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Abstract
Gene transcription is regulated in response to environmental changes as well as developmental
cues. In mammalian cells subjected to stress conditions such as heat shock, transcription of most
protein-coding genes decreases, while the transcription of heat shock protein genes increases.
Repression involves direct binding to RNA polymerase II (Pol II) of certain non-coding RNAs
(ncRNAs) that are upregulated upon heat shock. Another class of ncRNAs is also upregulated and
binds to Pol II, but does not inhibit transcription. Incorporation of repressive ncRNAs into pre-
initiation complexes prevents transcription initiation, while non-repressive ncRNAs are displaced
from Pol II by TFIIF. Here, we present cryo-EM reconstructions of human Pol II in complex with
six different ncRNAs from mouse and human. Our structures show that both repressive and non-
repressive ncRNAs bind to a conserved binding site within the cleft of Pol II. The site, also shared
with a previously characterized yeast aptamer, is close to the active center and thus in an ideal
position to regulate transcription. Importantly, additional RNA elements extend flexibly beyond
the docking site. We propose that the differences concerning the repressive activity of the ncRNA
analyzed must be due to the distinct character of these more unstructured, flexible segments of the
RNA that emanate from the cleft.
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INTRODUCTION
Initiation of transcription is one of the major control points for the regulation of gene
expression. The assembly of the pre-initiation complex (PIC), consisting of the core enzyme
RNA polymerase II (Pol II) and general transcription factors, is precisely regulated through
the interplay of numerous protein factors1 as well as non-coding RNAs (ncRNAs)2. The
general transcription factors aid Pol II in selecting the transcription start site and in
transitioning from initiation to elongation states. Typically, transcription factors involved in
gene-specific regulation have a modular structure that includes a DNA binding domain and
an activation domain that binds to the general transcription machinery, typically TFIID or
mediator complex1.

Non-coding RNAs that regulate transcription by binding directly to Pol II have been
identified in the mouse and human systems. In both organisms, the ncRNAs are transcribed
from short interspersed elements (SINEs) by RNA polymerase III3 in response to cellular
stresses. The mouse genome contains two major SINEs, named B2 and B1, whose
transcription levels rapidly increase upon heat shock. Both B2 and B1 RNA bind to Pol II
with high affinity and specificity, and compete with each other for binding to Pol II.
However, only B2 RNA represses transcription. B2 RNA contains distinct Pol II binding
and transcriptional repression domains, a molecular organization that resembles that of
protein regulators of Pol II transcription8. Upon docking of B2 RNA onto Pol II, the
ncRNA/Pol II complex assembles into stable PICs and renders them inactive by preventing
Pol II from establishing contacts with the promoter DNA, thereby inhibiting the formation
of closed complexes9. Notably, B2 RNA has to bind before assembly of the complete PIC in
order to inhibit transcription, as it is not able to invade closed complexes once Pol II has
engaged the DNA9.

The cellular levels of the second major mouse SINE ncRNA, B1, are also increased upon
heat shock. Although the affinities of B1 and B2 RNA for Pol II are similar, B1 RNA cannot
prevent inhibition by B2 RNA in vitro. This can be explained by the fact that the general
transcription factor TFIIF decreases the stability of B1 RNA/Pol II complexes and thereby
facilitates their dissociation10. The biological function of B1 RNA still remains unclear6.

The human genome contains a single predominant SINE, termed Alu. The Alu RNA
transcript is unrelated in primary sequence to B2 RNA and does not share any similarities in
overall secondary structure. However, Alu RNA functions in the same way as B2 RNA: it is
transcribed by RNA polymerase III upon heat shock, associates with Pol II, and acts as a
transcriptional repressor11. Alu RNA consists of two repeats, the folding pattern of which is
similar to that of B1 RNA12. While both repeats can bind to Pol II independently, only one
of them, termed Alu-RA, is able to repress transcription11. The other repeat, termed scAlu,
has been identified as a shortened transcript of Alu RNA in human cells and is thought to be
similar in its fold and function to B1 RNA. Interestingly, a repression domain from human
Alu RNA can be fused to the Pol II binding domain of mouse B1 RNA to yield a functional
repressor, confirming the modular organization of the ncRNAs11. Like protein transcription
factors, the ncRNAs contain distinct domains for binding tightly to Pol II, and repression
domains that are structurally and functionally independent from the interaction domain.

Our current structural understanding of ncRNA-mediated transcriptional repression derives
from a model based on the crystal structure of a complex of yeast Pol II (yPol II) with the
central core of the synthetic RNA aptamer FC14, which was selected based on its ability to
bind to Pol II. The crystal structure shows the RNA bound in the central cleft of Pol II,
indicating the location of a potential binding site for ncRNAs. To gain further insights into
the molecular mechanisms underlying transcriptional regulation by naturally occurring
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ncRNAs, we have used cryo-electron microscopy (cryo-EM) and single particle three-
dimensional image reconstruction to determine structures of human Pol II in complex with
repressive and non-repressive mouse and human ncRNAs. We found that naturally
occurring ncRNAs bind to a similar binding site in hPol II as the synthetic FC RNA in yPol
II and that this site is shared between repressive and non-repressive ncRNAs.

RESULTS
Cryo-EM reconstructions of hPol II in complex with ncRNAs

To identify the binding site for ncRNAs on Pol II and to study the differences between
repressive and non-repressive ncRNAs, we analyzed complexes of hPol II and different
repressive and non-repressive ncRNAs from mouse (B2, B2 [81-131] (a minimally
repressive fragment of B2 RNA), and B1 RNA) and human (Alu, Alu-RA and scAlu RNA)
by cryo-EM and three-dimensional image reconstruction. Human Pol II was purified from
HeLa cell nuclei, incubated with a three-fold molar excess of each in vitro-transcribed
ncRNA, and visualized by cryo-EM. We used a low-pass filtered model of apo hPol II,
previously obtained using cryo-negative stain15, as the initial reference for Euler angle
assignment15. Reconstructions were generated and refined from each data set in iterative
steps of projection matching using EMAN216. The final refinement and CTF correction
were done using FREALIGN. Our data sets contained between 15,814 (for the B2/hPol II
sample) and 31,423 particles (for the B2 [81-131]/hPolII sample) and they all refined to a
resolution of about 25 Å, according to the 0.5 cut-off in the Fourier shell correlation curve.

Overall, our ncRNA/Pol II structures (Figure 1) are similar to each other and to the model of
apo Pol II determined by cryo-negative staining EM15. Comparison of all six cryo-EM
structures shows that the clamp is in a slightly different conformation in each model; in
addition, the conformation and density of the stalk also varies between the different models.
Importantly, in all the hPol II/ncRNA reconstructions we observe additional density within
the cleft of Pol II when compared to the previous cryo-negative stain apo hPol II structures15

(Fig 1, blue label). This location in the enzyme is near the active site and thus in the region
that accommodates the DNA in an actively transcribing complex.

Comparison with a cryo-EM reconstruction of apo hPol II
To assert the presence of the ncRNAs at the cleft of hPol II we decided to make a more
detailed comparison between the ncRNA-bound structures and apo hPol II. To that aim we
pursued the structural characterization of nucleotide-free apo hPol II (see Experimental
procedures) by cryo-EM and three-dimensional image reconstruction. Our initial 2D
reference-free analysis suggested that the clamp of hPol II was adopting a broad range of
conformations (Supplementary Figure 2B). In agreement with this indication, the
reconstruction showed limited density for the clamp region, indicative of multiple
conformations for this region of the complex, as previously also described for the cryo-
negative stain study of apo hPol II. In an attempt to sort out different conformational states
in three dimensions we implemented an automated multi-model approach19. The data set,
containing a total of 36,863 particles, was sorted into three distinct conformations to account
for some of the conformational flexibility of the sample (Supplementary figure 2D). One of
the models refined more poorly and probably incorporated misshapen complexes, false
particles or a mixture of conformations still unsorted. The other two reconstructions were an
improvement with respect to the initial, unsorted model and recover a density for the clamp
that approximately accommodates the mass of this segment.

Given the variability in clamp position for the apo hPol II structures, it is not surprising that
the relatively small differences we observed among hPol II/ncRNA complexes also concern
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the clamp and stalk, and confirm, one more time, that these structural elements are highly
mobile. We tried to sort our data sets of the ncRNA-bound samples using the same multi-
model approach, but did not obtain clearly distinct conformations. This result indicates that
the binding of ncRNAs restricts the movement of the clamp. However, flexibility is still
limiting the resolution of our structures. In the case of the ncRNA-bound reconstructions,
conformational heterogeneity, contributing to resolution-limiting errors in alignment, may
be majorly attributed by the ncRNA itself.

For comparison of apo Pol II with the ncRNA-bound structures, we used conformation 3 of
the former, for which the position of the clamp is better defined. Once again, the comparison
shows that binding of ncRNAs has a stabilizing effect on the clamp of Pol II, as evidenced
by the larger volume this domain occupies in our ncRNA-bound structures. This result
indicates that these domains are in a more stable conformation and therefore not averaged
out due to their flexibility. The stabilization of the clamp and stalk domains is likely due to
the direct interaction of the ncRNAs with the clamp, restricting the movement of the latter
and, as a result, of the stalk as well, which is directly engaged with the clamp region.

With these new cryo-EM structures of the apo hPol II, we were in a position to
quantitatively confirm if the ncRNA-bound structures contain additional density in the cleft
of hPol II. To that aim we calculated difference maps between each of the ncRNA-bound
Pol II structures and that of apo Pol II in conformation 3. Similar results were obtained for
all of them. Figure 2 shows the difference map obtained using the Alu RNA-bound Pol II.
The extra density defines the cleft as the main Pol II-binding domain for the ncRNAs. The
additional density, adjacent to the so-called wall region of Pol II, has a similar position in all
the ncRNA-bound structures at the present resolution (data not shown). We attribute this
density to ncRNAs bound in the cleft of hPol II. Importantly, however, this density cannot
account for the length of any of the ncRNA constructs and indicates that large regions in the
ncRNAs are flexible and in variable positions with respect to the hPol II structure. In spite of
the stabilizing effect of the ncRNAs on the conformation of the hPol II complex, the
conformational heterogeneity of the ncRNA itself must be playing an important part in
limiting the resolution of our cryo-EM reconstructions.

Comparison of the cryo-EM structures of ncRNA-bound hPol II with the synthetic FC RNA
aptamer-yPol II crystal structure

To compare our cryo-EM maps with the crystal structure of yPol II bound to the core of the
synthetic RNA aptamer FC14 (PDB code 2B63), we docked the atomic model into our maps
of hPol II in complex with the different ncRNAs. The overall fit was similar across all maps;
as an example, Figure 3 shows the crystal structure docked into the map of hPol II in
complex with scAlu RNA, the human non-repressive ncRNA. The docking reveals a good
fit between the two structures, and shows that the additional density we observe in the cryo-
EM maps corresponds to the position of the FC RNA aptamer core in the yeast crystal
structure. This docking illustrates that the extra density could be accounted for by an RNA
molecule of similar length to that used in the crystallographic studies, which comprised 33
nucleotides. As expected, this is considerably shorter than the actual lengths of the ncRNAs
used in this study, which range between 51 nucleotides, for the minimal repressive fragment
of B2 RNA (termed B2 [81-131]), to the 281-nucleotide long full-length Alu RNA. This
result indicates that the major portion of the ncRNAs is disordered or not stably bound to
Pol II and therefore not visible in our cryo-EM maps, which are generated by averaging a
large number of molecules.
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RNA elements beyond the docking site are flexible
Docking of the FC RNA/yPol II crystal structure into our cryo-EM maps revealed that the
additional density visible in the cleft can account for ~33 nucleotides, representing only a
small portion of the ncRNAs used in this study. To determine if additional parts of the RNA
can be detected in our data sets, we subjected them to multivariate statistical analysis and 2D
reference-free classification. In the case of Alu RNA we observed additional density,
protruding from the cleft, that is in slightly different positions in different class averages
(Figure 4). This data set, which was collected using a CCD camera, had higher contrast and
likely facilitated the visualization of very flexible elements in class averages with small
number of particle images. Since our three-dimensional structure represents an average over
all molecules, this density is not visible in our 3D maps. Thus, a number of related evidence
lead us to conclude that RNA elements that extend beyond the major docking site in the cleft
are not stably bound to hPol II: (1) the visualization of flexible RNA regions in different
conformations as they extend from the cleft, (2) the fact that the density assigned to ncRNA
within the average 3D cryo-EM reconstruction only accommodates a small segment of the
ncRNAs bound to hPol II, and (3) the limit in resolution of the structures due to
conformational heterogeneity of the ncRNA.

Cross-linking studies have shown that the general transcription factor TFIIF, which
facilitates the dissociation of non-repressive ncRNAs from Pol II, binds to the lobe domain
of Pol II. TFIIF is therefore located in an ideal position to interact with flexible RNA
elements extending from the cleft. Thus TFIIF may be able to distinguish between
repressive and non-repressive ncRNAs based on the specific RNA domains that extend from
a common binding site in the cleft of the polymerase.

DISCUSSION
A conserved ncRNA docking site in the cleft of Pol II

Here we describe the cryo-EM reconstructions of human Pol II in complex with both human
(Alu and Alu-RA RNA) and mouse (B2 and B2 [81-131] RNA) repressive ncRNAs, as well
as their non-repressive counterparts (human scAlu RNA and mouse B1 RNA). Our cryo-EM
reconstructions show that the main binding site for ncRNAs is located in the cleft of Pol II,
close to the wall region, overlapping with the binding site for nucleic acids in the elongation
complex. The binding site is the same for repressive and non-repressive ncRNAs, and it is
conserved between mouse and human.

Previous studies have shown that the different naturally occurring ncRNAs compete for
binding to Pol II10. The colocalization of the extra density we see for all the ncRNA-bound
Pol II structures thus agrees with the competitive binding of these ncRNAs seen in
biochemical assays and supports the idea of a common, high-affinity binding site that is
shared across species and, more intriguingly, between repressive and non-repressive
ncRNAs.

In addition, a poly-guanosine RNA oligonucleotide as well as the synthetic RNA aptamer
FC have also been shown to compete with naturally occurring ncRNAs for binding to Pol II.
It has been suggested that this competition is due to overlapping binding sites for these
ncRNAs, but the possibility that binding of ncRNAs causes a conformational change in Pol
II that prevents binding of other ncRNAs to a different docking site through an allosteric
mechanism could not be ruled out. Our study shows that naturally occurring ncRNAs from
mouse and human indeed bind to the same docking site in the cleft of hPol II. Furthermore,
comparison with the crystal structure of yPol II in complex with the central part of FC RNA
shows that this synthetic RNA aptamer binds to the same overlapping site as well. The
docking site is located within the cleft of Pol II and close to the active center, in an ideal
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position to regulate transcription. The high-affinity binding site we identified is conserved
across species from yeast to human, and we anticipate that other ncRNAs might regulate
transcription by binding to this docking site as well.

Comparison with the crystal structure of yPol II/FC* RNA
The crystal structure of yPol II in complex with FC* RNA, the minimal fragment of FC
RNA required for binding to Pol II, shows the RNA aptamer bound in the cleft of Pol II,
above the bridge helix. The RNA forms two stem-loops that are oriented with their loops
facing opposite ends of the cleft. The resolution of our cryo-EM maps is too low to trace the
secondary structure of the ncRNAs. However, the domain architecture of the ncRNAs used
in this study has been delineated by biochemical methods. B2 RNA, the repressive ncRNA
in mouse, has been characterized in great detail, identifying the minimal repressive fragment
(B2 [81-131]) as well as the minimal Pol II binding domain (B2 [99-131]). The minimal
binding domain contains 32 nucleotides and is of almost the same length as the minimal
binding domain of the FC RNA aptamer, which comprises 33 nucleotides. According to an
RNase footprinting analysis, the 3′ end of B2 [99-131] RNA forms a short stem loop8,
similar to the 5′ stem loop of FC* RNA, which consists of four base pairs and a five-
nucleotide long loop. The 5′ end of B2 [99-131] RNA, however, is single-stranded and it
seems unlikely that it is able to form a stem loop similar to the hairpin found at the 3′ end of
FC* RNA observed in the crystal structure. For the different Alu RNAs and B1 RNA, the
location of the Pol II binding domain has not been determined. However, they are overall
very similar in their secondary structure: B1 RNA contains a core consisting of two short (5
and 6 base pairs) stem loops, reminiscent of the two stem loops of the Pol II-binding domain
of FC RNA (Figure 1 and Figure 3). Interestingly, this region is also reminiscent of an
equivalent segment in Alu-RA that neither binds to Pol II, nor repress transcription11. This
core is connected to a third, very long stem loop that contains a number of unpaired bulges.
In Alu-RA this region has been shown to be sufficient for binding and repression11. Both
arms of full-length Alu RNA (scAlu and Alu-RA RNA) are predicted to form secondary
structures that are very similar to that of B1 RNA (Figure 1). Comparison of the FC* RNA
structure with the secondary structure models of mouse and human ncRNAs shows that the
minimal binding domains are of similar length, in good agreement with the additional
volume we observe in our cryo-EM maps. However, comparison of their secondary structure
reveals no common motif for docking to Pol II’s high affinity RNA binding site, with the
exception of a short stem loop that is found in all ncRNAs at either the 3′ or 5′ end.

Flexibility of inhibitory ncRNA domains
In addition to a Pol II-binding domain, repressive ncRNAs contain an inhibitory domain,
which by itself is not sufficient to repress transcription. The repressive domain of B2
[81-131] RNA, comprising nucleotides 81-98, is predicted to form a stem loop, whereas the
repressive domains of Alu RNA have been mapped to a bulge in the long stem loop
extending from the base, and the A-rich tail that connects its two arms. In our cryo-EM
maps, none of the repressive domains are visible, suggesting that they are not stably bound
to Pol II, which would cause them to be averaged out in our reconstructions. However, given
that we have identified Pol II’s high-affinity binding site for ncRNAs, we can deduce that
the repressive domain of B2 RNA, as well as the long stem loops of B1 and Alu RNAs, are
likely located close to the DNA downstream cleft. The flexible portions of each ncRNA that
extend beyond the docking site are therefore positioned closely to the known interaction
sites of Pol II with TFIIF, the general transcription factor that specifically destabilizes
interactions between Pol II and non-repressive ncRNAs. The flexible RNA elements are
therefore in an ideal position to be detected by TFIIF, which might then trigger the
displacement of non-repressive ncRNAs. Given the similarities between all the analyzed
ncRNAs in their binding to the cleft of the polymerase, which very likely reflect the
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common, high-affinity binding site also shared with the yeast aptamer, differences
concerning their repressive activity must be due to the distinct character of the more
unstructured, flexible segments of the RNA that emanate from the cleft.

EXPERIMENTAL PROCEDURES
Purification of hPol II and ncRNAs

Human Pol II was purified as described previously15. In short, frozen nuclear pellet from
~90 l of HeLa cell culture was ground using a cheese grater, and slowly dissolved in buffer
A (50 mM Tris pH 7.9, 5 mM MgCl2, 0.5 mM EDTA, 25% glycerol, 2 mM DTT, 1 mM
NaMBS, 1 mM AEBSF, complete EDTA-free Protease Inhibitor Cocktail Tablets [Roche]).
The mixture was sonicated for 2 min under rapid stirring before ammonium sulfate was
added to a final concentration of 0.3 M. The resulting gel was sonicated until viscosity was
greatly reduced, and then centrifuged at 40,000 rpm in a Ti45 rotor for 90 min at 4 °C. The
supernatant was removed and the conductivity adjusted to 0.1 M ammonium sulfate by
slowly adding buffer A. Pol II was precipitated using a 42% ammonium sulfate cut, and
collected by centrifugation at 30,000 rpm in a Ti45 rotor for 30 min. The pellets were
resuspended in buffer B (50 mM Tris pH 7.9, 0.1 mM EDTA, 25% glycerol, 2 mM DTT,
0.1 mM PMSF) to a final concentration of 0.15 M ammonium sulfate, and loaded onto a
DEAE52 ion exchange column. The column was washed with 3 column volumes of buffer C
(50 mM Tris pH 7.9, 150 mM ammonium sulfate, 0.1 mM EDTA, 25% glycerol, 2 mM
DTT, 0.1 mM PMSF), and protein was eluted with buffer D (50 mM Tris pH 7.9, 400 mM
ammonium sulfate, 0.1 mM EDTA, 25% glycerol, 2 mM DTT, 0.1 mM PMSF). Pol II
containing fractions were pooled and dialyzed against buffer E (25 mM HEPES pH 7.9, 200
mM ammonium sulfate, 0.2 mM EDTA, 10% glycerol, 2 mM DTT, 0.1 mM PMSF). Pol II
was further immunopurified on a protein G affinity column containing 8WG16 antibody
(NeoClone). The dialyzed sampled was incubated with the beads overnight and
subsequently washed 3x with buffer F (25 mM HEPES pH 7.9, 0.2 mM EDTA, 10%
glycerol, 500 mM ammonium sulfate, 0.05% NP-40, 2 mM DTT, 0.1 mM PMSF) and 2x
with buffer G (25 mM HEPES pH 7.9, 0.2 mM EDTA, 10% glycerol, 200 mM ammonium
sulfate, 0.05% NP-40, 2 mM DTT, 0.1 mM PMSF). Pol II was eluted four times in buffer F
containing the tri-heptapeptide repeat of the CTD, 3A6.

For determination of the apo structure, hPol II was additionally purified on a heparin column
prior to immunopurification. The protein was dialyzed into buffer H (50 mM Tris pH 7.9,
200 mM ammonium sulfate, 0.2 mM EDTA, 20% glycerol, 0.2 mM PMSF, 2 mM DTT) and
then loaded onto the heparin column, and eluted with a gradient to 700 mM ammonium
sulfate over 14 column volumes. Pol II containing fractions were pooled and dialyzed two
times against 2 l buffer H for 1 h each before immunopurification.

Non-coding RNAs were synthesized in vitro by T7 RNA polymerase and gel purified as
previously described.

EM sample preparation and data collection
Non-coding RNAs were heated at 95 °C for 1 min and then cooled on ice prior to complex
formation with Pol II. Pol II was mixed with a 3x molar excess of each ncRNA, diluted to a
final concentration of 60 nM in transcription buffer (10 mM Tris pH 7.9, 10 mM HEPES pH
8.0, 4 mM MgCl2, 50 mM KCl, 0.05% NP-40, 1 mM DTT, 0.1% trehalose), and incubated
on ice for 30 min. 4 μl sample were placed onto 400 mesh copper grids covered with a holey
carbon film or C-flat grids (Protochips Inc.) that had a thin carbon film floated on top. Grids
were glow-discharged for 45 sec in an Edwards carbon evaporator right before use. The
samples were incubated on the grids in the incubation chamber of an FEI Vitrobot at 6 °C at

Kassube et al. Page 7

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



a humidity of 100% for 20 sec before being blotted for 6 sec at an offset of -2 mm. They
were then plunge-frozen in liquid ethane and transferred into liquid nitrogen for storage.
Data for ncRNA/hPol II reconstructions were acquired on film using a Tecnai F20 TWIN
transmission electron microscope operated at 200 kV at a nominal magnification of 50,000×.
Images were recorded under low-dose conditions (20e−/Å2) with a defocus range from -2 to
-5 μm on Kodak SO-163 plate films. Micrographs were digitized using a Nikon Super
CoolScan 8000 with a 12.7 μm raster step, resulting in a pixel size of 2.54 Å. Data for the
apo hPol II reconstruction as well as an additional data set for the Alu RNA/hPol II complex
were acquired on a Gatan 4Kx4K CCD camera using a Tecnai F20 TWIN transmission
electron microscope operated at 120 kV at a magnification of 80,000× (1.5 Å per pixel)
under low-dose conditions (20e−/Å2) using the MSI-T application of the Leginon data
collection software24.

Image processing and volume rendering
For the data sets collected on film, particles were picked semi-automatically using the
program boxer from the EMAN software package16. The contrast transfer function was
estimated using CTFFIND325. Images were extracted using batchboxer at a window size of
147 × 147 pixels, and normalized using SPIDER26. Iterative projection matching was
performed using libraries from the SPARX and EMAN2 image processing packages and a
model of cryo-negative stained Pol II15, low-pass filtered to 60 Å, was used as a starting
model. Angular increments for projection matching started at 25 degrees and were reduced
stepwise to 2 degrees. Refinement and full CTF correction were performed using
FREALIGN27. The resolution was estimated based on the Fourier shell correlation of 0.5.

For the data sets collected with the CCD camera using Leginon, particle picking was done
using DoG picker28 within the Appion image-processing environment29. Particles were
extracted at a window size of 128 pixels at 3.01 Å per pixel. Subsequent data processing was
done as described for the data collected on film.

The apo Pol II data set was sorted into three different conformations using an automated
multi-model approach as previously described19. In short, Euler angles were assigned to all
images using Imagic’s multi reference alignment by comparison with forward projections of
a template volume at a uniform angular sampling of 17 degrees. For each Euler angle, three
subclass averages were computed, and subclasses with more than 30 images per subclass
were clustered into homogeneous groups. Based on these clusters, three reconstructions
were computed, which were then used as starting models for multi-model projection
matching in EMAN2, followed by final refinement in FREALIGN as described for the
ncRNA-bound structures.

The volumes representing apo Pol II and Pol II in complex with ncRNAs were filtered to
25Å resolution, and a B-factor of −3,000 was applied using bfactor. The density threshold
was set manually. The cryo-EM density maps and crystal structures were rendered with
UCSF Chimera30.

To exclude noise beyond the envelope of Pol II, both the ncRNA-bound and apo Pol II cryo-
EM structures were multiplied with a mask that was slightly bigger than the volume of the
Alu RNA/Pol II complex before subtracting the apo Pol II volume from the volumes of
ncRNA-bound structures. Difference maps were calculated using the program diffmap
developed in the laboratory of Nikolaus Grigorieff.

The crystal structure of yeast Pol II in complex with the synthetic RNA aptamer FC (PDB
code 2B63) was docked into the cryo-EM maps using colores31 from the SITUS program
package (situs.biomachina.org).
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• ncRNAs that bind to Pol II are key regulators of transcription upon heat shock

• Repressive and non-repressive ncRNAs share a binding site within the cleft of
Pol II

• ncRNA elements not stably bound to Pol II extend flexibly beyond the cleft

• The character of the ncRNA flexible segments may determine repressive
activity

• ncRNA binding site by the active center of Pol II is conserved from yeast to
human
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Figure 1. Cryo-EM maps of hPol II in complex with non-coding RNAs from mouse and human
(A) Cryo-EM maps of Pol II in complex with the human non-coding RNAs Alu, Alu-RA
and scAlu RNA. The secondary structures of ncRNAs as derived by biochemical methods
are depicted below each structure. Pol II domains are labeled in the cryo-EM map of hPol II
in complex with full-length Alu RNA. Regions of the volume occupied by ncRNAs are
colored in blue.
(B) Cryo-EM maps of hPol II in complex with the mouse non-coding RNAs B2, B2
[81-131], and B1 RNA. The secondary structures of ncRNAs as derived by biochemical
methods are depicted below each structure.
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Figure 2. Difference map between the hPol II/Alu RNA complex and apo hPol II in two
orthogonal views
The cryo-EM map of apo hPol II (model 3, see supplementary Figure 2) is shown in grey,
the difference density is colored in pink.
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Figure 3. Cryo-EM map of hPol II in complex with scAlu RNA
(A) Final reconstruction of the hPol II/scAlu complex at 25Å resolution in two orthogonal
views.
(B) Rigid body docking of the yeast Pol II/FC* RNA complex (PDB code 2B63) into the
cryo-EM density map.
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Figure 4. Flexibility of the termini of Alu RNA
(A) Reference-free class averages of the cryo-EM model. RNA protruding from the cleft is
marked with arrowheads.
(B) View of the final hPol II/Alu RNA model in the same orientation.
(C) View of the yPol II/FC* RNA crystal structure. Rpb1 is shown in brown, Rpb2 in gold
and FC* RNA in blue. RNA protruding from the cleft modeled to fit the 2D class averages
is indicated by a dotted blue line.
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