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Abstract

The B2 family of short interspersed elements is transcribed into non-coding RNA by RNA
polymerase 111. The ~180 nt B2 RNA has been shown to potently repress mRNA transcription by
binding tightly to RNA polymerase Il (Pol I1) and assembling with it into complexes on promoter
DNA, where it keeps the polymerase from properly engaging the promoter DNA. Mammalian Pol
Il is a ~500 kD complex that contains 12 different protein subunits, providing many possible
surfaces for interaction with B2 RNA. We found that the carboxy-terminal domain of the largest
Pol 11 subunit was not required for B2 RNA to bind Pol Il and repress transcription in vitro. To
identify the surface on Pol 1l to which the minimal functional region of B2 RNA binds, we
coupled multi-step affinity purification, reversible formaldehyde crosslinking, peptide sequencing
by mass spectrometry, and analysis of peptide enrichment. The Pol 11 peptides most highly
recovered after crosslinking to B2 RNA mapped to the DNA binding cleft and active site region of
Pol 1I. These studies determine the location of a defined nucleic acid binding site on a large,
native, multi-subunit complex and provide insight into the mechanism of transcriptional repression
by B2 RNA.
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Introduction

The synthesis of mMRNA by RNA polymerase 11 (Pol 1) is an intricate process that is tightly
regulated. Many factors have been shown to alter the transcription levels of specific genes
by affecting the transcription reaction at multiple steps, from regulating the accessibility of
the DNA template to governing the activity of the polymerase itself.1 Historically, the
regulation of MRNA synthesis was thought to be solely mediated by proteins; however, it
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has become clear that non-coding RNAs (ncRNAs) play a vital role in transcriptional
regulation as well.>

ncRNAs have been shown to repress mMRNA transcription during heat shock. Cellular stress
signals such as heat shock cause an overall repression of Pol Il transcription.”~® By contrast,
the ncRNAs mouse B2 and human Alu, which are transcribed from SINEs (short
interspersed elements) by RNA polymerase 111 (Pol 111), are up-regulated during heat
shock.19:11 We found that these ncRNAs bind Pol |1 with high affinity and potently repress
its transcriptional activity by preventing formation of closed pre-initiation complexes.12-14
Specifically, B2 RNA and Alu RNA prevent Pol Il from properly engaging promoter DNA
when the polymerase is assembled into complexes with general transcription factors at
promoters.1> Experiments to delimit the functional regions of B2 RNA found that
nucleotides 81-130 can bind Pol 11 with high affinity and potently repress transcription in
vitro.13 Another SINE ncRNA, mouse B1 RNA, also binds tightly to Pol I1 but does not
repress transcription in vitro.14.16 Interestingly, the general transcription factor TFIIF can
destabilize the interaction between Pol 1l and B1 RNA, whereas it does not affect the
stability of B2 RNA/Pol Il complexesi®, providing an explanation for the lack of
transcriptional repression by B1 RNA.

Mammalian Pol Il is a large 500 kDa complex comprised of 12 different protein subunits
(RPB1-12). It contains multiple subunits that could potentially bind B2 RNA. The RPB1 C-
terminal domain (CTD), which consists of 52 heptad repeats (consensus sequence
YSPTSPS) that serve as binding sites for many protein factors’-1°, has also been shown to
bind RNA.20 In addition, the RBP4/7 submodule is known to bind RNA.2122 Finally, Pol II
has a DNA binding cleft and an RNA exit channel that interact with nucleic acids. To date,
mammalian Pol Il has not been amenable to reconstitution from recombinant subunits or to
high resolution structural analysis. Hence, it is not feasible to identify the B2 RNA binding
site on Pol |1 at the peptide or amino acid level using traditional methods such as co-
crystallization or mutations/truncations of the protein subunits. Recent cryo-EM studies
showed that when B2 RNA was added to Pol |1, additional density was observed in the DNA
cleft.23 Identifying peptides and amino acids directly bound to B2 RNA would provide
significant insight into the mechanism of action of this ncRNA transcriptional repressor.
Mass spectrometry (MS) analysis of RNA-protein reversible crosslinking affinity
purifications (RCAP), has been successfully used to identify precise RNA binding sites on
recombinant proteins?4-26: however, has not yet been applied to multi-subunit, native
complexes such as Pol 1I.

To define the B2 RNA binding site on Pol 11, we used a MS method that identified the Pol 11
peptides that crosslink to the minimal functional region of B2 RNA: nucleotides 81-130.
Formaldehyde was used to crosslink B2 RNA(81-130) to Pol Il immunopurified from
human cells, and the complex was proteolyzed with trypsin. ncRNA/peptide conjugates
were isolated, crosslinks were reversed, and the peptides recovered were identified by MS/
MS using a highly sensitive LTQ-Orbitrap mass spectrometer. Using a label-free peptide
quantitation approach, we found that nine crosslinked peptides were significantly enriched,
indicating that these peptides are in contact with B2 RNA when it is stably bound to Pol II.
Mapping these peptides onto a crystal structure of yeast Pol 1l revealed that the binding site
for B2 RNA(81-130) mainly comprises a region containing the DNA binding cleft and
active site of human Pol I1.

J Mol Biol. Author manuscript; available in PMC 2014 October 09.
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Results

Pol Il binding and transcriptional repression by B2 RNA does not require the CTD

To begin to delineate the region(s) of Pol Il that are involved in B2 RNA binding and
transcriptional repression we removed the RPB1 CTD from purified human Pol Il using
limited protease digestion, as previously described.27+28 The protease used was
chymotrypsin, which cleaves at aromatic side chains. The CTD heptapeptide repeats have
the consensus sequence YSPTSPS, and each of the 52 repeats in human Pol Il contains one
chymotrypsin cleavage site (i.e. Y), making the predominantly unstructured CTD highly
susceptible to fragmentation by chymotrypsin. An increasing amount of chymotrypsin was
added to purified Pol 1. A Western blot of the RBP1 subunit of Pol Il showed that 25 ng of
chymotrypsin removed the CTD from purified Pol Il and the rest of RPB1 remained intact
(Figure 1A). Moreover, the decrease in the size of RPB1 was blocked by the addition of
chymotrypsin inhibitor (lane 1).

The influence of the CTD on the ability of Pol 11 to bind B2 RNA was investigated using
electrophoretic mobility shift assays (EMSAS). Pol 11, CTD-less Pol 1l (treated with
chymotrypsin), or mock treated Pol Il (treated with chymotrypsin and chymotrypsin
inhibitor) were incubated with B2 RNA. As shown in Figure 1B, all three forms of Pol 11
bound B2 RNA to a similar extent, although the CTD-less Pol 11/B2 RNA complex migrated
further in the gel. Hence, the CTD is not required for B2 RNA to bind Pol II. The change in
migration of the Pol 11/B2 RNA complex upon removal of the CTD was large considering
that ~10% of the Pol 1l mass was removed. A likely explanation for this is that the
predominately unstructured CTD has a large conformational effect on the migration of the
complex in native gels, and removal of the CTD allowed the resulting more compact
complex to migrate much further in the gel.

We also asked whether the CTD contributes to transcriptional repression by B2 RNA.
Repression by B2 RNA was analyzed using a TATA-containing promoter in a minimal in
vitro transcription system composed of the general transcription factors TBP, TFIIB, and
TFIIF, along with Pol 11; the CTD is not required for transcriptional activity in this
system.27:29 |n vitro transcription assays were performed with CTD-less Pol Il and untreated
Pol 1l in the absence and presence of B2 RNA, or B1 RNA as a negative control. As shown
in Figure 1C, B2 RNA effectively repressed transcription by the CTD-less Pol I1. Together,
these assays show that the CTD is not required for B2 RNA to bind Pol 11 and repress
transcription.

Biotinylated B2 RNA(81-130) represses transcription in vitro

We previously identified nucleotides 81-130 as the minimal region of B2 RNA that could
bind Pol 11 and potently repress in vitro transcription.13 When this region was further
deleted, we found that B2 RNA(81-115) could neither bind Pol Il nor repress
transcription.13 This pair of RNAs would be useful in crosslinking studies to identify the
region of Pol |1 specifically bound by the functional B2 RNA(81-130), with B2
RNA(81-115) serving as a negative control. The crosslinking studies we describe below
required the use of 5’-biotinylated RNAs. As shown in Figure 2, 5’-biotin-B2 RNA(81-130)
repressed transcription similarly to non-biotinylated B2 RNA(81-130). As anticipated, 5’-
biotin-B2 RNA(81-115), did not repress transcription (bottom panel).

Identification of Pol Il peptides that crosslink to B2 RNA

To identify the region(s) of Pol Il that binds to B2 RNA(81-130) we used the approach
diagrammed in Figure 3. First, human Pol Il was immunoprecipitated from HeLa nuclear
extracts and extensively washed. We used the antibody 8WG16, which targets the CTD and
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was therefore unlikely to disrupt binding of B2 RNA to Pol Il (see Figure 1). Next, 5’-
biotinylated RNA was bound to the immunopurified Pol Il. To remove unbound RNA and
disrupt any interactions between the RNA and beads, washes with competitor DNA and
higher salt were performed. Following the washes, formaldehyde was added to crosslink the
5’-biotinylated RNA to Pol 11. Subsequently, the sample was treated with trypsin to digest
Pol 1. We wanted to isolate only those peptides that crosslinked to the RNA, therefore, the
biotinylated RNA was purified by streptavidin affinity chromatography. Peptides were
eluted by reversing the crosslinks. Recovered peptides were treated a second time with
trypsin to cleave after K or R residues that might have been protected by crosslinking.
Peptides were then sequenced by LC MS/MS using a highly sensitive LTQ-Orbitrap mass
spectrometer capable of detecting attomole amounts of peptides.30:31 This protocol was
performed: 1) in duplicate with 5'-biotin-B2 RNA(81- 130), 2) with the negative control 5'-
biotin-B2 RNA(81-115), and 3) without adding RNA. The latter two samples served as
controls to ensure that recovered peptides were bound specifically to B2 RNA(81-130) and
not to an RNA that does not bind with high affinity to Pol I, the streptavadin beads, or
biotin.

The MS/MS spectra were searched using Mascot against the IPI v3.65 human database to
identify the recovered peptides with Mascot scores greater than 20. Peptides identified by
Mascot in one biological replicate and not in the other were manually checked for their
presence in the latter spectra. We identified 46 different Pol 11 peptides that were present in
both of the crosslinked B2 RNA(81-130) samples. Ten of these peptides were also found in
the B2 RNA(81-115) sample, and hence were not further considered; no peptides were
identified in the control sample lacking RNA. The limited number of peptides identified in
these control samples indicates that the recovered peptides were specific for crosslinking to
B2 RNA(81-130) and did not result from interaction with the beads or biotin. The 36
remaining Pol Il peptides that crosslinked to B2 RNA(81-130) are listed in Supplementary
Table 1. Some peptides had different forms such as charge state and modifications due to
sample preparation (i.e. oxidation of methionine or deamidation of asparagine or glutamine),
and each identified form is listed as a separate line in Supplementary Table 1. The ten
peptides identified in the control B2 RNA(81-115) sample are listed in Supplementary Table
2.

The thirty-six crosslinked peptides were distributed across diverse locations on the surface
of Pol I, which perhaps is not surprising since Pol Il binds nucleic acids at multiple
locations, for example, the RNA exit channel, pore, and cleft. B2 RNA(81-130), which has
high affinity for binding Pol Il might transiently interact with such sites outside of its
primary docking site. Because crosslinking can covalently capture even transient
interactions, it is reasonable that a much greater number of peptides would be recovered than
represented by the high affinity B2 RNA(81-130) docking site. Moreover, it is possible that
forming transient interactions across the surface of Pol Il is part of the mechanism by which
the properly oriented and kinetically stable Pol 11/B2 RNA complex forms. For these
reasons, it was necessary to determine which of the crosslinked peptides were most highly
enriched in the B2 RNA(81-130) samples. The crosslinking coupled to LC MS/MS
identified interactions, but did not reveal the frequency with which each interaction
occurred. The high sensitivity of the LTQ-Orbitrap mass spectrometer would allow even low
abundance peptides to be identified. We rationalized, therefore, that determining which
peptides were highly enriched in the crosslinked samples would allow us to identify the
location of the kinetically stable B2 RNA docking site.

J Mol Biol. Author manuscript; available in PMC 2014 October 09.
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Identification of the most highly enriched peptides recovered from the crosslinked

samples

We utilized a label-free quantitation approach to determine which peptides were most highly
enriched in the crosslinked B2 RNA(81-130) samples. The basis of label-free quantitation in
mass spectrometry is to compare the intensity of a peptide in an experimental sample to the
intensity of the same peptide in a control sample.32-34 Comparative quantitation is necessary
because the unique properties of a peptide (e.g. hydrophobicity, charge, composition, etc.)
affect its ability to ionize in the mass spectrometer. Therefore even if peptides are present
stoichiometrically in a sample, their intensities in mass spectrometry data can be quite
different.3%:36 Despite large differences in ionization efficiency, the ratio of a peptide’s
intensity between two samples is equal to the ratio of the corresponding protein’s abundance
between the two samples.32-34:36 Here we applied label-free quantitation to determine which
of the peptides recovered after crosslinking B2 RNA(81-130) to Pol 11 were most highly
enriched compared to peptides recovered from purified Pol Il control samples. Critical to the
success of label-free quantitation is obtaining highly reproducible mass to charge ratios (M/
Z values) and elution times of the recovered peptides since these values are critical to
determining the accurate intensity for each peptide.33:37 The difference in mass (ppm error)
for paired peptides in the two B2 RNA(81-130) replicates was less than 6 ppm. The times at
which the peptides recovered from the B2 RNA(81-130) samples eluted from the HPLC
column immediately prior to ionization were highly reproducible (Figure 4A).

We first determined the intensity of each of the 36 peptides in each of the in the B2
RNA(81-130) crosslinked samples. The intensity of a peptide can be determined by
quantitating the area under the peak of the extracted ion chromatogram (XIC) for the parent
spectra of the peptide at a specific mass, charge, and time.36:38 We determined XIC values
for each peptide, including distinct charge states and modifications due to sample
preparation (Supplementary Table 1). For each peptide in each sample, the XIC values for
the different states were then summed to obtain a total intensity for that peptide. We
compared the total intensity of each peptide between the two samples to assess
reproducibility. To do so, we normalized each peptide's total XIC value by the sum of the
XIC values for all 36 peptides in a sample, then plotted the log of the normalized values
from the two samples against one another (Figure 4B). The data fit to a line that has a slope
of 0.86 and a Y-intercept of —0.25, both of which are similar to the expected values of 1 and
0, respectively, if the data were perfectly reproduced between the two samples.

Next, to allow comparative label-free quantitation, we trypsin digested two different samples
of purified Pol 1I. Peptides in these control samples were subjected to LC-MS/MS using the
LTQ-Orbitrap. We focused on the 36 peptides (all identified charge and modification states)
that were recovered in the crosslinked samples. The difference in mass (ppm error) for
paired peptides in the two control replicates was less than 2.7 ppm. 34 of the 36 peptides
were found in the two control samples and were included in the analysis described below.
Two of the thirty-six peptides that crosslinked to Pol Il were not identified in the control Pol
I samples (RPB1-8 and RPB5-2); these will be discussed in greater detail later. We
determined the total intensity for each of the 34 peptides in each of the two control samples
using their XIC values. To assess the reproducibility of the total XIC values from the two
independent control samples we normalized each peptide's total XIC value by the total of the
XIC values for all 34 peptides in a sample and plotted the log of the normalized values from
the two control samples against one another (Figure 4C). The data fit to a line that has a
slope of 0.91 and a Y-intercept of —0.13, both of which are similar to the expected values of
1 and 0, respectively, if the data were perfectly reproduced between the samples.

J Mol Biol. Author manuscript; available in PMC 2014 October 09.
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Our goal was to quantitatively compare the XIC intensities obtained from the crosslinked
samples with the XIC intensities obtained from control samples for the 34 peptides. We
averaged the internally normalized XIC values from the duplicate samples of each sample
type (crosslinked or control), and plotted the log of these averages against one another
(Figure 5A). The crosslinked samples are plotted on the Y axis and the control samples are
plotted on the X axis; the color coding will be explained below. The dashed line is the
theoretical line that would be obtained if the normalized intensities of each peptide in the
crosslinked and control samples were identical. Peptides falling above (to the left of) the line
would therefore be enriched in the crosslinked samples, and those below (to the right of) the
line would be under-represented in the crosslinked samples compared to the control samples.
The majority of the peptides cluster near this theoretical line, showing they were recovered
in the crosslinked samples at a similar level to the control samples. Several peptides are
noticeably shifted above the line, suggesting they are enriched in the crosslinked samples.

We next statistically determined which peptides were significantly over- or under-
represented in the crosslinked samples versus the control samples. First, for each peptide we
calculated the difference between the log of the average normalized XIC intensities in the
crosslinked and control samples (i.e. we subtracted the X-value from the Y-value for each
point in Figure 5A). These residuals are plotted versus peptide name in the upper panel of
Figure 5B. In this figure, the positive points are peptides over-represented in the crosslinked
samples compared to the control samples, whereas the negative points are peptides that are
under-represented. The solid black line represents the mean of the residuals, the grey dashed
lines represent one standard deviation away from the mean, and the black dashed lines are
two standard deviations. Next, we identified the point having the largest absolute value of
the residual (RPB2-4 in the upper panel of Figure 5B). If this residual was greater than two
standard deviations from the mean of the residuals, then we removed the point and
recalculated the mean and standard deviation of the remaining residuals. We iteratively
repeated this process of identifying and removing individual points that differed from the
mean by more than two standard deviations, until no remaining point met this criterion.

At the completion of this process we arrived at the plot shown in the lower panel of Figure
5B. None of the points are more than two standard deviations (black dashed lines) from the
mean of the remaining residuals (solid black line). All of the points shown as blue squares in
the upper panel of Figure 5B were removed. During the iterative analysis, at no time did a
grey point fall more than two standard deviations from the mean. We conclude that the XIC
intensities for the nine peptides (blue squares) significantly differed between the crosslinked
and control samples. Notably these nine peptides were all over-represented in the
crosslinked samples compared to the control samples (i.e. no peptide removed by the
statistical analysis was under-represented), which can be visualized in Figure 5A. We
repeated the entire analysis using the XIC values from each individual crosslinked sample
compared to the average of the control samples. As shown in Supplementary Figures 1 and
2, separately analyzing the two crosslinked samples resulted in the same nine peptides being
identified as significantly enriched over the control samples. Sequence and position
information for these nine peptides are provided in Table 1.

We noticed that six of the nine significantly enriched peptides contained missed trypsin
cleavages (i.e. K or R at a position other than the C-terminus of the peptide). In each of these
cases we detected the same missed cleavage event in the control samples. Two additional
peptides in the crosslinked samples (RPB1-8 and RPB5-2) showed missed cleavages that
were not identified in the control samples. Missed cleavage events might indicate that a
crosslink between B2 RNA(81-130) and either a K or an R residue resulted in lack of

J Mol Biol. Author manuscript; available in PMC 2014 October 09.
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cleavage at this position during the first trypsin treatment (i.e. prior to crosslink reversal) or
incomplete cleavage during the second trypsin treatment (i.e. after crosslink reversal). To
evaluate the correlation between missed cleavage events and enrichment in the crosslinked
samples we changed the color-coding in the plot shown in Figure 5A, using open symbols
for peptides with missed cleavages and black symbols for peptides lacking missed cleavages
(Supplementary Figure 3). The squares represent peptides statistically enriched in the
crosslinked samples, whereas the circles represent peptides that were neither over- nor
under-represented in the crosslinked samples. Peptides with missed cleavages are spread
throughout the plot. Indeed, of the 25 peptides not significantly over- or under-represented
in the crosslinked samples, 11 had missed cleavages. This analysis indicates that although
missed trypsin cleavage events could contribute to allowing a peptide to be identified as
over-represented in the crosslinked samples, this was not the defining factor in identifying
peptides enriched in the B2 RNA(81-130) crosslinked samples.

The majority of the significantly enriched peptides that crosslink to B2 RNA(81-130)
cluster in the DNA binding cleft and active site region of Pol Il

To visualize where the most highly enriched peptides localize on the surface of human Pol Il
we used a structure of yeast Pol 11 derived from X-ray crystallography. The high degree of
sequence conservation makes it possible to map the peptides we identified from human Pol
Il onto a 12 subunit S. cerevisiae Pol 11 structural model.3%40 Figure 6 shows the structure of
Pol 11 with the nine significantly enriched crosslinked peptides shown in blue, with their
potential crosslinkable amino acids highlighted in lighter blue. Each peptide is exposed on
the surface of Pol 1, with its crosslinkable amino acids accessible to a docked ncRNA.
Seven of the nine peptides map to the side of Pol 11 that contains the DNA binding cleft and
active site region, and five of these peptides are exposed in the DNA binding cleft (upper
image). These peptides extend over an area consistent with the size of a single B2
RNA(81-130) molecule.*! The remaining two peptides (from the nine) map to the top of Pol
Il (lower image). The two peptides identified in both crosslinked samples that were not
present in the control Pol 11 sample are mapped in green, with their crosslinkable amino
acids highlighted in lighter green. These peptides, RPB5-2 and RPB1-8, map to the cleft and
near the pore of Pol Il, respectively. As a point of comparison, we flipped the upper image
horizontally, obtaining the smaller image to the right. This surface of Pol 11 is largely devoid
of peptides enriched in the crosslinked samples; the three peptides partially exposed on this
surface (RPB1-9, RPB2-4, RPB2-9), are more highly visible on the two other
representations of the polymerase. We conclude that the peptides enriched in the crosslinked
sample mainly cluster on the surface of Pol Il containing the DNA binding cleft and active
site region.

Discussion

To determine the B2 RNA(81-130) binding site on Pol 11, a twelve subunit 500 kDa protein
complex purified from human cells, we utilized a formaldehyde crosslinking assay followed
by a label-free peptide quantitation method. First, we found that the RPB1 CTD is not
required for B2 RNA binding to Pol Il and repressing transcription in vitro. We then
crosslinked B2 RNA(81-130) to Pol I, treated with trypsin and purified RNA-peptide
conjugates under stringent conditions. Recovered peptides were identified by LC-MS/MS.
36 Pol Il peptides were found reproducibly crosslinked to B2 RNA(81-130) but not the
negative control B2 RNA(81-115). We determined the intensity of each identified peptide
using the area under the peak of the XIC, then compared this XIC value to the XIC value for
the same peptide recovered from control Pol Il samples. We then statistically determined
that nine peptides were significantly enriched in the crosslinked samples over the control
samples. Most of these peptides cluster on the surface of Pol Il containing the DNA binding
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cleft and active site region, which is consistent with the mechanism by which B2 RNA
represses transcription, as well as recent EM studies,12:15.23

Seven of the nine enriched crosslinked peptides specifically cluster on the surface of Pol 11
that comprises the DNA cleft and active site (Figure 6 upper panel, blue). This image also
shows that one of the peptides that crosslinked to B2 RNA but was not present in the control
sample (RPB5-2, green) is also part of the DNA cleft. The enrichment of peptides on this
surface is further highlighted by the backside view of Pol 11 (Figure 6, upper right image)
and the top view (Figure 6, lower image), each of which shows portions of only three
crosslinked peptides. Of these, RPB1-8 is part of the pore thought to allow entry of NTPs
into the active site of the polymerase.#243 When the structure is viewed in an orientation
different from that shown, a crosslinkable amino acid within RPB1-8 can be seen deep in the
cleft. It is possible that this amino acid crosslinked to B2 RNA, as opposed the amino acid
that is surface exposed on the top of the polymerase. Overall, 9 of the 11 peptides mapped
on the Pol 11 model have crosslinkable amino acids on the surface of Pol 11 that comprises
the DNA cleft and active site.

Comparing the positions of the enriched peptides to sites on Pol Il that associate with
promoter DNA suggests that B2 RNA would interfere with interactions between Pol 11 and
the promoter. For example, in the structure of a Pol Il elongation complex, the DNA
contacts the RPB5 jaw domain at a loop containing Pro118:42 the corresponding proline
residue in human Pol Il is part of the RPB5-2 peptide that crosslinked to B2 RNA.
Biochemical studies from the Hahn lab have mapped promoter-protein contacts in
preinitiation complexes using site-specific crosslinking approaches.** The pathway that the
DNA downstream of the TATA box follows is similar to the region to which B2 RNA
crosslinks. Finding that B2 RNA docks to Pol 11 in regions where promoter DNA typically
interacts is consistent with our previous biochemical studies of the mechanism by which B2
RNA represses transcription. We found that B2 RNA binds Pol 11 and assembles into
complexes at promoters.12:13 Although these complexes contain the polymerase, general
transcription factors, and promoter DNA, they are transcriptionally inactive because B2
RNA prevents Pol Il from properly engaging the DNA. Indeed, Pol Il-promoter crosslinks
and DNase | protection by Pol Il are disrupted by B2 RNA.1°> Two potential models were
consistent with these previous results: 1) B2 RNA binds the DNA cleft and blocks promoter
DNA from properly binding Pol 1l and 2) B2 RNA interacts with Pol Il away from the DNA
cleft and elicits a conformational change that prevents Pol 11 from interacting with DNA.
The studies presented here support the former model.

Crosslinking studies of preinitiation complexes have also mapped protein-protein
interactions. Interestingly, the areas of Pol Il over which TBP, TFIIB, and TFIIF crosslink
are largely devoid of B2 RNA crosslinks, suggesting that in the presence of the ncRNA, the
network of protein-protein interactions in a minimal preinitiation complex could still
form.45-47 This is consistent with the results of our previous biochemical experiments.12
Moreover, by binding in the DNA cleft, B2 RNA allows the polymerase to maintain its
interactions with other general transcription factors, which themselves can still bind
promoter DNA. These protein-protein contacts and general transcription factor-DNA
contacts are likely integral for holding Pol Il within inhibited complexes containing B2
RNA, since most of the polymerase/DNA contacts are not present within these complexes.1>
Our crosslinking data suggest, however, that B2 RNA binding to Pol Il could interfere with
TFIIE and TFIIH interactions with the forming preinitiation complex. TFIIE crosslinks to
the RPB1 clamp domain of Pol 1147, where crosslinked peptides RPB1-5 and RPB1-2 are
also located. TFIIH lies adjacent to TFIIE, enclosing the promoter DNA further downstream
in the cleft;*8 the crosslinked RBP5-2 peptide is in this region. It is possible that proper
contacts with TFIIE and TFIIH would not occur in the presence of B2 RNA. Interestingly,
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we previously found that B2 RNA inhibits phosphorylation of serine 5 residues in the Pol 11
CTD by the TFIIH kinase.*® These studies support a model in which the B2 RNA/Pol I
interaction causes a conformational change in promoter bound complexes such that TFIIH
cannot access the CTD as substrate for phosphorylation (i.e. an allosteric model for
inhibition)

The location at which B2 RNA(81-130) docks to Pol 11 is consistent with a previous crystal
structure of yeast Pol Il bound to an RNA aptamer that represses transcription. The FC
aptamer was selected for binding yeast Pol 11 and found to inhibit the initiation of
transcription.>0 Later studies showed that the FC aptamer could compete with B2 RNA for
binding to yeast Pol 11.41 A co-crystal structure of yeast Pol 1l bound to FC revealed that the
aptamer occupies the DNA cleft of the polymerase.#! The studies presented here show that
indeed B2 RNA and the FC aptamer bind Pol 11 at overlapping sites.

Our studies are also consistent with recent cryo-EM reconstructions of human Pol 11
complexed with B2 RNA(81-130), which showed the RNA bound within the DNA cleft of
Pol 11.23 The crosslinking studies extend the cryo-EM work by identifying peptides that
make direct contact with B2 RNA(81-130) within the DNA cleft. It remains to be
determined which peptides in Pol Il crosslink to Alu RNA, B1 RNA, and full-length B2
RNA. The cryo-EM studies show that these ncRNAs also localize to the DNA cleft of Pol
1123 It would be informative to determine the additional peptides that crosslink to Alu RNA,
B1 RNA, and full-length B2 RNA compared to B2 RNA(81-130). This would provide
insight into the specific contacts that distinguish binding to Pol Il from the ability to repress
transcription, as well as which contacts are unique to each ncRNA. Moreover, identifying
such contacts could provide insight into mechanisms by which the ncRNA/Pol Il interaction
is regulated; for example, TFIIF can destabilize the B1 RNA/Pol Il interaction but not the
B2 RNA/Pol Il interaction. Finally, the crosslinking-MS approach we describe here could be
useful for determining nucleic acid binding sites on other large protein complexes that might
otherwise be difficult to investigate.

Materials and Methods

Preparation of RNA

B2 RNA and B1 RNA were prepared as previously described.13 5” Biotinylated RNAs were
purchased from IDT. Non-biotinylated B2 RNA(81-130) was prepared by annealing
template and non-template strand oligonucleotides (Invitrogen) containing the T7 RNA
polymerase promoter upstream of B2 RNA(81-130), and using transcription by T7 RNA
polymerase as previously described.5> RNAs were folded prior to use by incubating them
for 3 min at 95°C in Buffer A (10% glycerol, 10 mM Tris (pH 7.9), 10 mM HEPES (pH
7.9), 50 mM KCI, 4 mM MgCl,, 1 mM DTT), and immediately putting them on ice for 3
min.

Preparation of CTD-less Pol Il

Limited proteolysis of Pol 11 was performed as previously described.27:28 Briefly, Pol Il was
digested in Buffer A using a 1:20 mass ratio of chymaotrypsin to Pol Il. The increased mass
ratio (typically 1:1600) was due to protease inhibitors present in our purified Pol Il sample.
Reactions were terminated after 20 min with 50 pg/ml soybean chymotrypsin inhibitor
(Sigma) and 0.8 mM phenylmethylsulfonyl fluoride (PMSF). The RBP1 subunit was
resolved by 4% SDS PAGE followed by western blotting with antibody sc899 (Santa Cruz
Biotechnology).
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In vitro transcription assays and EMSAs

Recombinant human TBP, TFIIB, TFIIF, and native human Pol Il were prepared as
previously described.52 Negatively-supercoiled plasmid containing the adenovirus major
late promoter (—40 to +10) fused to a 380-bp G-less cassette was used as the DNA template.
20 L reactions were assembled in Buffer A plus 25 ug/mL BSA as described.13 Factors
were used at the following final concentrations: 3.5 nM TBP, 10 nM TFIIB, 2 nM TFIIF, 2—
4 nM Pol Il and 1 nM DNA template. DNA templates were pre-incubated with TBP at 30°C
for 3 min and folded ncRNA was added to the mixture. TFIIB, TFIIF and Pol 11 were pre-
incubated in a separate tube at 30°C for 3 min. The contents of these two tubes were mixed
and incubated at 30°C for 20 min. 625 uM ATP, 625 uM UTP, 25 pM (5 pCi
alpha-32P[CTP]) were added, then the reactions were stopped after 20 min. Transcript RNA
was ethanol precipitated and resolved by 6% denaturing PAGE.

EMSASs were performed as previously described.12 Briefly, 0.015 nM 32P-body labeled
ncRNA was incubated with 4nM Pol Il for 10 min at 30°C in 20 puL Buffer A. Complexes
were subjected to electrophoresis on 4% native gels containing 0.5x TBE, 4% glycerol, and
5 mM magnesium acetate.

Immunoprecipitation of RNA polymerase ||

Nuclear extract was prepared from 1x10° HeLa cells as previously described.>3 10 uL of the
antibody 8WG16 was immobilized on 250 pL Protein A magnetic beads (Dyna A beads,
Invitrogen) in Buffer D (50 mM Tris (pH 7.9), 0.1 mM EDTA, 20% glycerol, 1 mM DTT,
0.1 mM PMSF, 0.1% NP40, 0.1 M ammonium sulfate). The beads were incubated with
HelLa nuclear extract overnight at 4°C. After removing the supernatant, the beads were
washed three times with 10 column volumes Buffer D plus 0.5 M KCI, two times with
Buffer D plus 0.1 M KCI, and three times with Buffer A containing 0.1% NP40.

Formaldehyde crosslinking assays

1 pmol of folded 5’-biotinylated RNA (81-130 or 81-115) was added to immunoprecipitated
Pol 11 in 500 pL Buffer A and incubated at 30°C for 15 min in low retention eppendorf
tubes. A control was also performed with no RNA added. 1250 ng of polynucleotide dGdC
was added as a non-specific competitor for an additional 5 min. After removing the
supernatant the beads were washed three times with Buffer A containing 0.25 M KCI and
resuspended in 250 pL Buffer A. Formaldehyde (1%) was added and reactions were
incubated for 10 min at 30°C. Glycine (10 mM) was added for an additional 5 min to quench
the crosslinking reaction. After removing the supernatant, the immobilized Pol 1I-RNA
crosslinked complexes were then washed three times with 200 MM ammonium bicarbonate
and digested with trypsin overnight (0.02 g/L) at 37°C. The eluate was collected and put on
20 L streptavidin beads (MyOne T1, Invitrogen) and nutated at room temperature for 30
min. After removing the supernatant, the beads were washed three times with 100 mM
ammonium bicarbonate and three times with 50 mM ammonium bicarbonate. The beads
were resuspended in 50 pL of 50 mM ammonium bicarbonate and incubated at 70°C for 1.5
hr to reverse the formaldehyde crosslinks. The supernatant was removed and re-digested
with 3 ng trypsin for 4 hr at 37°C. Formic acid was added to stop the digestion and the
sample volume was reduced to 10 pL using a speed vac.

For the non-crosslinked sample, Pol 11 was purified from HelLa nuclear extract as previously
described.>* Purified Pol 1l was digested with trypsin overnight in 50 mM ammonium
bicarbonate followed by the addition of formic acid and the sample volume was reduced to
10 L using a speed vac.
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Samples acquired from the crosslinking experiments using B2 RNA(81-130) (two
replicates), B2 RNA(81-115), the no RNA control, as well as from purified Pol Il alone (two
replicates) were analyzed by LC/MS/MS using an LTQ-Orbitrap mass spectrometer
interfaced with a Waters nanoAcquity UPLC. Chromatographic separation was performed
with a BEH C18 reversed phase column (25 cm x 75 pm i.d., 1.7 um, 100 A, Waters), using
a linear gradient from 95% Buffer B (0.1% formic acid) to 40% Buffer C (0.1% formic acid,
80% acetonitrile) over 60 minutes at a flow rate of 300 nl/min. The top five most intense
precursor ions were targeted for MS/MS sequencing using monoisotopic precursor selection,
rejecting singly charged ions. Dynamic exclusion was used with a repeat count of one, a
repeat duration of 30 s, and an exclusion mass width of 20 ppm. The maximum injection
time for Orbitrap parent scans was 500 ms with a target AGC of 1 x 106. The maximum
injection time for LTQ MS/MS scans was 250 ms with a target AGC of 1 x 104. The
normalized collision energy was 35% with an activation Q of 0.25 for 30ms.

Mascot searches

MS/MS spectra acquired from the LTQ-Orbitrap were searched in Mascot using the IPI
v3.65 human database. The following parameters were used to identify the peptides:
monoisotopic parent mass tolerance of 20 ppm (1 C13 peak), peptide MS/MS mass tolerance
of 0.6 Da, at most two missed cleavages, and the variable modifications oxidation (M),
deamidation (NQ), and a minimum score of 20. Peptides identified by Mascot in one
biological replicate and not another were manually checked for their presence in the latter
spectra. All MS/MS spectra listed were then manually validated prior to inclusion in
Supplementary Table 1.

Quantitation and comparative analysis

Pymol

Abundance values for each peptide were calculated using the area peak intensity of the
extracted ion chromatogram (XIC). This was determined using XCalibur software on the
RAW files generated for each sample. Area under the curve ion values were determined
using a 20 ppm m/z mass window on the monoionizable peak at a given elution time as
previously described.34

For each peptide in the crosslinked or non-crosslinked sample, its total intensity value was
determined by summing the intensities of individual ion peak areas for each charge state and
for each modification induced by sample preparation (e.g. oxidation and deamidation). By
means of example, consider peptide RPB1-1. As shown in Supplementary Table 1, this
peptide was identified in two charge states, RPB1-1a and RPB1-1b. Therefore, the total XIC
value for peptide RPB1-1 in crosslink sample 1 equals 1.20 x 10° (the sum of the XIC
values for RPB1-1a and RPB1-1b, 4.61 x 10° + 7.41 x 10°). Subsequent steps in data
analysis are explained in detail in the Results section.

Peptide sequences were converted to their respective S. cerevisiae sequences by aligning the
human Pol Il amino acid sequence to the S. cerevisiae Pol Il sequence for each subunit. The
converted peptide sequences were then mapped onto the S. cerevisiae Pol Il crystal
structure, Protein Database Bank (PDB) number 3FK].39:40

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The loss of the Pol 11 CTD does not alter the ability of B2 RNA to bind Pol Il and repress

transcription in vitro. (A) The Pol 11 CTD was digested by limited proteolysis with
chymotrypsin. Shown is a Western blot of the RPB1 subunit of Pol Il after incubation with
increasing amounts of chymotrypsin. Molecular weight markers (kDa) are labeled on the
left. (B) CTD-less Pol Il binds B2 RNA as well as untreated Pol Il. ncRNA/Pol 1l complexes
were resolved by EMSAs. (C) Loss of the Pol Il CTD does affect the ability of B2 RNA to
repress transcription in vitro. Shown are the transcripts produced from in vitro reactions
containing CTD-less Pol Il and untreated Pol |1 in the absence and presence of 2.5 nM B2
RNA, or 2.5 nM B1 RNA as a negative control.
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Figure 2.

Biotinylation of B2 RNA(81-130) does not affect its ability to potently repress transcription
in vitro. B2 RNA(81-130), 5’-biotin-B2 RNA(81-130), or 5’-biotin-B2 RNA(81-115) were
individually added to transcription reactions where indicated. 390 nt transcript was
monitored. The values indicate the amount of transcript produced normalized to the reaction
that did not contain ncRNA.
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5. Purify RNA-protein conjugates 6. Reverse crosslinks 7. Re-digest with trypsin
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8. Identify peptides by LC MS/MS

» 9. Quantitate peptide intensities

and compare to control peptide
intensities to reveal highly
enriched peptides

Biotin

Figure 3.

Schematic overview of the ncRNA-Pol 11 formaldehyde crosslinking protocol. (1) Pol 1l was
immunoprecipitated from nuclear extracts using bead-immobilized antibody. (2) 5'-
biotinylated RNA was bound to Pol 11, followed by washes with a nonspecific competitor
DNA and higher salt to reduce nonspecific binding. (3) Complexes were treated with
formaldehyde to covalently crosslink ncRNA to Pol I1. (4) The entire solution containing the
RNA and bead-bound Pol 11 was digested with trypsin. (5) After centrifugation, the
supernatant was mixed with streptavidin beads to purify the ncRNA and enrich for RNA-
crosslinked peptides. (6) After centrifugation the supernatant was heated to reverse
formaldehyde crosslinks. (7) Peptides were then re-digested with trypsin. (8) Recovered
peptides were subjected to LC MS/MS sequencing and identified using Mascot. (9) The
intensities of peptides recovered from the crosslinked samples were compared to those from
the control samples as described in the text.
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Figure4.

Properties of Pol Il peptides isolated using the approach shown in Figure 3 are highly
reproducible. (A) The elution times for peptides identified in the two crosslinking
experiments were highly reproducible. The times at which peptides eluted from the column
prior to ionization for the two B2 RNA(81-130) crosslinked samples were plotted against
one another.

(B) Comparison of the total XIC values of the peptides crosslinked to B2 RNA(81-130)
from two separate experiments. The total XIC value for each peptide was normalized by the
sum of all XIC values from that sample, and the log of these numbers were plotted. (C)
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Comparison of the total XIC values of the peptides from two separate trypsin treated Pol 11

control samples. The total XIC value for each peptide was normalized by the sum of all XIC
values from that sample, and the log of these numbers were plotted.
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Figurebs.

Nine peptides in the crosslinked samples are significantly enriched compared to the control
samples. (A) Comparison of the average XIC values of peptides crosslinked to B2
RNA(81-130) to the average XIC values from the control samples. For each peptide, the

normalized total XIC values from the two crosslinked samples were averaged, and

normalized total XIC values for the two control samples were averaged. The log of the
average total XIC values for the crosslinked samples were plotted versus those for the
control samples. The dashed line represents the theoretical line along which the peptides
would fall if they were recovered at the same intensity in the crosslinked and control
samples. The blue squares represent peptides found to be significantly enriched in the
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crosslinked samples using the statistical analysis in Figure 5B, whereas the grey circles
represent peptides that were neither over- nor under-represented in the crosslinked samples
versus the control samples. (B) Statistical analysis to determine which peptides were
significantly enriched in the crosslinked samples. The residuals of each point from the
theoretical line in panel A were plotted versus the peptide name. The solid black line
represents the mean of the residuals, the grey dashed lines are one standard deviation from
the mean, and the black dashed lines are two standard deviations. The bottom panel displays
the points remaining after omitting points removed by the statistical analysis explained in
detail in the Results section. The solid line represents the average of the remaining residuals
and the dashed lines are two standard deviations.
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Figure6.

The majority of the Pol Il peptides significantly enriched in the crosslinked samples map to
the surface of Pol Il containing the DNA cleft and active site region. The top left panel
shows a front view of Pol Il, and the bottom panel shows a top view. The significantly
enriched peptides are shown in blue, with crosslinkable amino acids highlighted in light
blue. RPB5-2 and RPB1-8, which were not found in the control Pol Il samples, are shown in
green, with crosslinkable amino acids in light green. For the smaller image on the top right,
the image on the top left was flipped horizontally to show the lack of peptides that map to
the back side of Pol Il. The images were generated using Pymol and PDB structure
3FK1.39:40
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Table 1

The nine significantly enriched peptides.

Peptide ~ Aminoacids pHyman peptide sequence?
RPB1-2  33-42 K. RMSVTEGA K. Y
RPB1-5  213-220 K. KI LLSPER. V

RPB1-9  686-697 H. Tl G GDSI ADSK. T
RPB1-13  854-862 K. TAETGYl QR R
RPB2-4  200-211 K. MATNTVYVFAKK. D
RPB2-5  437-445 K. TRI | SDGLK. Y
RPB2-9  750-762 H. VLYYPQKPLVTTR. S
RPB2-13  1065-1078 R GPI Q LNRQPMEGR. S
RPB2-14 1142-1150 R NKTQ SLVR. M

aFormaIdehyde crosslinkable amino acids are underlined.55:96
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