mutant U1A proteins
on the expression of endogenous U1A. (A) Schematic of the plasmid
harboring FLAG epitope-tagged U1A under the control of a tetracy-
cline (Tet-OFF) promoter used to make puromycin-resistant stable
cell lines. Note that the vector does not contain the PIE RNA U1A
binding sites and so would not be a target for U1A autoregulation.
SV40, simian virus 40. (B) Western blot with an anti-U1A antibody
used to measure the inhibitory effect of the tagged U1A proteins on
the expression of endogenous (endog.) U1A protein. Lanes 5 to 17
contain 10 �g of nuclear extract from cells stably expressing different
amounts of tagged U1A protein, as indicated above the lanes. Lanes 5
to 17 are four sets of three lanes each where each set is from a single
stable cell line clone expressing the tagged U1A protein as indicated,
where the amount of tagged U1A was controlled by addition of in-
creasing amounts of DOX, an inhibitor of the Tet-OFF promoter.
Similar results were obtained by analysis of other stable cell line clones
(data not shown). Lanes 1 to 4 and 18 contain material from control
cells stably expressing the plasmid shown in panel A that lacks the
FLAG-U1A coding region. Lanes 1 to 4 contain different amounts of
nuclear extract to gauge the sensitivity of the enhanced-chemilumines-
cence-based Western blot. Anti-U1A antibody 856 was used in the
Western blot as previously described (26). Probing of the same blot
with an anti-U2AF65 antibody confirmed equal loading and transfer of
the nuclear proteins (data not shown).
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cooperativity (residues 94 to 113) region. We include residues
94 to 97 in the homodimerization region because they form a
homodimer surface in the NMR structure of the (U1A1-102)2-
PIE RNA trimeric complex (32). The other end of the ho-
modimerization domain is likely to be proline 113, which
would break the predicted coil-coil structure. Although our
data indicate that the cooperativity region spans residues 98 to
113, the cooperativity region may also extend N terminal of
residue 98. As discussed earlier, mutation of residues N ter-
minal of 98 affects U1A binding as a monomer to RNA (1, 11,
19), making interpretation of their effect on cooperativity
problematic.

Although it appears that the determinants controlling these
three activities overlap considerably, the data do not support
this because none of the two- or one-residue mutations had
strong effects on homodimerization (with the exception of mu-
tant protein U1A110-111), while many of these same mutant
proteins had strong up or down effects on polyadenylation
inhibition and cooperativity. The fact that there is almost no
correlation suggests that alternative explanations need to be
considered, such as the possibilities that (i) other regions of
U1A or PIE RNA make larger contributions to homodimer-
ization and cooperativity and (ii) these interactions have other,
unrelated, functions yet to be discovered.

Uncoupling of polyadenylation inhibition and cooperativity.
We expected difficulty in uncoupling cooperative RNA bind-
ing, polyadenylation inhibition, and homodimerization be-
cause the former two should be direct consequences of
homodimerization that arises from an overlapping �20-resi-
due-long surface area. It is also known that the register or
alignment of the homodimerization surface is critical to its
inhibitory activity because a dimeric peptide containing two
copies of these same residues, in which each copy is N termi-
nally linked to the other copy, accurately mimics the polyade-
nylation inhibition seen with the entire protein (16). No inhi-
bition is observed in a matching dimeric peptide when the two
copies are C terminally linked. Thus, subtle mutations in this
region would be expected to drastically alter its inhibitory
activity. Additionally, each of the three previously character-
ized mutations in this region was strongly reduced in all three
activities. Despite these arguments, uncoupling was relatively
easy to obtain because nearly half (5 of 11) of the mutant
proteins exhibited significant changes in one activity with little
or no change in the other activity (Fig. 5A). We therefore
propose that specificity determinants arising from the tertiary
structure of the homodimerization surface contribute more
than the �-helical secondary structure to these activities. Res-
olution of this awaits structural data on a longer fragment of
RNA-bound U1A both with and without the inhibited PAP
domain.

The idea that the register or alignment of the homodimer
surface is important for function offers an explanation for the
puzzling observation that the U1A111E mutant protein is
down 50% in cooperativity whereas the double-mutant protein
U1A107E/111E is not down. Unlike the U1A111E mutant
protein, the double-mutant protein has a perfect 10-residue
stretch of alternating positive and negative amino acids that
may electrostatically pair with each other via slippage of the
alignment of the two RNA-bound U1A proteins. This is also
consistent with the homodimerization data (Fig. 4C), in which

the U1A111E mutant protein is down in activity compared to
the wild-type or double-mutant protein.

Homodimerization activity was nearly unaffected by all of
the single- and two-residue mutations. This contrasts with the
significant loss seen with the previously published three-resi-
due substitutions (U1A 106-108 and U1A110-112). The fact
that some of the two-residue mutations overlap the three-
residue mutations suggests that a threshold number of contacts
had been disrupted in the three-residue mutant proteins. No-
tably, the two-residue mutations that did show the strongest
reduction clustered in the 106-to-112 region (Fig. 4C) in the
heart of the presumed homodimerization surface. The simplest
explanation for this clustering is that the center, rather than
the edges, of the homodimerization surface plays a stronger
role in stabilizing the complex.

U1A autoregulation and homeostasis. In a surprising num-
ber of cases (3 of 13), substitution mutations actually resulted
in increased activity in vitro, and testing in vivo of one of these
three up mutant proteins confirmed this result. Our interpre-
tation is that the U1A autoregulatory complex is suboptimal in
terms of the ability to inhibit polyadenylation and that certain
residues act to keep the complex from overregulating U1A
levels. This is consistent with our recent work demonstrating
that the polyadenylation-regulatory domain (PRD) of U1A is
weak when directly compared with the known PRDs of U170K
or the putative PRDs of other proteins (17). The data pre-
sented here show the ease and frequency with which such up
mutations are found and strongly suggest that the autoregula-
tory system is under selective pressure not to be too strong. In
hindsight, this result is perhaps not so surprising because the
conservation of U1A autoregulation implies a requirement for
homeostasis of U1A levels where either over- or underregula-
tion would be deleterious to the cell.

Mutations that increase cooperative RNA binding. Muta-
tion of residues 98 to 101 significantly increases the coopera-
tive RNA binding of U1A, a result all the more startling be-
cause the wild-type protein already exhibits a seemingly strong
27-fold cooperative effect, a rather impressive increase in co-
operativity compared with other RNA binding proteins in
which this parameter has been carefully measured (12, 30, 35).
What is the rationale for this increase in cooperativity? One
obvious explanation is that this surface contains unfavorable
interactions that are removed by mutation. This is not sup-
ported by the NMR structure of the (U1A2-102)2-PIE RNA
trimolecular complex, which showed that Met97 and Gly99
constitute the heart of a hydrophobic patch that should hold
these two proteins together (32). We caution that the struc-
tural details of helix C and the hydrophobic patch may change
because of end effects owing to their proximity to the end of
the truncated U1A protein used for NMR. An alternative
explanation is that interaction of residues 97 to 100 imposes
interactions of residues C terminal to residue 100 that are less
favorable for cooperative RNA binding. Stated in a different
way, the register or alignment of the homodimer surface crit-
ically affects cooperative RNA binding. Additional biochemi-
cal and mutagenic approaches, along with the NMR structure
of longer U1A molecules, are needed to clarify this issue. We
note here that one limitation is that gel shift assays only mea-
sure the overall binding constant, and further work is needed
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to determine whether the association or dissociation rates are
affected.

Mutations that increase polyadenylation inhibition. Muta-
tion of proline 113 to alanine significantly increased the ability
of U1A to inhibit polyadenylation, with almost no effect on
cooperativity or homodimerization. The proline and its posi-
tion at the end of the conserved region are found in all
vertebrate U1A proteins. The proline-to-alanine change would
permit continuation of the predicted �-helical structure, sug-
gesting that the proline maintains interactions of nearby resi-
dues unfavorable to polyadenylation inhibition. This idea is not
consistent with observations that mutations in the adjacent
upstream (108 to 112) and downstream (114 to 115) residues
reduce the ability of U1A to inhibit polyadenylation. Alterna-
tively, the binding pocket of PAP for this homodimerization
surface may not be able to accommodate an extended � helix,
necessitating the presence of proline 113. This would also
explain the curious inability of dimeric peptides joined through
the C terminus (equivalent to the proline 113 position) to
inhibit polyadenylation whereas the same dimeric peptides
joined at the N terminus were potent inhibitors of polyadenyl-
ation (16).

Although the in vivo inhibitory activity of the mutant pro-
teins correlated with their biochemical activities, care must be
taken not to overinterpret the in vivo data. The effect of the
tagged mutant U1A proteins on the final levels of endogenous
U1A can arise from several different activities, none of which
are mutually exclusive. For example, the ability of a mutant
U1A protein to compete with or replace the endogenous U1A
protein in the autoregulatory complex is an essential part of
the in vivo assay. Indeed, it was possible (although we have not
observed this) that the endogenous U1A levels would actually
increase because the mutant protein could enter the endoge-
nous autoregulatory complex, thereby displacing either one or
both of the endogenous U1A proteins in a given autoregula-
tory complex, but not be able to inhibit polyadenylation. In this
scenario, the U1A104-105 mutant protein had the best chance
of exhibiting this behavior but did not do so. In an alternative
scenario, if the mutant U1A protein had normal polyadenyla-
tion-inhibitory activity but was defective in cooperative bind-
ing, then its ability to compete with endogenous U1A by en-
tering the autoregulatory complex would be limited, resulting
in little change in the levels of endogenous U1A. These limi-
tations on the in vivo assay will be difficult to circumvent
because one would have to eliminate the endogenous U1A
protein. Our preliminary efforts to do this by RNA interfer-
ence have indicated that reduced U1A levels are toxic to mam-
malian cells.

Lessons for pre-mRNA processing. At one level, the U1A
autoregulatory system is relatively simple because only U1A,
PAP, and PIE RNA are necessary for reconstitution. Yet its
mechanistic basis includes features found in more complicated
regulatory systems. A 100° bend in PIE RNA imposes archi-
tectural constraints on the RNP complex and, coupled with a
large 135° conformational change in helix C upon binding of
U1A, results in the recruitment of a second U1A, leading to
additional interactions and regulatory capabilities. This is all
the more striking because only 18 amino acids and a small
RNA sequence direct this whole process. Thus, principles of
RNA recognition and reorganization used in this complex will

no doubt be found in more complicated regulatory systems
involving pre-mRNA processing.

Implications for the generalization of this type of regulation.
It has recently been shown that U1A can regulate the expres-
sion of the immunoglobulin heavy-chain (�) gene by binding
nonconsensus sequences on the � pre-mRNA (26). In com-
parison to the U1A pre-mRNA, the � pre-mRNA undergoes a
complex series of processing steps involving competition be-
tween alternative polyadenylation sites and neighboring splice
sites and the processing machineries that bind to them. At a
superficial level, the secondary structure of the U1A binding
sites on the � pre-mRNA do not apparently match that seen
with SL2 or PIE RNA. We are currently analyzing the second-
ary and tertiary structures of � pre-mRNA to learn how U1A
recognizes and regulates this heterologous pre-mRNA, which
will enable us to judge whether U1A regulates other genes in
a similar manner.
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