RNAs nonspecifically inhibit RNA polymerase Il
by preventing binding to the DNA template
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ABSTRACT

Many RNAs are known to act as regulators of transcription in eukaryotes, including certain small RNAs that directly inhibit RNA
polymerases both in prokaryotes and eukaryotes. We have examined the potential for a variety of RNAs to directly inhibit
transcription by yeast RNA polymerase 11 (Pol 1) and find that unstructured RNAs are potent inhibitors of purified yeast Pol II.
Inhibition by RNA is achieved by blocking binding of the DNA template and requires binding of the RNA to Pol Il prior to
open complex formation. RNA is not able to displace a DNA template that is already stably bound to Pol II, nor can RNA
inhibit elongating Pol Il. Unstructured RNAs are more potent inhibitors than highly structured RNAs and can also block
specific transcription initiation in the presence of basal transcription factors. Crosslinking studies with ultraviolet light show
that unstructured RNA is most closely associated with the two large subunits of Pol 1l that comprise the template binding cleft,
but the RNA has contacts in a basic residue channel behind the back wall of the active site. These results are distinct from
previous observations of specific inhibition by small, structured RNAs in that they demonstrate a sensitivity of the holoenzyme
to inhibition by unstructured RNA products that bind to a surface outside the DNA cleft. These results are discussed in terms
of the need to prevent inhibition by RNAs, either though sequestration of nascent RNA or preemptive interaction of Pol Il with
the DNA template.
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INTRODUCTION can be actively transcribed in vitro by RNA polymerase III
(Pol III), as expected since the various families of these high
copy DNA elements in vertebrates are mostly derived by ret-
rotransposition from transfer RNA (tRNA), 7SL RNA, or 5S
ribosomal RNA (rRNA) genes (for reviews, see Okada 1991;
Batzer and Deininger 2002; Weiner 2002; Price et al. 2004;
Hisler and Strub 2006). Some SINE elements can also be
transcribed by Pol II in vivo; and although SINEs are not nor-
mally found stably expressed at significant levels in vivo, they
can be expressed under conditions of cell stress, viral infec-
tion, or in specific cell types (for review, see Lunyak and
Atallah 2011). It is not clear whether the relative paucity of
RNA from these high copy elements is entirely due to lack
of transcription in vivo or whether rapid turnover of the
RNA transcripts also takes place.

Direct inhibition of Pol II by RNAs has not been tested ex-
tensively in a yeast system, although an early report showed
that tRNA can inhibit Pol II (Sawadogo 1981). The hypothesis

RNAs can be potent regulators of eukaryotic gene expression,
both through modulation of RNA function and stability and
through directed modification of chromatin (for reviews, see
Storz et al. 2005; Hawkins and Morris 2008; Kurokawa et al.
2009; Morris 2011). Emerging data show that some small
RNAs are able to directly inhibit RNA polymerases. The
bacterial 6S RNA inhibits transcription by binding stably in
the active site of RNA polymerase (Wassarman and Saecker
2006). In addition, there is evidence that certain structured
RNAs in mammalian cells directly inhibit RNA polymerase
II (Pol II). The RNA transcripts of B2 and Alu short inter-
spersed elements (SINEs) inhibit transcription initiation by
purified Pol II in vitro by binding directly to mammalian
Pol II (Allen et al. 2004; Espinoza et al. 2004; Mariner et al.
2008; Yakovchuk et al. 2009; Ponicsan et al. 2013). These par-
ticular SINE transcripts appear to have evolved specific bind-
ing and inhibition properties to the structure of Pol II. SINEs
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Nonspecific inhibition of Pol Il by RNAs

that tRNA transcripts might directly inhibit Pol II transcrip-
tion is particularly interesting because Pol II transcription
is antagonized in the immediate vicinity of tRNA genes
(Kinsey and Sandmeyer 1991; Hull et al. 1994; Bolton and
Boeke 2003). This local silencing of Pol II transcription by
tRNA genes, termed tRNA gene-mediated (tgm) silencing, in-
volves subnuclear clustering of the tRNA genes to the nucle-
olus (Wang et al. 2005) mediated by condensin (Haeusler
et al. 2008) and modification of local chromatin structure
(Good et al. 2013; Pratt-Hyatt et al. 2013). In addition, pre-
tRNA transcripts appear necessary for silencing, but their con-
tribution to the silencing mechanism remains uncharacterized
(Pratt-Hyattetal. 2013). Since tRNA and 5S rRNA genes are the
only repetitive Pol III transcription units in yeast (there are no
SINE elements in these small genomes), we initially set out to
investigate the ability of these yeast transcripts to bind directly
to purified Pol II from Saccharomyces cerevisiae and inhibit
transcription.

Surprisingly, we show that not only tRNAs, but a variety of
RNAs, inhibit Pol IT transcription. In fact, unstructured RNAs
are more effective inhibitors than highly
structured tRNA or 5S rRNA, suggesting
a general inhibitory property rather than
a mechanism evolved to recognize a spe-
cific RNA. We determine the nature of
the Pol II-RNA interaction, distinguish
it from the structured RNA inhibition
shown in other studies, and discuss these
results in terms of the likely need to se-
quester nascent transcripts from uncom-
mitted RNA polymerase II.

RESULTS
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One hypothesis for the tgm silencing phenomenon is that
the nascent transcripts from S. cerevisiae tRNA genes act lo-
cally as repressors of Pol II; therefore, our result that tRNA
directly inhibits Pol II was intriguing. Yet it was not clear
whether this inhibition would actually be tRNA-specific.
Specificity would not be unprecedented since, for example,
certain SINE transcripts have been shown to inhibit mamma-
lian Pol II significantly better than others (Mariner et al.
2008). To determine whether Pol II inhibition by RNA was
limited to tRNAs, we tested other RNAs with varied degrees
of intrinsic structure for their ability to inhibit Pol II tran-
scription in vitro, from tightly structured RNAs (5S rRNA)
(Garrett and Olesen 1982) to RNAs predicted to be com-
pletely unstructured in solution (polyU RNA). We also tested
a half-tRNA molecule, containing the first half of the pre-
tRNA™" sequence but truncated just past the anticodon
loop and lacking the tertiary structure of the full tRNA.
Another RNA tested is a 250-nt region of the transcribed
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we assessed inhibitory activity of pre-
tRNA"™", Pol II purified from S. cerevisiae
was prebound to unlabeled pre-tRNA™”,
followed by addition of plasmid tem-
plate, unlabeled nucleotide triphosphate
(NTP) substrates, and a->*P-UTP. Pol
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II initiates nonspecifically on the plas-
mid, creating a random size distribu-
tion of radioactive products that were
quantitated (Fig. 1A, rightmost lane).
With increasing amounts of pre-tRNA,
Pol II transcripts are severely reduced
(Fig. 1A, right to left), indicative of the
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FIGURE 1. Preincubation of Pol I with RNAs inhibits transcript formation. (A) Inhibition of Pol IT
transcription by pre-tRNA™". Indicated amounts of pre-tRNA™" were incubated with a constant
amount of Pol IT (30 nM) for 15 min at 30°C. The Pol II-RNA complex was then incubated with
plasmid DNA template and then added to NTPs. Reactions proceeded for 25 min and then were
boiled in formamide and loaded onto a 10% denaturing gel. (B) The reaction in A was repeated
in triplicate for four different RNAs. The total radioactive signal per lane was quantitated and plotted.
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PHO84 OREF of the yeast genome that is expected to have var-
ious local structures in aqueous solution, characteristic of
mixed sequence RNAs, but not expected to be tightly struc-
tured overall. The transcription inhibition assay was repeated
as for the pre-tRNA™Y", in triplicate, and plotted (Fig. 1B). As
with the pre-tRNA, the other three RNAs tested all inhibited
transcription but to different degrees. Contrary to the hypoth-
esis that tRNAs might have some specific ability to inhibit Pol
II, the half-tRNA and the 250-nt ORF RNA inhibited better
than the pre-tRNA and the 5S rRNA. For all RN As, inhibition
approaches a limit but falls short of completion at the concen-
trations tested, particularly for the more structured RNAs,
suggesting that the intrinsic structure of those RNAs somehow
hampers its ability to inhibit the enzyme. Thus, although a va-
riety of RNAs can inhibit Pol II transcrip-
tion, unstructured RNAs seem to be more
potent inhibitors than structured ones. It
is not entirely clear why inhibition is not
complete for some RNAs. It is possible,
for example, that there is more than one
state of the Pol II in this highly purified
fraction, and the ability to inhibit would
be different between multiple states. It is
also possible that the equilibrium in this
assay that the off rate for Pol II bound to
RNA inhibitors allows it to be captured
by DNA at alow rate, but once Pol Il is en-
gaged in transcription on the DNA tem-
plate, the off rate is much lower.
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nt unpaired region. The prebound RNA-Pol II complex
was incubated with this open DNA, and then complexes
were separated on a native gel EMSA. Pol II binds the
open DNA complex in the absence of RNA (Fig. 2B, second
lane from right), although the Pol II-DNA complexes appear
to be slightly unstable through the electrophoresis conditions,
as evidenced by the slight smearing in the lane. As increasing
amounts of RNA are preincubated with the Pol IT (Fig. 2B,
right to left), less of the DNA is bound to Pol II. Shifted signal
was quantitated in triplicate and compared to total signal per
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with template binding, transcription ini- 0
tiation, or transcript elongation. To do
this, we performed a number of assays.
For template binding, purified Pol II
binding to purely double stranded DNA
templates (“closed complexes”) proved
too unstable for reliable analysis by
EMSA, so we directly tested the ability
of RNA prebound to Pol II to interfere
with the ability of Pol II to bind an
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FIGURE 2. RNAs bind directly to Pol IT and prevent the binding of Pol IT to an open DNA com-
plex. (A) Binding of Pol II to a pre-tRNA™" transcript. A constant amount of a->*P pre-tRNA™"
was incubated with titrated amounts of purified yeast Pol II and separated on a 5% native poly-
acrylamide gel. (B) Inhibition by RNA of Pol II-DNA complex formation. Indicated amounts of
tRNAD" were incubated with a constant amount of Pol II (30 nM) for 15 min at 30°C. These Pol
II-RNA complexes were then incubated with the CKO432-CKO433 preformed open DNA com-
plex for 15 min to a final volume of 10 uL. Complexes were separated on a 5% native gel. The Pol
II-DNA band separated from free DNA. (C) The reaction in B was repeated in triplicate for four
different RNAs. Total radioactive signal per lane was quantitated and plotted.
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lane. This ratio of shifted DNA to total DNA was plotted for
pre-tRNA, half-tRNA, 5S rRNA, and the 250-nt ORF RNA
competitions (Fig. 2C). Once again, the unstructured RNAs
prevent binding to the template more potently than the struc-
tured pre-tRNA and 5S rRNA. We note that the inhibition
of open complex formation is more complete than the ability
of the RNAs to inhibit randomly initiated transcription.
Although the cause of this is not clear, it is possibly due to
the fact that transcription complexes,
once initiated, are more stable than the
open complexes. Together, these results
indicate that RNAs bind to Pol II and in-
hibit transcription by preventing the Pol
IT from accessing the DNA template.
This model predicts that preformation
of a stable open complex between Pol II
and the DNA template might preclude in-
hibition by RNA, as long as the RNA was
not able to invade the complex to displace
the DNA or to inhibit some other aspect
of transcription (e.g., nucleotide acquisi-
tion). To test the first prediction, we first
prebound the radiolabeled open DNA to
Pol IT and then added increasing levels
of RNA. We used the pre-tRNA as an ex-
ample of a structured RNA and the half-
tRNA as an unstructured RNA. Analysis
was done via EMSA as in Figure 2.
RNAs did not cause displacement of Pol
II from the open DNA to any observable
degree (Fig. 3A). We further tested the
ability of RNAs to inhibit an elongation
complex. Elongation inhibition assays
were performed with the more unstruc-
tured RNAs (half tRNA and the 250-nt
ORF RNA) to test optimal inhibitory
conditions. In both cases, the RNAs
were not able to significantly inhibit elon-
gation by Pol II (Fig. 3B). Taken together,
these results show that the RNA needs to
prebind the polymerase in order to pre-
vent binding of the polymerase to DNA.
We next assessed what length of the
unstructured RNA was required to bind
Pol II to achieve inhibition. Poly(U)
RNA was used for this purpose to avoid
issues of structure or sequence specificity
as the length increases. Binding and
inhibition assays were carried out as for
the other RNAs, quantitated in triplicate,
and plotted (Fig. 4A). The results using
increasing poly(U) lengths demonstrate
clearly that as the length of the RNA in-
creases, binding of Pol II to the DNA
template is inhibited more potently. Of
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note is a modest break point between 25 and 30 nt, suggesting
RNA of this length or greater fits into the structure of Pol Il in
such a way as to provide better inhibition. Multiple contacts
with the enzyme are likely being made by an RNA of this
length, since the greater length is unlikely to lead to an in-
trinsic structure in poly(U). Repeating this experiment using
single-stranded poly(dT) DNA of the same lengths show-
ed similar length dependence although somewhat weaker
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FIGURE 3. Preformed Pol II-DNA open complexes and preformed elongation scaffolds are not
disrupted by RNAs. (A) Pol II was first incubated with the radiolabeled open DNA template for 15
min at 30°C. Indicated amounts of RNA were then added to the Pol II-DNA complex and incu-
bated for 15 min at 30°C. Complexes were separated on a 5% native gel. (B) Template oligonu-
cleotide DNA, partially mismatched nontemplate DNA, and a 9-nt RNA primer were annealed to
form oligonucleotide elongation scaffolds. Purified Pol IT was prebound to the scaffold, and active
elongation complexes were advanced from 9 to 10 nt by the addition of GTP (1 uM). Complexes
were then allowed to transcribe to the end of the template by the addition of all four NTPs (10 pM

absence of different concentrations of RNA (half tRNA or 250-nt ORF

RNA, as shown). Transcription from scaffold templates with artificial transcription bubbles can
often be inefficient, giving rise to transcription pausing and arrest, which can be seen here as RNA
products that are larger than 10 nt but shorter than the expected run-off product size. Sometimes
dominant arrest points are observed, seen here at 14 and 15 nt (denoted by asterisks). In any case,
no inhibition of elongation is observed with addition of RNA.
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FIGURE 4. Inhibition of Pol I by RNA is not sequence-specific but is
size-dependent. (A) Varying lengths of poly(U) RNA were incubated
with Pol II for 15 min at 30°C. The Pol II-RNA complex was then incu-
bated with radiolabeled CKO432-CKO433 open DNA for 15 min, and
complexes were separated on a 5% native gel. Shifted bands were quanti-
tated in triplicate relative to total signal for each RNA. (B) A was repeated
using varying lengths of poly(dT) single-stranded DNA oligonucleotides.

inhibition (Fig. 4B). Thus, inhibition is not absolutely RNA-
specific, though Pol II seems more likely to encounter single
stranded RNA in vivo.

Having established that unstructured RNA binds strongly
to Pol II, we investigated whether transcription inhibition
would also occur in the presence of basal transcription fac-
tors. We tested two potential situations that could occur in
vivo: RNA would encounter Pol II prior to assembly of the
preinitiation complex (PIC); or the PIC would assemble pri-
or to availability of any RNA. Testing inhibition by poly(U)s,
of specific initiation off a promoter before and after addition
of basal transcription factors showed potent inhibition of
transcript formation (Fig. 5). This result demonstrates that
this inhibitory mechanism is not limited to factor-indepen-
dent initiation.

Inhibitory RNAs bind near the active site of Pol Il

In the course of our experiments, we observed that Pol II was
able to transfer radiolabel to the inhibitory RNAs, although
the efficiency of such transfer was very low. Such activity
is consistent with the RNA-dependent RNA polymerase
(RARP) activity observed for Pol II previously (Johnson and
Chamberlin 1994; Lehmann et al. 2007). To test whether
Pol II directly labels RNAs in this system, the structured and
unstructured RNAs were incubated with Pol II and a->*P-
UTP in the absence of DNA template (Fig. 6A). All four
RNAs were labeled, albeit inefficiently; and all four a->2P-la-
beled NTPs could be added to the RNA substrate (Fig. 6B; data
not shown) when used alone in the absence of other nucleo-
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tides. The assumption that reactions were catalyzed by the Pol
IT active site was confirmed by inhibition at low levels of the
Pol II-specific inhibitor, a-amanitin (Fig. 6C). This addition
of nucleotides to RNA appears to be extremely inefficient,
as only ~0.1% of the RNA molecules become labeled. End-
addition therefore appears to be a property of only a small
fraction of the bound RNA molecules and not a property
of the majority of the inhibited complexes. Digestion with
RNase T; confirms that the radiolabel is being added onto
the 3’ end of the RNA (data not shown), consistent with pre-
viously observed RARP activity of Pol II. The size heterogene-
ity of labeled RNA is likely due to heterogeneity at the 3’ end
of the RNA substrate that results from T7 transcription.
Assaying for increasing times (1 min to 2 h) shows that the
RNA does not processively increase in size, though the num-
ber of labeled molecules does increase with time (data not
shown). We conclude that some of the RNAs bound by Pol
I are positioned with their 3" ends in the active site but are un-
able to distinguish inefficient catalysis from inappropriate po-
sitioning of most of the 3’ ends when stably bound.

Inhibitory RNAs make contacts primarily
with the two large subunits of Pol Il

We investigated where in the structure of Pol II the inhibitory
RNAs were binding. Pol II was incubated with radiolabeled
poly(U)so RNA, UV-crosslinked, denatured in formamide,
and the crosslinked RNA-protein subunit complexes were
isolated using denaturing gel electrophoresis (Fig. 7A).
Each gel slice was treated with RNase A and trypsin and sub-
ject to LC-MS/MS analysis. The results indicate the vast ma-
jority of crosslinks were made with the two large subunits,
Rpb1 and Rpb2 (Table 1). These two subunits form the bulk
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FIGURE 5. RNAs inhibit transcript formation when added either be-
fore or after basal transcription factors. (A) Varying concentrations of
poly(U)sq RNA were added prior to the addition of most of the general
transcription factors. Transcription was allowed to proceed for 45 min.
(B) A was repeated but with the addition of poly(U)s, RNA after all of
the general transcription factors. (C) A and B were performed in tripli-
cate and quantitated.
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FIGURE 6. Template-independent labeling of RNAs by Pol II. (A) Pol
IT was incubated for 15 min at 30°C with 1 pg each of pre-tRNA™", half
tRNA™", 55 rRNA, and the 250-nt ORF RNA. a->?P-UTP was added in
to Pol II-RNA complexes, with no DNA present in the reactions, and
reactions proceeded for 30 min at 30°C and were run out on a 10%
denaturing gel. All RNAs tested got radiolabel added in the absence of
template DNA. (B) All four a- P-labeled NTPs add label onto the
RNAs (labeled 5S rRNA shown here). (C) Treatment with the Pol II-
specific inhibitor, a-amanitin, prior to addition of RNA abolishes this
labeling activity (5S rRNA shown here).

of the cleft for template binding (Fig. 7C), consistent with the
RNA being in a position to compete with the DNA template.

We then determined the peptides that were in contact with
the poly(U)so RNA. The above experiment was repeated, but
the samples were subjected to trypsinization prior to gel
isolation of the crosslinked species (Fig. 7B). The regions of
shifted sample indicated in Figure 7B were excised, treated
with RNase A and trypsin as before, and again subjected to
LC-MS/MS analysis. The peptides with the most reproduc-
ible association were from the parts of Rpb1 and Rpb2 locat-
ed at the back wall of the Pol II structure (Fig. 7C; Table 2).
The majority of the peptides formed an unexpected but inter-
esting pattern in that the residues that were able to crosslink
to the poly(U)s, were not primarily in parts of the cleft occu-
pied by DNA template. However, one Rpb1 peptide (posi-
tions 351-368) does present a small number of residues
into the RNA-DNA hybrid-binding region, on a surface clos-
er to the template DNA strand-binding surface than the
product RNA-binding site surface. Furthermore, there is a
pattern of associated peptides that wraps around the back
of the Rpb1/Rpb2 structure, with one end at the opening of
what has been suggested to be an alternative exit channel
for the RNA, in a cleft formed first by a shoulder of Rpb2 ad-
jacent to the RNA-DNA hybrid-binding region then pro-
ceeding to the region in the “back” of Pol II, where Rpbl
and Rpb2 interface with Rpb3, Rpb11, and Rpb12 (Cramer
et al. 2001; Westover et al. 2004).

DISCUSSION

Transcription of tRNA genes in yeast antagonizes nearby Pol
II transcription, but the mechanism of this silencing is not
completely understood and appears distinct from other forms

of transcriptional silencing in yeast (Hull et al. 1994; Perrod
and Gasser 2003; Rusche et al. 2003; Wang et al. 2005). An ac-
tive tRNA gene transcription complex is required, including
condensin (Hull et al. 1994; Haeusler et al. 2008), and all
tRNA genes genome-wide appear capable of forming such
complexes (Kassavetis et al. 1990; Roberts et al. 2003; Moqta-
deri and Struhl 2004; D’Ambrosio et al. 2008; Haeusler et al.
2008). Thus, the initial hypothesis for this study was that
nascent pre-tRNAs might bind to Pol II in the immediate
vicinity and inhibit transcription. The results of this study
show that tRNAs can indeed inhibit transcription by Pol II,
but inhibition by unstructured RNA is more robust. Thus,
if the silencing involves direct interaction of the pre-tRNA
with Pol I, it might need to be facilitated by additional com-
ponents or a high local pre-tRNA concentration due to the
spatially clustered tRNA genes (Bertrand et al. 1998; Thomp-
son et al. 2003).

Previous work has shown at least two specific RNAs can
bind tightly to yeast Pol II (Sawadogo 1981; Johnson and
Chamberlin 1994). It has also been shown possible to select
an RNA aptamer to Pol II (Thomas et al. 1997), and this
aptamer in turn prevents DNA template binding to Pol II
and can have nucleotides added onto its 3’ end (Lehmann
etal. 2007). We show here, however, that there is no stringent
sequence or structural requirement, since poly(U) homopol-
ymers are able to inhibit at least as well as mixed sequence
RNAs lacking poly(U) stretches. Further, results shown
here for the more tightly structured RNAs (e.g., 55 rRNA)
suggest that preexisting tight structure might interfere with
inhibition. These results are not necessarily in conflict with
earlier results showing that some small, structured RNAs
might have evolved to specifically inhibit Pol II by fitting
into the template binding site, whereas others are not good
inhibitors (Allen et al. 2004; Espinoza et al. 2004; Mariner
et al. 2008; Yakovchuk et al. 2009). In particular, it seems
likely that inhibition of mammalian Pol II by mouse B2
and human Alu SINE RNAs might be caused by an entirely
different type of RNA-polymerase interaction. The binding
of B2 SINE RNA structures has been visualized both by cross-
linking (Ponicsan et al. 2013) and crystallography (Ketten-
berger et al. 2006). In those cases, the RNA binds primarily
inside the DNA cleft and active site region of mammalian
Pol II, consistent with the RNA having evolved the ability
to fit its tertiary structure stably into that site.

The highly structured RNAs used in our studies with yeast
Pol II—tRNA and 5S rRNA—both have tight constraints on
their structures due to functional requirements in transla-
tion, so it is not surprising that they are not especially aggres-
sive competitors for DNA binding. What was surprising to us
was how potent the relatively unstructured RNAs were at
inhibiting DNA template binding without significantly af-
fecting preformed preinitiation or elongation complexes.
We originally assumed that this meant the RNA would phys-
ically occupy the DNA binding cleft, although this re-
gion is presumably more suited to binding at least partially
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FIGURE 7. Binding of poly(U) RNA to Pol II subunits. (A) Purified Pol IT was bound to poly
(U)so RNA, either with or without UV crosslinking. Complexes were denatured with formamide
and subjected to denaturing polyacrylamide gel electrophoresis to isolate subunits that become
attached to the poly(U). The large shifted band in the presence of Pol I is usually a doublet, con-
sistent with both Rpb1 and Rpb2 shifts. Binding reactions using Pol IT and **P-labeled poly(U)
+/— UV crossinking, shown, were run in parallel with identical unlabeled samples for excising
shifted bands and analysis (Table 1). (B) Pol II was crosslinked to poly(U)s as in A, but before
denaturation and electrophoretic separation, the complex was exhaustively digested with trypsin.
Peptides reproducibly associated with the indicated shifted region were determined (Table 2). (C)
Views of the Pol IT holoenzyme (PDB 3po2, 51), with peptides from the shifted poly(U) band in C
shown in yellow. PDB entry 3po2 contains 12-subunit Pol II containing a nucleic acid scaffold
comprising a template DNA strand (blue), a partially visible nontemplate strand (green), and a
product RNA (red), illustrating RNA in an RNA-DNA hybrid with template DNA with a number
of bases present in a long backtrack (not visible in the views shown). (Top) 12-subunit Pol II ho-
loenzyme, illustrating the “crab claw” shape of Pol II with the large subunits (Rpb1 in white, Rpb2
in light blue) comprising one claw each, with template DNA and RNA-DNA hybrid bound be-
tween them. Other subunits are in gray, with Rpb4/Rpb7 forming a stalk to one side of Pol II.
(Middle) “Back view” of Pol II from behind, with Rpb3-Rpb12 rendered as partially transparent.
(Bottom) “Back view” as above but tilted toward Rpb4/Rpb7 to illustrate positions of possible
RNA channels 1 and 2. Channel 1 is experimentally supported as the RNA exit channel, whereas
Channel 2 is electrostatically favorable for RNA interaction.

to the protein. Although the poly(U)s,
does crosslink to the two large subunits
that surround DNA cleft and active site
(Rpb1/Rpb2), the peptides that are actu-
ally found attached to the RNA after
trypsin digestion map to an unexpected
surface. Most of the peptides form a line
on the back side of the back wall of the
template cleft, a region that interfaces
with Rpb3, Rpbl11, and Rpb12, but has
not previously been associated with nu-
cleic acid binding. This line appears to
begin on the outer periphery of Rpb2, at
the edge of what had previously been spec-
ulated to be an alternative exit channel
for RNA transcripts based on proximity
to the RNA-DNA hybrid-binding region
and electrostatic favorability for nucleic
acid interactions (Cramer et al. 2001;
Westover et al. 2004). Although the opti-
mum length for a poly(U) inhibitor sug-
gests there could also be parts of the RNA
chain occupying portions of this channel
or the DNA cleft, it does not appear that
there are bases in close enough contact
with appropriate amino acids for UV-in-
duced crosslinks. There could, for exam-
ple, be only basic residue interactions
with the phosphate backbone, consistent
with the apparent lack of sequence spe-
cificity in the binding. The ability of the
enzyme to add additional nucleotides to
some 3’ ends suggests that at least some
fraction of the bound RNAs have their 3’
termini in the active site. Further struc-
tural determination of the Pol IT complex
with a tightly bound linear RNA might
resolve this issue if the bound states are
sufficiently uniform.

This mode of RNA binding by Pol II
might be entirely distinct from those of
SINE RNAs, both structurally and func-
tionally. Although selected SINE RNAs
have been postulated to be specifically
evolved inhibitors of Pol II, these obser-
vations suggest any RNA has the poten-
tial for product inhibition, if allowed
unfettered access to an unengaged RNA
polymerase II. One way the RNA poly-

double-stranded nucleic acids. However, the length of RNA
required for full effect suggested that RNA might be making
multiple contacts with Pol II. To examine this interaction
in more detail, we deliberately chose poly(U) to circumvent
the possibility of any strong secondary or tertiary structure
in the RNA, other than what might occur through binding
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merase might evade this inhibition is to be chaperoned by
transcription factors, including Mediator (Cai et al. 2010;
Bernecky et al. 2011; Soutourina et al. 2011; He et al.
2013), or some other bound proteins that prevent access to
this RNA binding surface or actively displace the RNA once
bound. Initiation factors might also privilege the template
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to the mid-nanomolar levels at which we

TABLE 1. Subunits of Pol Il identified from LC-MS/MS analysis of excised gel slice in

Figure 7A see inhibition by unstructured RNAs.
‘ Nuclear processes are largely arranged in
Unweighted .
. . away that does not allow substantial con-
spectral counts: Unweighted Number of  Total Sequence .
Subunit negative control  spectral counts: unique counts  coverage centrations of unchaperoned RNAs to ac-
name (no RNA) Pol Il + Poly(U)so  peptides (%) (%) cumulate in the vicinity of Pol II
transcription. Pre-mRNAs are assembled
Rpb1 0 3601 116 47.9 65.40 . . b .

Rpb2 0 3248 107 43.0 6930 into ribonucleoprotein complexes and
Rpb5 0 189 16 2.5 72.60 processed cotranscriptionally. In addi-
Rpb7 0 103 10 1.4 74.90 tion, the massive synthesis of ribosomal
Rpb9 0 98 6 1.3 53.30 RNA:s is resolved by not only assembling
5 0 93 1 1.2 44.00 and processing them cotranscriptionally

Rpb10 0 60 5 0.8 62.90 . ..
Rpb11 0 39 10 05 61.70 but by segregating these factories into
Rpb12 0 34 4 0.5 52.90 specific subnuclear areas, i.e., nucleoli.
Rpb8 0 14 5 0.2 36.30 The timing and spatial organization of as-
Rpb4 0 12 3 0.2 15.40 sembly of the small RNAs into RNPs is

No Pol Il subunits were identified in the parallel sample containing no RNA, as expected,
consistent with proteins being unable to migrate into a urea gel unless crosslinked to RNA.
The great majority of spectral counts were identified in the two large subunits of Pol II,

with low levels of peptides from other subunits.

DNA for insertion into the Pol IT active site and displace com-
peting nucleic acids; although in this in vitro assay, the basal
transcription factors that allow minimum promoter recogni-
tion did not protect from RNA-mediated inhibition.
Another factor is that naked RNA is simply not very acces-
sible in the nucleus, making it difficult to assess whether
uncommitted Pol II in nuclear nanoenvironments is exposed

somewhat less understood but also spa-
tially segregated. All acquire some num-
ber of protein partners early in their
biosynthesis. In yeast, the most abundant
small RNAs made by Pol III—pre-tRNA
and 55 rRNA—not only bind La and
Lsm proteins (Maraia and Intine 2002; Wilusz and Wilusz
2005; Phizicky and Hopper 2010), but also have their genes
clustered at the nucleolus (Bertrand et al. 1998; Thompson
et al. 2003; Wang et al. 2005), thus sequestering them away
from most of the centers of Pol II transcription.

This study demonstrates that nonspecific RNAs can bind to
Pol IT and prevent binding of Pol II to a DNA template.

TABLE 2. Peptides identified from LC-MS/MS analysis of excised gel fragment in Figure 7B

Sequence Total Number Number Number
coverage spectra of total of unique  of unique ~ Number
Subunit (%) (%) spectra spectra peptides  of spectra Peptide sequence
Rpb1 7.21 0.36 174 10 9 113 351-TVISGDPNLELDQVGVPK-368
32 373-TLTYPEVVTPYNIDR-387
17 1459-ITEIEDGQDGGVTPYSNESGLVNADLDVK-1487
5 190-ATGDADEPELR-200
2 678-EITETIAEAK-687
2 925-LQVLLDEEYK-934
1 712-ESFEDNVVR-720
1 50-IGGLNDPR-57
1 881-qSLDTIGGSDAAFEK-895
Rpb2 8.66 0.20 100 9 7 26 943-STENGIVDQVLVTTNQDGLK-962

25 893-LDDDGLIAPGVR-904
18 1034-VAALSGNEGDASPFTDITVEGISK-1057
11 905-VSGEDVIIGK-914
10 915-TTPISPDEEELGQR-928
7 136-TYEAIDVPGR-145
3 149-YELIAEESEDDSESGK-164

As in Table 1, no peptides were identified in the parallel sample containing no RNA, so only peptides crosslinked to RNA would be identified
here. Filtering criteria were 95% peptide identification probability with a false discovery rate of less than 0.01. This experiment was done in trip-
licate, with the highest confidence data set (based on peptide recovery and lack of contaminating peptides) listed below. The peptides identified
in our model (Fig. 7C) are those that showed the highest hits in this table and were also reproducible in at least one of the other two replicates.
The second-highest hit in Rpb1 (373-387) was not reproducible in the other two replicates and so was not included in our model, but because
it is adjacent to the most prevalent peptide (351-368), we suspect it may have come down as a result of initial incomplete trypsinization.
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Although both structured and unstructured RNAs can inhibit
Pol II transcription, the flexible RNAs used here appear to
bind to a different surface than envisioned for small, highly
structured RNAs and have inhibition properties that are at
least somewhat different. These observations suggest cellular
mechanisms to segregate the highly transcribed RNAs away
from uncommitted Pol II are likely necessary. In light of the
data that many RNAs have been shown to regulate eukaryotic
gene expression by diverse mechanisms, our results are consis-
tent with the potential for nuclear RNAs to be direct repressors
of transcription.

MATERIALS AND METHODS
RNA preparation

Yeast precursor tRNAD" (pre-tRNATyr) (Goodman et al. 1977), a
half-pre-tRNA™" generated by inserting a poly(T) terminator in
the coding sequence of pre-tRNA™" just past the anticodon loop
(5'-CUCUCGGUAGCCAAGUUGGUUUAAGGCGCAAGACUGU
AAUUUUUUU-3'), yeast 5S ribosomal RNA (rRNA), and a 250-nt
mixed-sequence RNA from the PHO84 gene (Chromosome XIII,
coordinates 24237 to 25486) were transcribed from linear DNA
templates using T7 RNA polymerase (Milligan and Uhlenbeck
1989). Radiolabeled pre-tRNA™" was transcribed using T7 RNA po-
lymerase in reactions containing 1 uM a->*P-UTP (Milligan and
Uhlenbeck 1989). The RNAs were then purified by passive elution
from denaturing polyacrylamide gels. Poly(U)s, RNA was pur-
chased from Integrated DNA Technology. The smaller sizes of
poly(U) RNA were generated by alkaline hydrolysis and subsequent
purification by passive elution from denaturing polyacrylamide gels
(Marvin et al. 2011).

Pol Il transcription assays

In vitro-transcribed RNAs to be used in Pol II transcription inhibi-
tions were serially diluted in water. Three hundred femtomoles puri-
fied 12-subunit Pol II (Elmlund et al. 2010) were added to the
indicated amount of RNA in 5 pL transcription buffer (20 mM Tris
pH 8.0,40 mM KCl, 5 mM MgCl,,and 1 mM DTT). Pol II-RNA com-
plexes were allowed to bind for 15 min at 30°C. Four hundred nano-
grams of plasmid DNA (Hull et al. 1994) were added to the reaction,
incubated briefly (2-3 min) at 30°C, before nucleotide triphosphates
(NTPs) were added (ATP, CTP, and GTP at 500 uM final; UTP at 9 uM
final; and a->*P-UTP [PerkinElmer] at 1 1M final) to a final reaction
volume of 10 pL. Transcription by Pol II from nonspecific initiation
sites was allowed to proceed for 25 min at 30°C. Samples were boiled
in formamide and analyzed ona 10% denaturing gel. The gel was dried
and exposed onto a Typhoon Trio+ cassette (Molecular Dynamics),
and total radioactive signal per lane was quantitated with Image J
(National Institutes of Health) and plotted with GraphPad Prism.

Electrophoretic mobility shift assays

For the Pol II-RNA binding assay, amounts of Pol II as shown were
added to 4 nM radiolabeled pre-tRNA™" in EMSA buffer (20 mM
Tris pH 8.0, 10% glycerol, 1 mM DTT, 5 mM MgCl,, 40 mM
KCl, and 100 pg/mL bovine serum albumin) to a final reaction vol-
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ume of 10 pL. Pol II-tRNA complexes were allowed to bind for 15
min at 30°C and then separated on a 5% nondenaturing polyacryl-
amide gel (40:1 acrylamide:bis, supplemented with 5% glycerol and
5 mM MgCl,, in Tris-Borate buffer supplemented with 5 mM
MgCl,). The gel was dried, exposed, and scanned as above.

For Pol II-DNA binding inhibition assays, radiolabeled DNA
was generated by end-labeling DNA oligonucleotide CKO433
(5'-gggttggcttttcgccGTGTCCCTCTCGAT Ggctgtaagtaaggctatgg-3")
with y—3 “P-ATP (PerkinElmer). The end-labeled oligonucleotide
was then annealed to DNA oligonucleotide CKO432 (5'-ccatag
ccttacttacagcGTAGCTCTCCCTGTGggcegaaaagecaaccc-3') by slow
cooling from 65°C to 25°C to generate a “bubbled” DNA frag-
ment (the sequences in capital letters denote the mismatched, “bub-
bled” region) used to create open preinitiation complexes with Pol
II. After annealing the two strands, the double-stranded DNA was
purified away from free oligonucleotide by passive elution out of a
6% nondenaturing polyacrylamide gel and precipitated. For inhibi-
tion assays, Pol IT (30 nM) was preincubated with RNA for 15 min at
30°C in 5 pL EMSA buffer. The labeled CKO433-CKO432 open
DNA complex was then added to Pol II-RNA complexes in a final
volume of 10 uL. EMSA buffer. Complexes were allowed to bind
for 15 min at 30°C. Formation of Pol II-DNA complexes was ana-
lyzed by EMSA as above. Where prebinding of Pol II-DNA was test-
ed, Pol I was first added to end-labeled DNA, allowed to bind for 15
min at 30°C, and then RNA was added for 15 min. Reactions pro-
ceeded otherwise in the same fashion. All controls for inhibitor titra-
tions were contained within individual experiments, as variability in
binding assays (e.g., Fig. 3, panel A) was observed on freeze/thaw cy-
cles of purified enzyme fractions.

Elongation inhibition assays

Transcription on annealed oligonucleotide elongation scaffolds
was performed basically as described in Kaplan et al. (2008) with
the following modifications. Elongation scaffolds were formed using
partially mismatched DNA oligonucleotides, allowing single-step
annealing of template, nontemplate, and 5'-radiolabeled RNA
primer. Two micromoles of template DNA (CKO433), nontemplate
DNA (CKO432), and 9-nt RNA primer (RNA9) in 10 pL in vitro
transcription buffer (IVT buffer) (5 mM MgCl,, 20 mM Tris-HCI,
pH 8.0, 40 mM KCl, 2 mM DTT) were annealed by slow cooling
from 65°C to 25°C to form elongation scaffolds. Five microliters
of scaffold were mixed with 5 pL purified Pol II (~2 uM) (Kaplan
et al. 2008) and incubated for 5 min at room temperature.
Complexes were diluted 20-fold in IVT buffer and aliquoted for ad-
dition of NTPs with or without inhibitory RNAs. Productive scaffolds
were advanced 1 nt by the addition of 10 uM GTP (in IVT buffer) toa
final concentration of 1 uM for 5 min at room temperature. Run-off
transcription was initiated by the addition of 10 uM of all four NTPs
with or without differing concentrations of inhibitory RNA species.
Aliquots of each reaction at time points from 10 sec to 5 min were
quenched and analyzed by polyacrylamide gel electrophoresis as pre-
viously described (Kaplan et al. 2008).

Inhibition of specific initiation with general
transcription factors

General transcription factors were prepared, and specific transcrip-
tion initiation assayed as described (Murakami et al. 2013). For
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inhibition before addition of most general transcription factors, var-
ied concentration of poly(U)so RNA were incubated with 1.5 pmol
of Pol II-TFIIF for 3 h on ice, then combined with 1.5 pmol of HIS4
promoter DNA (—96/+112), 5.3 pmol of TFIIA, 6.1 pmol of TFIIB,
1.5 pmol of TBP, 4.5 pmol of TFIIE, 2.25 pmol of TFIIH-
deltaTFIIK, and 3.0 pmol of TFIIK in 4.5 pL of buffer (20 mM
HEPES pH?7.6, 300 mM potassium acetate, 5 mM DTT, 2 mM mag-
nesium acetate, 5% glycerol). To assemble the PIC, the protein mix-
ture was combined with 5.5 pL of buffer (50 mM HEPES pH?7.6,
20 mM potassium acetate, 5 mM magnesium sulfate, 5 mM DTT)
and incubated for 1 h on ice. Transcription was initiated by adding
10 pL of 2x NTPs (50 mM HEPES pH7.6, 20 mM potassium acetate,
5 mM magnesium sulfate, 5 mM DTT, 1.6 mM ATP, 1.6 mM GTP,
1.6 mM CTP, 40 pm UTP, 0.083 uM a->2P-UTP, 10 mM magne-
sium acetate, and 5 units of RNaseOUT [Life Technologies]). The
reaction was stopped after 45 min and defined-length run-off tran-
scripts from the promoter were analyzed as described (Murakami
et al. 2013). To test inhibition after addition of most factors, the
PIC was assembled as above but before the addition of RNA inhib-
itor; Poly(U)so RNA was then added after PIC assembly and incu-
bated for 1 h on ice before adding 2x NTP buffer.

Labeling of added RNAs by Pol Il

Five-tenths microgram Pol II was preincubated with 1 pg of desired
RNA for 15 min at 30°C in 5 L transcription buffer. a->*P-UTP was
added in to 1 M in a final volume of 10 pL of transcription buffer,
and the reaction was allowed to proceed for 30 min at 30°C. Reactions
were then run out on a 10% denaturing gel. The gel was dried, ex-
posed, and scanned as above. RNA-labeling efficiency was estimated
by measuring a->*P incorporation into otherwise unlabeled
RNA. For treatment with a-amanitin, the inhibitor was added to a
50 ng/pL final concentration and allowed to bind for 5 min prior
to adding RNA.

Pol 1I-RNA crosslinking for mass spectrometry

For identification of protein subunits, 2 pg of Pol II were added to
100 ng of poly(U)sy RNA in 10 pL Binding Buffer (20 mM Tris
pH 8, 40 mM NaCl, 5 mM MgCl,, 1 mM DTT, 5% glycerol). Pol
II-RNA complexes were allowed to bind for 15 min at 30°C. The
tubes containing the samples were placed flat inside a CL-1000
Ultraviolet Crosslinker (UVP) and crosslinked at 240,000 p]/cm2
(2 min). Tubes were flipped over and crosslinked again. Samples
were denatured at 95°C in formamide and separated on a 6% dena-
turing gel. The location of the Pol II-bound RNA was determined by
running a parallel sample with radiolabeled RNA in a neighboring
lane. The gel slice containing Pol II-bound RNA was excised and
placed in water containing 10 ng of RNase A and incubated for 2
h at 37°C. Mass spectrometry proceeded as described below.

To identify individual peptides interacting with the RNA, 10 ug
Pol II were added to 1 ug poly(U)sy RNA in 10 pL modified
Binding Buffer (50 mM Tris pH 8, 40 mM NaCl, 5 mM MgCl,,
3 mM DTT). Pol II binding and UV crosslinking were done as
above. Samples were briefly denatured at 95°C and then incubated
overnight at 37°C with 20 pg sequence grade trypsin (Promega).
Trypsin-digested samples were denatured at 95°C in formamide
and separated on a 6% denaturing gel. The location of free and shift-
ed RNA was again determined using a parallel radiolabeled sample.

The shifted signal was excised, and RNA was recovered by passive
elution overnight at 37°C in water containing 50 ng RNase
A. Mass spectrometry proceeded as described below.

LC-MS/MS analysis

For subunit identification, the excised gel slice from Figure 7A was
washed consecutively with water, 50% acetonitrile, and 100 mM
ammonium bicarbonate buffer. The washed gel slice was dehydrated
with 100% acetonitrile and dried down in a centrifugal drier with no
heat. Proteins were in-gel reduced (5 mM DTT for 60 min, at room
temperature), alkylated (10 mM iodoacetic acid for 60 min, at room
temperature in the dark), and digested with 1 pg trypsin (Promega,
sequence grade) in 25 mM ammonium bicarbonate at 37°C over-
night. Trypsin digestion was quenched by adding trifluoroacetic
acid to a final concentration of 0.4%, and supernatant was collected
by centrifugation. Peptides were further extracted from gel slices by
incubating in 50% acetonitrile with 0.1% trifluoroacetic acid twice
for 10 min each. Supernatants were combined, desalted using a
C18 microtip column (Millipore, Ziptip), and subjected to LC-
MS/MS analysis. For peptide identification, the digested solubilized
sample from Figure 7B was extracted as above, collected by centri-
fugation, and desalted with C18 microtip (Millipore, Ziptip) prior
to LC-MS/MS analysis. For both sets of experiments, each replicate
was repeated with a sample containing no RNA as a negative control.

Peptides reconstituted in 0.1% TFA solution were analyzed on a
hybrid type LTQ-Orbitrap XL mass spectrometer (Thermo Fisher
Scientific) interfaced with an RP-nanoLC (Eksigent Technologies).
Peptides were separated on a C18 capillary column (75 pum X 18 cm,
in-house packed with 3 um CI18 resin from Sepax) over a 240
min gradient of increasing solvent B (90% acetonitrile with 0.1%
formic acid) from 10% to 40% at a flow rate of 200 nL/min, where
solvent A was 0.1% formic acid in water. Eluted peptides were
introduced into the mass spectrometer via a chip-based nanoESI
source (Advion, Triversa Nanomate) in positive ion mode. MS
spectra were acquired in data-dependent mode by alternating single
MS scan (3001700 m/z) in the orbitrap analyzer and sequential
CID (collision induced dissociation)-MS/MS scans in the LTQ
for the eight most intense ions exceeding a signal threshold of
3000 ion counts from each MS scan. MS scans were acquired
with a resolution set at 60,000 at 400 m/z and an automatic gain
control (AGC) target of 5x 10°. To increase the duty cycle for ef-
ficient peptide identification, recurring precursor ions and ions
with 1+ or unassigned charge states were excluded from MS/MS ac-
quisition. Two replicate LC-MS/MS analyses were performed for
each sample and combined for peptide identification.

Peak lists were generated from RAW data files using MaxQuant
(ver 1.0.13.13), and queried against a chimeric forward and reverse
protein sequence database of yeast from Saccharomyces Genome
Database by Mascot (ver. 2.4, Matrix Science). The mass accuracy
for precursor ions was set at 7 ppm, and mass accuracy for fragmen-
tation ions in MS/MS was set at 0.8 Da. Carbamidomethylation
(Cys) as a fixed modification and oxidation (Met), and pyrol-Glu
(Glu) as variable modifications were included. In a separate search
for crosslinked peptides, mono-UMP (+322.020217 Da) and di-
UMP (+628.045519 Da) on Cys, Phe, Met, Trp, His, Lys, and Tyr
were specified as variable modifications by photochemical reaction.
Peptides were identified at a false discovery rate of 1%.

In the experiments to identify subunits (Fig. 7A), we identified
peptides predominantly derived from Rpbl and Rpb2 as dominant
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components of crosslinked Pol II-poly(U) (Table 1). Photo-cross-
linked peptide conjugates containing RNA mono- and dinucleotides
were not detected in the tryptic peptide mixtures. The low ionization
efficiency of nucleic acids by electrospray in positive ion mode often
causes signal suppression of crosslinked peptide-RNA entities
(Potier et al. 1994; Sannes-Lowery et al. 1997). Also, unknown pho-
toreaction mechanism of nucleotides, adverse reactions caused by
long UV irradiation (Kubasek et al. 1993), hampers prediction of
the final products. In CID fragmentation of peptide—nucleic acid
crosslinks, abundant neutral loss of nucleic acid moiety has been ob-
served resulting in lack of informative peptide fragments and thus
failure in accurate identification of crosslinked peptides (Golden
et al. 1999; Deterding et al. 2000).

From the database search for peptides with mono-UMP
(+322.020217 Da) and di-UMP (+628.045519 Da) modifications
on side chains of Cys, Hys, Tyr, Trp, Lys, Phe, and Met, no RNA
modified peptides were detected. The lack of RNA-modified pep-
tides is likely due to a combination of low yield of the photo-cross-
linking reaction, poor fragmentation efficiency of peptide-RNA
conjugates, and low recovery of gel electrophoresis. Nonetheless,
we did identify unmodified Pol II peptides from the digested band
from Figure 7B (Table 2). No Pol IT peptides were found in the con-
trol band (no UV) at the same migration distance on the gel, consis-
tent with the identified peptides being the products of the RNase A
digest of the Pol II-poly(U) band.
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