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ABSTRACT

We previously found that the SINE-encoded mouse B2 RNA binds RNA polymerase II and represses mRNA transcription during
the cellular heat-shock response. In vitro B2 RNA assembles into preinitiation complexes on promoter DNA via its interaction
with the polymerase, thus rendering the complexes inactive. With the goal of understanding which regions of B2 RNA are
important for high-affinity binding to RNA polymerase II and repression of transcription, we performed a structural and deletion
analysis of a 178 nucleotide (nt) B2 RNA. We describe an experimentally derived secondary structure model for B2 RNA, and
show that RNA polymerase II protects a specific region from RNase digestion. Deletion studies revealed that a 51-nt region of
B2 RNA is sufficient for high-affinity binding to RNA polymerase II, association with preinitiation complexes, and repression of
transcription in vitro, the latter of which involves a large predominately single-stranded region within the RNA. In addition, this
piece of B2 RNA blocked the polymerase from properly associating with template DNA during the assembly of elongation
complexes. Further deletion revealed that a 33-nt piece of B2 RNA binds RNA polymerase II, associates with preinitiation
complexes, but cannot repress transcription. These results support a model in which RNA polymerase II contains a high-affinity
ncRNA docking site to which a distinct region of B2 RNA binds, thereby allowing another region of the RNA to repress
transcription. Moreover, the mechanism of transcriptional repression by B2 RNA likely involves disrupting critical contacts
between RNA polymerase II and the promoter DNA.
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INTRODUCTION

RNA polymerase II transcribes eukaryotic protein encoding
genes into mRNA in collaboration with a series of general
transcription factors (Orphanides et al. 1996). Gene-specific
regulation of transcription occurs through the concerted
action of a multitude of regulatory factors including
promoter-specific activators and repressors, coregulatory
complexes, and histone remodeling and modifying factors
(Malik and Roeder 2000; Naar et al. 2001; Narlikar et al.
2002). These factors are primarily proteins, although
recently noncoding RNA (ncRNA) regulators of transcrip-

tion have been discovered (Storz et al. 2005; Goodrich and
Kugel 2006). The total number of such ncRNAs is small,
but their mechanisms of action are widely diverse, suggest-
ing we have only sampled the breadth of ncRNA transcrip-
tional regulators that exist in eukaryotic cells.

We previously discovered that mouse B2 RNA is a
general repressor of RNA polymerase II transcription after
heat shock in mouse cells (Allen et al. 2004; Espinoza et al.
2004). Upon heat shock many RNA polymerase II genes are
repressed (e.g., actin and hexokinase II), while other heat-
shock responsive genes are highly activated (e.g., hsp 70)
(Findly and Pederson 1981; Gilmour and Lis 1985; O’Brien
and Lis 1993; Sonna et al. 2002). Coincident with these
changes in mRNA transcription, RNA polymerase III
transcription of B2 RNA is up-regulated in response to
heat shock (Fornace and Mitchell 1986; Liu et al. 1995;
Li et al. 1999). We found that after heat shock in mouse cells,
B2 RNA coimmunoprecipitated with RNA polymerase II
(Allen et al. 2004). Moreover, an antisense oligonucleotide
against B2 RNA attenuated the transcriptional repression of
the actin and hexokinase II genes after heat shock, showing
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that B2 RNA is critical for the repression of mRNA genes
during the mouse heat-shock response (Allen et al. 2004).
In vitro experiments provided insight into the mechanism
by which B2 RNA represses transcription; it binds directly
to core RNA polymerase II with high affinity, specificity,
and kinetic stability (Espinoza et al. 2004). Via this inter-
action, B2 RNA assembles into preinitiation complexes at
promoter DNA along with RNA polymerase II and the
general transcriptional factors and blocks all detectable
RNA synthesis (Espinoza et al. 2004). Although we have
begun to understand the general mechanism by which B2
RNA blocks transcription in vitro, the regions and struc-
tural elements in B2 RNA responsible for its function are
unknown.

Mouse B2 RNA is encoded by short interspersed ele-
ments (SINEs), which are retrotransposons dispersed
throughout the mouse genome, with z350,000 copies per
cell (Kramerov and Vassetzky 2005). It is not yet known
how many of the B2 SINE sequences encode functional
transcriptional repressors. B2 SINEs are transcribed by
RNA polymerase III to produce B2 RNAs that are z180
nucleotides (nt) in length (Kramerov and Vassetzky 2005).
The promoter elements (e.g., the A box and B box) that
drive transcription are downstream from the transcription
start site and therefore contained within the early tran-
scribed region of B2 SINEs. The 70 nt at the 59 end of B2
RNAs are evolutionary related to tRNAs, and the very 39

end of B2 RNAs contain an A-rich sequence conserved
among all SINEs (Kramerov and Vassetzky 2005). In
addition to heat shock, the level of B2 RNA in cells is
up-regulated during development (Bachvarova 1988), in
cancer cells (White et al. 1989; Kramerov et al. 1990), and
in response to UV irradiation (Rudin and Thompson
2001), viral infection (Singh et al. 1985), and cycloheximide
treatment (Liu et al. 1995). It remains unknown whether
B2 RNA functions as a transcriptional repressor in response
to these events.

One other natural ncRNA, bacterial 6S RNA, has been
shown to bind to an RNA polymerase in trans and regulate
its activity (Wassarman and Storz 2000). 6S RNA was found
to form a stable complex with the s70 containing RNA
polymerase holoenzyme and inhibit s70-mediated tran-
scription in the late stationary phase (Wassarman and Storz
2000). In addition, a synthetic RNA aptamer, FC, has been
previously shown to bind Saccharomyces cerevisiae RNA
polymerase II and repress transcription; however, it does
not inhibit transcription by Schizosaccharomyces pombe or
wheat germ RNA polymerase II (Thomas et al. 1997). Both
6S RNA (Barrick et al. 2005; Trotochaud and Wassarman
2005) and FC RNA (Kettenberger et al. 2006) have been
proposed to repress transcription by disrupting contacts
between the promoter DNA and the polymerase. 6S RNA
was recently found to stably associate with Escherichia coli
RNA polymerase, and serve as a template for synthesis of
short RNA products (Wassarman and Saecker 2006).

With the goal of further understanding the mechanism
by which B2 RNA binds RNA polymerase II and represses
transcription, we performed a structural and deletion
analysis of B2 RNA. We experimentally arrived at a model
for the secondary structure of B2 RNA. RNase footprinting
indicated that RNA polymerase II binds to a 39 region of B2
RNA. Systematic deletions resulted in the identification of
a 51 nt piece of B2 RNA that is sufficient to bind RNA
polymerase II with high affinity and potently repress tran-
scription in vitro using a predominately single-stranded
region of the molecule. Deletion of a stem–loop from the
51 nt piece resulted in a 33-nt RNA that bound RNA poly-
merase II but was unable to repress transcription. This
suggests that distinct regions of B2 RNA function in
binding RNA polymerase II and repressing transcription.
Finally, we found that the 51-nt piece of B2 RNA blocked
the assembly of elongation complexes. Together our results
support a model in which a region of B2 RNA binds a high-
affinity ncRNA docking site on RNA polymerase II, and
transcriptional repression occurs through a distinct region
of the B2 RNA. Moreover, the mechanism of tran-
scriptional repression likely involves B2 RNA disrupting
important contacts between RNA polymerase II and the
promoter DNA.

RESULTS

The elements sufficient for binding to RNA
polymerase II and repressing transcription
are contained in the 39 region of B2 RNA

To gain further insight into the mechanism by which B2
RNA functions, we wanted to identify the regions of the
RNA that are responsible for binding RNA polymerase II
and repressing transcription. Previous work showed that
the region from 3 to 149 of the 178 nt B2 RNA was fully
functional for binding RNA polymerase II and repressing
transcription, while the region from 3 to 74 neither bound
the polymerase nor repressed transcription (Espinoza et al.
2004). This led us to predict that in isolation the region
from 75 to 149 would be sufficient to function as a
transcriptional repressor.

To test this we constructed B2 RNA(75–149) and tested
it for the ability to repress transcription in vitro. We used a
highly purified transcription system composed of a mini-
mum set of factors that allow promoter-specific transcrip-
tion: TBP, TFIIB, TFIIF, RNA polymerase II, and the
adenovirus major late promoter (AdMLP) contained on a
negatively supercoiled plasmid (Kugel and Goodrich 2003).
As diagrammed in Figure 1A, different B2 RNA deletions
were incubated with protein factors, then added to pro-
moter-bound TBP. After allowing preinitiation complexes
to form on the promoter for 20 min, nucleotides were
added to initiate transcription, and a 390-nt G-less RNA
transcript was monitored. As shown in Figure 1B, B2
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RNA(75–149) repressed transcription with a potency sim-
ilar to that of full-length B2 RNA. As expected, B2 RNA(3–
74) did not repress transcription. We also tested these
RNAs for the ability to bind RNA polymerase II using
electrophoretic mobility shift assays (EMSAs). As shown in
Figure 1C, B2 RNA(75–149) bound the polymerase with an
affinity similar to that of full-length B2 RNA. As a negative
control, B2 RNA(3–74) did not appreciably bind to RNA
polymerase II. Therefore, region 75–149 contains the
primary determinants for RNA polymerase II binding and
transcriptional repression.

A model for the secondary structure of B2 RNA

Before further delimiting the regions of B2 RNA involved
in binding to RNA polymerase II and transcriptional
repression, we determined a model for the secondary
structure of the full-length B2 RNA using two techniques:
RNase digestion and in-line probing. For the former
technique, folded B2 RNA that was 32P labeled on the

59 end was briefly treated with an RNase and the products
were analyzed by denaturing PAGE. Figure 2, A and B, shows
representative data for treatment with RNase T1, RNase T2,
and RNase 1, which are all single-strand specific, as well as
RNase V1, which is double-strand specific. Figure 2A
provides resolution for the 59 end of the RNA and Figure
2B provides resolution for the 39 end. In-line probing was
used to assay for regions of the secondary structure that are
single stranded because the greater conformational flexibil-
ity of single-stranded RNA makes it more susceptible to
cleavage via intramolecular transesterification (Soukup and
Breaker 1999). Figure 2, C and D, shows representative
in-line probing data; the data in the former panel were
generated with full-length B2 RNA and the data in the latter
panel with B2 RNA(75–149) to provide resolution of the 39

end. The gaps in the cleavage patterns clearly show the
formation of double-stranded regions.

We used the data from the RNase digestion and in-line
probing experiments to arrive at the secondary structure
model for B2 RNA shown in Figure 2E. The RNA has three

FIGURE 1. The 39 region of B2 RNA is sufficient for high-affinity binding to RNA polymerase II and potent transcriptional repression.
(A) Schematic depicting how in vitro transcription reactions were performed. See text for complete explanation. (B) B2 RNA(75–149) potently
represses transcription. B2 RNA(3–74), B2 RNA(75–149), and full-length B2 RNA were added to in vitro transcription reactions at the
concentrations indicated. G-less transcript (390 nt) is shown. (C) B2 RNA(75–149) binds RNA polymerase II with high affinity. 32P-labeled B2
RNA(3–74), B2 RNA(75–149), and full-length B2 RNA (each at 0.25 nM) were incubated with RNA polymerase II at the concentrations
indicated, and complexes were resolved by EMSA. The positions of bands containing unbound RNA and the complexes are labeled. The exposures
for B2 RNA(3–74) and B2 RNA(75–149) are darkened compared to that of full-length B2 RNA to allow the labeled RNAs to be more readily seen.
The fraction of the RNA bound is shown above each lane. The apparent KD values for the interaction of RNA polymerase II with B2 RNA(75–149)
and full-length B2 RNA are estimated to be <3.5 nM.
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main regions: 1–72, 73–153, and 154–178. B2 RNA from 1
to 72 forms a long arm that is composed of three stems
(S1–S3), two bulges (B1–B2), and an end loop (L3). The
73–153 region of the RNA is composed of three stem–loops
(S4/L4–S6/L6) and three single-stranded stretches (SS1–
SS3). The region from 154 to 178 is a 25 nt single-stranded

A-rich tail that is not shown in the model (SS4). We
previously found that this 39 tail was not required for
RNA polymerase II binding or transcriptional repression
(Espinoza et al. 2004).

The data in Figure 2, A–D, support the structural model
shown in Figure 2E. For example, the RNase T1 (cleaves

FIGURE 2. (Legend on next page)
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unpaired GpN) data in Figure 2, A and B, can be readily
compared to the denaturing RNase T1 ladders to reveal G
residues that are not cleaved in the structured B2 RNA.
These residues are found within each of the six stems in the
model: G6, G7, G9, and G71 in S1; G14, G15, G57, and G59
in S2; G23, G24, and G40 in S3; G81, G82, G84, and G85 in
S4; G125 in S5; and G136, G140, G146, and G148 in S6.
This is also the case for the digestion patterns resulting
from RNase T2 and RNase 1; the strong hits from these
enzymes occur in single-stranded regions. We observed
RNase V1 cleavage in all six stems in the structure. The in-
line probing data also support the structural model in
Figure 2E. The lines to the right of the gels in Figure 2, C
and D, show the locations of the stems, bubbles, and single-
stranded regions in the structural model; in general, the
lack of cleavage correlates with the formation of stems.

RNA polymerase II protects residues in the 39 region
of B2 RNA from RNase digestion

To begin to identify regions within full-length B2 RNA that
bind to RNA polymerase II, we performed RNase foot-
printing experiments. Complexes between RNA polymerase
II and full-length B2 RNA were formed and then briefly
treated with an RNase (either RNase T1, 1, or V1). The
cleavage patterns from these reactions were compared to
cleavage patterns obtained from reactions lacking RNA
polymerase II to reveal the residues that the polymerase
protected from digestion. Representative data for RNase T1
and RNase 1 are shown in Figure 3, A and B, and the data
are mapped on the 73–155 region of the B2 RNA secondary
structure in Figure 3C. All of the protected residues (12 in
total) were in the region from 73 to 131, with the majority
of the protected residues (eight out of 12) falling in the
single-stranded region SS2. RNA polymerase II protected
residues 104, 106, 111, 127, and 129 from cleavage by
RNase T1; residues 73, 101, 102, 109, and 131 from cleavage
by RNase 1; and residues 103 and 110 from cleavage by
RNase V1. We conclude that RNA polymerase II binds
within the region from 73 to 131, which correlates well with
the data in Figure 1 showing that B2 RNA(75–149) was
sufficient for high-affinity binding to the polymerase.

Delimiting a region of B2 RNA that binds RNA
polymerase II and blocks transcription in vitro

To further delimit regions of B2 RNA involved in repres-
sing transcription, we generated a series of deletions and
screened them for the ability to inhibit transcription in
vitro (summarized in Table 1). We started with B2
RNA(75–149) and sequentially removed regions from the
59 and 39 ends. First, we removed the single-stranded
region SS1 from the 59 end to create B2 RNA(81–147),
which repressed transcription. Next, we deleted the stem–
loop S6/L6 and part of the single-stranded region SS3 to
create B2 RNA(81–131), which also repressed transcription
(Fig. 4A, cf. lanes 3,4 and lanes 1,2). Further deletion of
either the stem–loop S4/L4 or the stem–loop S5/L5 resulted
in B2 RNA(81–114) and B2 RNA(99–131), respectively,
which were both incapable of repressing transcription even
when added at a concentration of 250 nM (Fig. 4A, lanes
5–8). Hence, the minimal piece of B2 RNA identified that
can repress RNA polymerase II transcription in vitro spans
nucleotides 81–131 and consists of stem–loop S4/L4,
single-stranded region SS2, and stem–loop S5/L5. To
determine the potency of B2 RNA(81–131) as a transcrip-
tional repressor, we titrated it into in the minimal tran-
scription system. Figure 4B shows that transcription was
inhibited by >50% at the lowest concentration of B2
RNA(81–131) tested (3 nM), and fitting the data resulted
in an IC50 <2 nM.

We next investigated the RNA polymerase II binding
properties of B2 RNA(81–131). This region of B2 RNA
bound the polymerase with high affinity as determined
using EMSAs in which the concentration of the B2
RNA(81–131) was kept constant and the RNA polymerase
II was titrated up (Fig. 5A). To determine the relative
affinities of B2 RNA(81–131) and full-length B2 RNA, we
performed competition assays in which increasing concen-
trations of unlabeled B2 RNA(81–131) were mixed with a
constant concentration of 32P-labeled full-length B2 RNA.
RNA polymerase II was added to the mixtures and complexes
were resolved by EMSA. As shown in Figure 5B, unlabeled
B2 RNA(81–131) competed well with 32P-labeled full-length
B2 RNA; when added to reactions at a concentration equal

FIGURE 2. A model for the secondary structure of B2 RNA derived from RNase and in-line probing experiments. (A) Representative RNase
probing data. Lanes 1 and 2 show the denaturing RNase T1 ladder and the alkaline hydrolysis ladder, respectively. Lanes 4–7 show the pattern of
products resulting from treatment of 59 32P-labeled full-length B2 RNA with RNase T1 (unpaired GpN), RNase T2 (unpaired Ap>Np), RNase V1
(double-stranded RNA), and RNase 1 (unpaired NpN), respectively. The control in lane 3 shows the background pattern of bands for untreated
B2 RNA. (B) Representative RNase probing data showing resolution of the 39 end of B2 RNA. Lane 1 shows the denaturing RNase T1 ladder.
Lanes 2, 3, 4, and 5 show digestion with RNase 1, RNase V1, RNase T1, and the undigested control, respectively. (C) Representative in-line
probing data. Lanes 1 and 2 show the denaturing RNase T1 ladder and the alkaline hydrolysis ladder, respectively. Lane 4 shows the pattern of
bands resulting from incubating 59 32P-labeled full-length B2 RNA under in-line probing conditions. The control in lane 3 shows the background
pattern of bands for untreated B2 RNA. (D) Representative in-line probing data of B2 RNA(75–149). Lanes are as described for C. (E) Model for
the secondary structure of B2 RNA. Nucleotides 1–155 of B2 RNA are shown. Nucleotides 156–178, which constitute an A-rich single-stranded
39 tail, are not shown in the model. The data from multiple experiments are summarized on the model according to the legend. Symbols in
parentheses indicate positions cleaved only weakly. Predominant features in the secondary structure are labeled as: stems 1–6 (S1–S6), bulges 1
and 2 (B1 and B2), loops 3–6 (L3–L6), and single-stranded regions 1–3 (SS1–SS3).
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to the full-length B2 RNA it caused z50% reduction in the
amount of complex (Fig. 5B, lane 5). These results also
indicate that B2 RNA(81–131) binds to the same, or an
overlapping site on the polymerase as full-length B2 RNA.
To extend this observation, we also performed a blocking
experiment in which unlabeled B2 RNA(81–131) was pre-
bound to RNA polymerase II, then an equal concentration
of 32P-labeled full-length B2 RNA was added. As can be
seen in Figure 5C, B2 RNA(81–131) completely blocked
full-length B2 RNA from binding to the polymerase.
Together the data in Figures 4 and 5 identify a 51-nt piece
of B2 RNA that is fully functional for binding to RNA
polymerase II and repressing transcription.

Binding to RNA polymerase II is not sufficient
for transcriptional repression by an ncRNA

In Figure 4A we showed that two small pieces of B2 RNA
(81–114 and 99–131) were unable to repress transcription.
Both these pieces, however, are contained within the
delimited region that binds the polymerase; therefore, it
seemed possible that one or both of these pieces would bind
RNA polymerase II. To test this we performed EMSAs and
found that B2 RNA(99–131) bound RNA polymerase II
with an affinity close to that of full-length B2 RNA, whereas
B2 RNA(81–114) exhibited only weak binding (Fig. 6A). We
next asked whether these RNAs could block full-length B2
RNA from binding the polymerase. Unlabeled B2 RNA(99–
131) or B2 RNA(81–114) was incubated with RNA poly-
merase II, then 32P-labeled full-length B2 RNA was added
and complexes were resolved by EMSA. As shown in Figure
6B, B2 RNA(99–131) fully blocked the binding of full-length
B2 RNA to the polymerase (Fig. 6B, lanes 6 and 7), whereas
B2 RNA(81–114) partially blocked full-length B2 RNA from
binding (Fig. 6B, lanes 4 and 5). This indicates that B2
RNA(99–131) completely masks the region(s) on the poly-
merase to which full-length B2 RNA binds. Taken together,
our data show that binding to RNA polymerase II is itself
not sufficient for transcriptional repression.

TABLE 1. Activities of B2 RNA deletions

Region of B2 RNA Transcriptional repression Pol II binding

1–178 Strong Strong
3–149 Strong Strong
3–74 None None

75–149 Strong Strong
81–147 Strong Strong
81–131 Strong Strong
81–114 None Weak
99–131 None Strong
81–131D99–104 Strong Strong
81–131D99–108 None Strong

FIGURE 3. RNA polymerase II protects specific nucleotides in
the region from 73 to 131 of B2 RNA from RNase cleavage.
(A) Representative data from RNase T1 footprinting. Protected residues
are indicated to the left of the gel. Asterisks indicate reoccurring
breakdown products of B2 RNA that are observed even in the absence
of RNase T1. Lane 5 shows the alkali hydrolysis ladder. (B)
Representative data from RNase 1 footprinting. Asterisks indicate
reoccurring breakdown products of B2 RNA. Lanes 5 and 6 show the
denaturing RNase T1 and the alkali hydrolysis ladders, respectively.
(C) Footprinting data mapped onto the secondary structural model of
B2 RNA. Shown is the region from 73 to 155, which contains all of the
protected residues, although footprinting was performed with full-
length B2 RNA. Data from experiments with RNase T1, RNase 1, and
RNase V1 are summarized according to the legend.

Espinoza et al.

588 RNA, Vol. 13, No. 4

JOBNAME: RNA 13#4 2007 PAGE: 6 OUTPUT: Wednesday March 7 02:32:15 2007

csh/RNA/131733/rna3103



The unstructured region of B2 RNA(81–131)
is important for transcriptional repression

B2 RNA(81–131) consists of two stem–loops (S4/L4 and
S5/L5) separated by a predominately single-stranded region
(SS2). We have shown that both stem–loops are required
for transcriptional repression. To test the function of SS2 in
transcriptional repression, we annealed a complementary
oligonucleotide to the 99–115 region of B2 RNA(81–131).
As shown in Figure 7A, the antisense oligonucleotide
attenuated transcriptional repression by B2 RNA(81–131).
To ask whether the observed derepression caused by the
annealed oligonucleotide was due to decreased binding to
RNA polymerase II, we performed EMSAs with 32P-labeled
B2 RNA(81–131), fluorescently labeled antisense oligonu-
cleotide, and RNA polymerase II. Figure 7B shows both
fluorimagery (left) and phosphorimagery (right) scans
of the same gel. The two scans were aligned to deter-
mine the positions at which the oligonucleotide and B2
RNA(81–131) migrated. The oligonucleotide did not
change the fraction of B2 RNA(81–131) that binds to RNA
polymerase II (Fig. 7B, cf. lanes 4,5 and lane 6 in the
phosphorimagery scan). Moreover, the oligonucleotide
comigrated with the B2 RNA(81–131) in the shifted complex
(Fig. 7B, lanes 4 and 5 in both scans), indicating that it
remained annealed to B2 RNA(81–131) when the RNA
bound to the polymerase. The experiments in Figure 7, A
and B, show that either the unstructured nature of the
single-stranded region in B2 RNA(81–131), or tertiary
interactions involving this region, are important for tran-
scriptional repression but not binding to RNA polymerase II.

To further test the role of SS2 in the function of B2
RNA(81–131), we made two deletions that removed
nucleotides 99–104 (B2 RNA[81–131]D99–104) or 99–108
(B2 RNA[81–131]D99–108). When tested in our in vitro

FIGURE 4. The region of B2 RNA from 81 to 131 is sufficient to
repress RNA polymerase II transcription in vitro. (A) The region from
81 to 131 is the minimal identified piece of B2 RNA that functions as a
transcriptional repressor in vitro. B2 RNA(81–131), B2 RNA(81–114),
or B2 RNA(99–131) was added to in vitro reactions at a final
concentration of 250 nM. Reactions were performed in duplicate.
G-less transcripts (390 nt) are shown. (B) B2 RNA(81–131) potently
represses RNA polymerase II transcription in vitro. B2 RNA(81–131)
was titrated into in vitro transcription reactions at the concentrations
indicated. G-less transcripts (390 nt) were visualized.

FIGURE 5. B2 RNA(81–131) competes with full-length B2 RNA for
binding RNA polymerase II. (A) B2 RNA(81–131) binds RNA
polymerase II with high affinity. RNA polymerase II was titrated
(at the indicated concentrations) into reactions containing 0.5 nM
32P-labeled B2 RNA(81–131). The positions of bands containing
unbound B2 RNA(81–131) and the complex are indicated. (B) B2
RNA(81–131) efficiently competes with full-length B2 RNA for bind-
ing RNA polymerase II. 32P-labeled full-length B2 RNA (2.5 nM)
was combined with unlabeled B2 RNA(81–131) at the concentra-
tions indicated. RNA polymerase II was then added to a final
concentration of 3 nM. Complexes were resolved by EMSA and
visualized by phosphorimagery. (C) B2 RNA(81–131) blocks the
binding of full-length B2 RNA to RNA polymerase II. Unlabeled B2
RNA(81–131) (2.5 nM) was preincubated with 2 nM RNA poly-
merase II prior to the addition of 32P-labeled full-length B2 RNA
(2.5 nM). Controls lacking B2 RNA(81–131) and RNA polymerase II
are also shown.
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transcription system, B2 RNA(81–131)D99–104 repressed
transcription as well as B2 RNA(81–131) (Fig. 7C). There-
fore, the absolute length of SS2 (18 nt) is not important
for transcriptional repression. By contrast, B2 RNA(81–
131)D99–108 did not repress transcription (Fig. 7C),
suggesting that SS2 must be at least 12 nt in length for
repression to occur, or that the sequence from 105 to 108 is
important for repression. To test whether the deletions
affected binding to RNA polymerase II, we performed
the blocking experiment shown in Figure 7D in which

unlabeled ncRNAs were prebound to RNA polymerase II,
then 32P-labeled B2 RNA(81–131) was added. Both B2
RNA(81–131)D99–104 and B2 RNA(81–131)D99–108
blocked the binding of B2 RNA(81–131) with an efficiency
similar to B2 RNA(99–131), suggesting comparable affin-
ities. As a negative control B2 RNA(3–73) did not block
binding. Figure 7, C and D, shows that SS2 is important for
transcriptional repression, and the region from 99 to 108 is
not important for binding to RNA polymerase II.

B2 RNA deletions exert different effects
on the assembly of preinitiation complexes
and elongation complexes

B2 RNA represses transcription in vitro by assembling into
preinitiation complexes with RNA polymerase II, the
general transcription factors, and promoter DNA, thus
rendering the complexes inactive (Espinoza et al. 2004).
Accordingly, we asked whether the minimal identified piece
of B2 RNA that represses transcription could assemble into
preinitiation complexes. To do so we monitored the forma-
tion of preinitiation complexes using EMSAs in which the
AdMLP promoter DNA was fluorescently labeled and B2
RNA(81–131) or full-length B2 RNA (as a control) was 32P
labeled at the 59 end. Figure 8A shows both fluorimagery
(left) and phosphorimagery (right) scans of the same gel;
the two scans were aligned to determine the positions at
which the promoter DNA and the ncRNAs migrated.
Similar amounts of each of the ncRNAs comigrated with
the promoter DNA in preinitiation complexes, showing
that B2 RNA(81–131) assembled into preinitiation com-
plexes as did the full-length B2 RNA. We next asked
whether an ncRNA that binds RNA polymerase II but does
not repress transcription could assemble into preinitiation
complexes. As shown in Figure 8B, B2 RNA(99–131)
assembled into preinitiation complexes. Therefore, preini-
tiation complexes can contain a bound ncRNA and be fully
functional. We previously observed that preinitiation com-
plexes containing full-length B2 RNA migrated faster in
EMSAs than did preinitiation complexes lacking B2 RNA
(Espinoza et al. 2004), which is evident in the experiment in
Figure 8A (Fig. 8A, cf. lane 1 and lane 3 of the fluorimagery
scan). Interestingly, B2 RNA(81–131) and B2 RNA(99–131)
did not appreciably change the migration of preinitiation
complexes. This suggests that the change in migration is
dictated by the size or overall negative charge of the ncRNA.

One mechanism by which B2 RNA could repress
transcription is by blocking RNA polymerase II from
properly associating with the DNA. As a first step in testing
this model we asked whether B2 RNA(81–131) and B2
RNA(99–131) could block the artificial assembly of RNA
polymerase II elongation complexes in the absence of gen-
eral transcription factors. As diagrammed in Figure 9A,
elongation complexes were assembled by incubating core
RNA polymerase II with a fluorescently labeled template

FIGURE 6. High-affinity binding to RNA polymerase II does not
necessarily cause transcriptional repression. (A) B2 RNA(99–131)
binds RNA polymerase II with high affinity, while B2 RNA(81–114)
binds weakly. RNA polymerase II was titrated (at the indicated
concentrations) into reactions containing 0.25 nM 32P-labeled RNA.
The positions of bands containing unbound RNA and the complex are
indicated. The fraction of the RNA bound is shown above each lane.
(B) B2 RNA(99–131) blocks the binding of full-length B2 RNA to
RNA polymerase II. 2.5 nM unlabeled B2 RNA(99–131) or B2
RNA(81–114) was preincubated with 2 nM RNA polymerase II before
addition of 32P-labeled full-length B2 RNA (2.5 nM). Reactions were
performed in duplicate. Lane 1 lacked RNA polymerase II.
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DNA strand annealed to a complementary 8-nt RNA
oligonucleotide (Kireeva et al. 2000). Complexes were
resolved on native gels and visualized by fluorimagery. B2
RNA(81–131) or B2 RNA(99–131) was added to assembly
reactions at two different points: At point 1 the ncRNA was
prebound to RNA polymerase II prior to assembling
elongation complexes, and at point 2 the ncRNA was
added to elongation complexes that had already been
assembled. Therefore, this experiment does not ask how
ncRNAs affect the step of transcript elongation, but rather
how ncRNAs affect the binding of polymerase to promoter
DNA and a short annealed RNA oligonucleotide.

As shown in Figure 9B, B2 RNA(81–131) blocked the
assembly of elongation complexes when it was prebound to

RNA polymerase II (added at point 1; Fig. 9B, cf. lanes 1,2
and lanes 5,6). By contrast, B2 RNA(99–131) did not block
assembly of elongation complexes when prebound to the
polymerase (Fig. 9B, cf. lanes 7 and lanes 8–11 and lane 12).
Neither ncRNA decreased the amount of elongation com-
plex when added to reactions at point 2, after the poly-
merase had already engaged the template and RNA:DNA
hybrid. Together our data suggest that a region of B2
RNA(81–131) occupies or overlaps with the site on RNA
polymerase II to which the template DNA binds in
elongation complexes. This is consistent with a model in
which B2 RNA represses transcription by blocking RNA
polymerase II from establishing the proper contacts with
the promoter DNA.

FIGURE 7. The single-stranded region of B2 RNA(81–131) is critical for transcriptional repression but not binding to RNA polymerase II. (A) An
antisense oligonucleotide complementary to region 99–115 attenuates transcriptional repression by B2 RNA(81–131). Reactions contained either B2
RNA(81–131) (50 nM; lane 3), an antisense oligonucleotide (150 nM; lane 2), or the two annealed together (lane 4). G-less transcript (390 nt) is
shown. (B) The antisense oligonucleotide does not affect binding to RNA polymerase II. Binding reactions contained RNA polymerase II (1.5 nM)
incubated with either 32P-labeled B2 RNA(81–131) (0.2 nM; lane 6), fluorescently labeled antisense oligonucleotide (5 nM; lane 2), or the two
annealed together (lanes 4,5, which are duplicate reactions). Bands were visualized with fluorimagery (left image) and phosphorimagery (right image).
(C) Deleting residues 99–108 of B2 RNA(81–131) attenuates transcriptional repression. Each of the indicated ncRNAs was added to transcription
reactions at a final concentration of 50 nM. G-less transcript (390 nt) is shown. (D) Deletions within the single-stranded region of B2 RNA(81–131)
do not affect binding to RNA polymerase II. The indicated unlabeled ncRNAs (2.5 nM) were preincubated with 2 nM RNA polymerase II prior to the
addition of 32P-labeled B2 RNA(81–131) (2.5 nM). Controls lacking unlabeled ncRNAs and RNA polymerase II are also shown.
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DISCUSSION

Here we identified the regions in B2
RNA that are responsible for binding
RNA polymerase II and repressing tran-
scription. Biochemical assays were used
to determine a model for the secondary
structure of B2 RNA. RNase footprint-
ing assays revealed that RNA polymer-
ase II interacts with a distinct region in
the 39 half of B2 RNA. Deletion analysis
identified a 51-nt piece of B2 RNA that
binds RNA polymerase II and represses
transcription with efficacy similar to
that of the full-length molecule. This
piece contains a large single-stranded
region critical for transcriptional inhi-
bition. Further deletion of the 51-nt
RNA revealed a 33-nt piece of B2
RNA that tightly binds RNA polymerase
II, but does not repress transcription in
vitro; therefore, high-affinity binding to
the polymerase does not always result
in transcriptional repression. Both the
51-nt and 33-nt pieces incorporate into
preinitiation complexes; however, only
the 51-nt piece blocks the assembly of
elongation complexes. These data are
consistent with a model in which B2
RNA docks to RNA polymerase II, then
the region responsible for transcrip-
tional repression interferes with the
interaction between the polymerase
and template DNA.

We experimentally determined a
model for the secondary structure of
B2 RNA. The secondary structure has
two large regions: 1–72 and 73–153. The
59 region of B2 RNA consists of a long
interrupted stem–loop, which is pre-
dicted using mfold (Mathews et al.
1999; Zuker 2003). This portion of B2
RNA is derived from the region of the
B2 SINE that contains the A and B box
promoter elements for RNA polymerase
III transcription. The 73–153 region,
which contains the polymerase binding
and transcriptional repression func-
tions, consists of a series of stem–loops
interrupted by single-stranded sections.
We observed that RNase V1, which
normally cleaves double-stranded RNA,
cleaved at positions C76, C103, and
U110 within regions SS1 and SS2. It is
possible these residues are involved in

FIGURE 8. Pieces of B2 RNA that bind RNA polymerase II also assemble into preinitiation
complexes. (A) B2 RNA(81–131) associates with preinitiation complexes, but does not
alter their migration. Preinitiation complexes were assembled on fluorescently labeled
promoter DNA in the absence (lane 4) and presence of 59-32P-labeled B2 RNA(81–131) or
full-length B2 RNA (lanes 5,6, respectively). Bands were visualized with fluorimagery
(left image) and phosphorimagery (right image). (B) B2 RNA(99–131) associates with
preinitiation complexes. Preinitiation complexes were assembled on fluorescently labeled
promoter DNA in the absence (lane 1) and presence (lane 2) of 32P-labeled B2
RNA(99–131).
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tertiary interactions. This also might explain the variability
in the intensity of the in-line probing data in the SS2
region. The mouse genome contains z350,000 B2 SINEs,
with some differing in sequence by only a single nucleotide,
and others containing more significant sequence variations
(Kramerov and Vassetzky 2005). It is possible that changes
in the sequences, and hence structures, of the transcribed
RNAs could dictate which B2 RNAs function as transcrip-
tional repressors.

The minimal identified region of B2 RNA that contains
both binding and repression activities is 81–131, which
consists of an 18-nt predominately single-stranded stretch
(SS2) surrounded by two stem–loops (S4/L4 and S5/L5).
The deletion of S4/L4 from B2 RNA(81–131) resulted in an
RNA (B2 RNA[99–131]) that was able to bind the poly-
merase but not repress transcription. Therefore, stem–loop
S4/L4 is required for transcriptional repression in the
context of B2 RNA(81–131), and the minimal identified
region sufficient for binding consists of SS2 and stem–loop
S5/L5. This region contains all of the RNase footprints,
with the exception of one located on residue 73. The
majority of the RNase footprints occur in SS2, which is

important for transcriptional repression. The data in Figure
7 suggest that both the length (minimum of 12 nt) and
unstructured nature of SS2 are important for repression,
although it remains possible that the sequence from 105 to
108 is important. We also show that both B2 RNA(81–131)
and B2 RNA(99–131) can assemble into preinitiation
complexes; however, only B2 RNA(81–131) represses tran-
scription. Therefore, preinitiation complexes containing a
bound ncRNA can indeed be active. This suggests that the
site on RNA polymerase II, to which B2 RNA(99–131)
binds, does not block essential interactions with TBP,
TFIIB, TFIIF, or the promoter DNA. By contrast, the
inhibitory regions of B2 RNA(81–131) likely block impor-
tant contacts with either TBP, TFIIB, TFIIF, or the pro-
moter DNA.

The observation that binding to RNA polymerase II does
not necessarily result in transcriptional repression supports
our working model that RNA polymerase II contains a
high-affinity docking site to which ncRNAs bind and then
regulate transcription by distinct mechanisms (Goodrich
and Kugel 2006). This docking site is distinct from the site
on polymerase targeted for transcriptional repression by
B2 RNA. This model is also supported by our previous
research in which we found that a synthetic RNA oligonu-
cleotide composed of 20 guanosine residues (20rG-oligo)
binds tightly to RNA polymerase II (Kugel and Goodrich
2002). Interestingly, the 20rG-oligo inhibits a specific step
in early transcription that is different from the step
inhibited by B2 RNA (Kugel and Goodrich 2002; Espinoza
et al. 2004), although B2 RNA and the 20rG-oligo compete
with one another for binding to RNA polymerase II
(Espinoza et al. 2004). When the 20rG-oligo is shortened
to 10 guanosines (10rG-oligo), it binds RNA polymerase II
with a KD similar to that of the 20rG-oligo, but the
10rG-oligo is unable to repress transcription (Kugel and
Goodrich 2002). Therefore the 20rG-oligo is analogous to
full-length B2 RNA and the 10rG-oligo is analogous to B2
RNA(99–131). It remains to be determined whether other
natural ncRNAs bind to this high-affinity docking site on
RNA polymerase II to regulate transcription.

Once B2 RNA is docked to RNA polymerase II it may
use a mechanism of inhibition similar to that of two other
ncRNAs known to bind to an RNA polymerase: the FC
aptamer, which binds yeast RNA polymerase II, and 6S
RNA, which binds bacterial RNA polymerase. Both FC
RNA and 6S RNA are thought to repress transcription by
preventing the polymerase from correctly interacting with
promoter DNA. A crystal structure of yeast RNA poly-
merase II bound to the FC aptamer revealed that the
aptamer is located in the DNA binding cleft of RNA
polymerase II and forms a double stem–loop in the site
normally occupied by DNA (Kettenberger et al. 2006).
Therefore, the FC aptamer is likely to interfere with the
ability of yeast RNA polymerase II to form the proper
contacts with the DNA in open complexes (Kettenberger

FIGURE 9. B2 RNA(81–131) blocks the assembly of elongation
complexes, but B2 RNA(99–131) does not. (A) Schematic of the
method used to assemble elongation complexes from RNA poly-
merase II, a fluorescently labeled template DNA strand, and a
complementary 8 nt RNA oligo. ncRNA added at point 1 was
preincubated with RNA polymerase II. See text for a complete
description. (B) Elongation complexes were assembled as shown in
A and described in the text. Reactions were performed in duplicate.
The positions of elongation complexes and unbound nucleic acids are
indicated. The amounts of complex remaining relative to reactions
performed in the absence of added ncRNA are shown above the lanes
(errors represent the range of the two measurements).
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et al. 2006). The 6S RNA secondary structure contains a
double-stranded region and a central bulge that are critical
for function (Barrick et al. 2005; Trotochaud and Wassarman
2005); deletions in this region abrogated both tran-
scriptional repression and binding to E. coli RNA poly-
merase (Trotochaud and Wassarman 2005). Here we have
found that deleting a portion of a single-stranded region of
B2 RNA(81–131) also disrupted transcriptional repression,
although it did not affect binding to RNA polymerase II. It
was proposed that the central bulge in 6S RNA is suggestive
of the open conformation of the promoter DNA during the
early stages of transcription, and 6S RNA competes with
the promoter for binding the RNA polymerase holoenzyme
(Barrick et al. 2005; Trotochaud and Wassarman 2005). It
was recently shown that 6S RNA engages the active site of
E. coli RNA polymerase to form an open complex with the
6S RNA acting as a template (Wassarman and Saecker
2006). It remains to be determined whether B2 RNA also
has this property.

Our data from experiments investigating elongation
complex assembly (Fig. 9) suggest that contacts between
RNA polymerase II and the template DNA are disrupted by
B2 RNA(81–131). Assembly of elongation complexes was
blocked by B2 RNA(81–131), but not B2 RNA(99–131).
This suggests that transcriptional repression by B2
RNA(81–131) in preinitiation complexes involves disrupt-
ing important contacts between the polymerase and the
promoter DNA. Although stable complexes containing
both promoter DNA and B2 RNA(81–131) can be observed
in native gels (Fig. 8), it is likely that polymerase–promoter
contacts are disrupted in these complexes and the stability
of the complexes arises from other interactions between
RNA polymerase II and DNA-bound general transcription
factors. This is consistent with our previous experiments
showing that B2 RNA blocks all detectable RNA synthesis
(Espinoza et al. 2004); therefore, it never allows an
RNA:DNA hybrid to be established. Testing this model
for the mechanism of repression by B2 RNA and deter-
mining precisely which polymerase–DNA contacts B2 RNA
disrupts awaits further study.

MATERIALS AND METHODS

Plasmid construction

The construction of pUC–T7–B2, which encodes mouse B2 RNA,
has been described elsewhere (Allen et al. 2004). The plasmids
pUC–T7–B2(3–74), pUC–T7–B2(75–149), pUC–T7–B2(81–131),
pUC–T7–B2(81–114), pUC–T7–B2(99–131), pUC–T7–B2(81–
131)D99–104, and pUC–T7–B2(81–131)D99–108 were con-
structed using a similar approach. Briefly, sense and antisense
oligonucleotides (Invitrogen) containing B2 SINE sequences and
an upstream phage T7 promoter were annealed, ligated, and
cloned into the Bam HI and Kpn I restriction sites of the pUC18
plasmid (Pharmacia Biotech). As a result of designing constructs

that would be efficiently transcribed by T7 RNA polymerase, some
ncRNAs contained an extra G and/or 1–3 U residue at the 59 and
39 ends, respectively.

Preparation of ncRNAs

32P-body labeled ncRNAs were generated by transcription with
T7 RNA polymerase as described previously (Allen et al. 2004;
Espinoza et al. 2004). To generate 59-end labeled ncRNAs, the
procedure was modified as follows. Transcription by T7 RNA
polymerase was performed without labeled nucleotide. After the
ncRNAs were gel purified, the 59 phosphates were removed by
treatment with calf intestinal phosphatase. The ncRNAs were
phenol/chloroform extracted and ethanol precipitated, then 32P
labeled at the 59 end. The labeled ncRNAs were then gel purified.
All ncRNAs were folded immediately before use by incubating
samples at 90°C for 1 min in the buffer described for in vitro
transcription, then transferring samples to 4°C.

RNase probing, in-line probing,
and RNase footprinting

For RNase digestion, 59-end labeled, folded B2 RNA was diluted
into the buffer described for in vitro transcription. B2 RNA was
treated for 30 sec at 30°C with individual RNases added to final
concentrations of: RNase T1 (0.1 U/mL), RNase T2 (0.1 U/mL),
RNase 1 (0.1 U/mL), or RNase V1 (0.01 U/mL). The positions of
the RNase V1 cleavages were determined according to methods
previously described (Brown and Bevilacqua 2005). For in-line
probing 59-end labeled, folded B2 RNA was incubated at 25°C for
24 h in 10 mM MgCl2, 100 mM KCl, and 50 mM Tris-HCl (pH
8.5). RNA products were phenol/chloroform extracted, ethanol
precipitated, and resolved by either 8% or 12% denaturing PAGE.
Bands were visualized using phosphorimagery.

For RNase footprinting, B2 RNA/RNA polymerase II complexes
were formed by incubation at 30°C for 15 min. These complexes
or free B2 RNA were treated for 30 sec at 30°C with RNase T1 (0.1
U/mL), RNase 1 (0.1 U/mL), or RNase V1 (0.01 U/mL). RNA
products were phenol/chloroform extracted, ethanol precipitated,
and resolved by either 8% or 12% denaturing PAGE. Bands were
visualized using phosphorimagery.

In vitro transcription

Human TBP, TFIIB, TFIIF, and RNA polymerase II were prepared
as described previously (Kugel and Goodrich 2003; Weaver et al.
2005). In vitro transcription assays were performed as described
previously (Kugel and Goodrich 2003; Weaver et al. 2005).
Specifically, 20 mL reactions were performed at 30°C in a buffer
containing 10% glycerol, 10 mM Tris (pH 7.9), 50 mM KCl,
10 mM HEPES (pH 7.9), 4 mM MgCl2, 1 mM DTT, 25 mg/mL BSA,
and 15 units/mL of RNA Guard (GE biosciences). Transcription
factors and template DNA were used at the following final
concentrations: 3.5 nM TBP, 10 nM TFIIB, 2 nM TFIIF, 1–3 nM
RNA polymerase II, and 1–2 nM DNA template. The DNA
template was a negatively supercoiled plasmid containing the
AdMLP core promoter (�53 to +10) fused to a 380-bp G-less
cassette (Goodrich and Tjian 1994). Purified human TFIIB, TFIIF,
core RNA polymerase II, and ncRNA (when included) were
incubated together at 30°C for 3 min. In a separate tube, TBP
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was incubated with the DNA template at 30°C. The contents of
these two tubes were combined and allowed to incubate for
20 min at 30°C to allow preinitiation complexes to form. G-less
transcription was initiated by addition of a nucleotide mix
containing 625 mM ATP, 625 mM UTP, and 25 mM [a-32P]
CTP (5 mCi per reaction). Transcription proceeded for 20 min at
30°C, at which point reactions were stopped with 100 mL of a
solution containing 3.1 M ammonium acetate, 20 mM EDTA,
10 mg of carrier yeast RNA, and 15 mg proteinase K. Transcripts
were ethanol precipitated, resolved by 6% denaturing PAGE,
visualized by phosphorimagery, and quantitated using Image-
Quant software.

Electrophoretic mobility shift assays (EMSAs)

EMSAs to resolve ncRNA/RNA polymerase II complexes were per-
formed as previously described (Espinoza et al. 2004). 32P-body
labeled ncRNAs and purified RNA polymerase II were incubated
at 30°C for 10 min in the buffer described for in vitro
transcription reactions. Reactions were subjected to electropho-
resis at 150 V through 4% native polyacrylamide gels containing
0.53 TBE, 4% glycerol, and 5 mM magnesium acetate. Bands
were visualized and quantitated by phosphorimagery. For the
blocking experiments in Figures 5C, 6B, and 7D, unlabeled
ncRNA was incubated with the polymerase for 10 min, then
32P-labeled ncRNA was added for 2–10 min and complexes were
resolved as described above. Fraction bound was calculated as
bound/(bound+free).

EMSAs to resolve preinitiation complexes were performed as
previously described (Espinoza et al. 2004). Briefly, reactions were
assembled as described for in vitro transcription, except plasmid
DNA was replaced with a double-stranded DNA fragment con-
taining the AdMLP from �40 to +20 that was fluorescently
labeled with Alexa Fluor 647 (Molecular Probes). After allowing
complexes to form, reactions were subjected to native PAGE as
described above, using borosilicate gel plates (CBS Scientific).
Bands were visualized using fluorimagery and phosphorimagery.

Assembly of elongation complexes was performed as described
(Kireeva et al. 2000) with some modifications. Reactions were
assembled in the buffer used for in vitro transcription reactions.
The template strand of the AdMLP from �40 to +20 fluorescently
labeled with Alexa Fluor 647 (0.67 mM; Molecular Probes) was
annealed to an 8-nt RNA oligonucleotide complimentary to the
+1 to +8 region (1.3 mM, Dharmacon) by slowly cooling from
45°C to 25°C. RNA polymerase II or RNA polymerase II/ncRNA
complexes were added and reactions were incubated for 10 min at
30°C. Complexes were resolved on native gels as visualized as
described above.
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