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Abstract

In eukaryotes, RNA polymerase (Pol) Il transcribes chromatin and needs to move past
nucleosomes, often resulting in nucleosome displacement. How Pol Il unwraps the DNA from
nucleosomes to allow transcription and how DNA rewraps to retain nucleosomes has been unclear.
Here, we report the 3.0 A cryo-electron microscopy structure of a mammalian Pol 11-DSIF-SPT6-
PAF1c-TFIIS-nucleosome complex stalled 54 base pairs within the nucleosome. The structure
provides a mechanistic basis for nucleosome retention during transcription elongation where
upstream DNA emerging from the Pol I1 cleft has rewrapped the proximal side of the nucleosome.
Together, the structure uncovers a direct role for Pol Il and transcription elongation factors

in nucleosome retention and explains how nucleosomes are retained to prevent disruption of
chromatin structure across actively transcribed genes.

One-Sentence Summary:

A 3.0 A resolution cryo-EM structure explains nucleosome retention during transcription
elongation.

Transcription requires the passage of RNA polymerase (Pol) Il through chromatin. The
nucleosome is a significant barrier to Pol 11 due to an extensive network of contacts between
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histone proteins and the DNA that is wrapped around them (1). /n vitro, Pol 11 is either
unable to move past these obstacles or needs to displace at least one H2A-H2B dimer to
transcribe through a nucleosome (2-6). In contrast, /n7 vivo experiments have demonstrated
that most transcribed genes have intact nucleosomes and only very highly transcribed genes
show nucleosomal loss (7, 8). Nucleosome maintenance during transcription is critical for
cell survival and disruption of chromatin structure during transcription elongation has a
major impact on transcription fidelity; even partial loss of nucleosomes results in aberrant
transcription initiation events from non-promoter regions within gene bodies (9, 10).

Thus, nucleosomes play a fundamental role in suppressing cryptic transcription events and
restricting transcription initiation to gene promoters. Moreover, nucleosome displacement
leads to loss of post-translational histone modifications that have a central regulatory role in
demarcating transcriptionally active gene loci (11).

Understanding how nucleosomes are overcome and retained during transcription is a
fundamental question. Recently, cryo-electron microscopy (cryo-EM) structures of Pol I1-
nucleosome complexes have begun to elucidate how transcription through nucleosomes is
mediated (12-15). They have not, however, addressed the question of how nucleosomes are
retained during transcription. Biochemical and /7 vivo data suggest that formation of an
intra-nucleosomal Pol Il containing template loop (“0-loop™) could play an important role in
nucleosome retention (6, 16-19).

To investigate how Pol 1l traverses the nucleosome and concurrently maintains nucleosome
integrity, we designed a nucleosomal substrate that allows for transcription of Pol 1l close
to the nucleosomal dyad, a position previously described as a major stall site for Pol 11

(20). The nucleosomal DNA template contains a modified Widom 601 sequence that lacks
deoxythymidine in the template strand from the transcription start site to a position 64

base pairs (bps) within the nucleosome (+64) (Fig. S1A). An RNA primer can be annealed
to a 3’-DNA overhang at the entry site forming a 9 nt DNA-RNA hybrid to allow for
primer extension by Pol Il upon addition of NTPs. Mononucleosomes were assembled on
this DNA template and purified S. scrofaPol 1l and H. sapiens elongation factors PAF1c
composed of subunits CTR9, CDC73, WDR61, PAF1, LEO1, and RTF1, DRB-sensitivity
inducing factor (DSIF) composed of subunits SPT4 and SPT5, SPT6, TFIIS, the kinase
positive transcription elongation factor b (P-TEFb), and 3’-dATP were then added (Fig.
S1B). The transcription reaction was initiated by the addition of CTP, GTP, and UTP

(Fig. S1C). 3’-dATP enabled robust stalling at the engineered stall site while serving as a
P-TEFb substrate to allow for phosphorylation-dependent complex formation (Fig. S1C and
D) (21). Subsequently, the transcription reaction mixture was subjected to size-exclusion
chromatography, showing formation of a Pol I1-DSIF-PAF1c-SPT6-TFI1S-nucleosome
complex (Fig. 1A, Fig. S1D to F). Analysis of the transcription products by denaturing

gel electrophoresis revealed that RNA fragments corresponding to nucleosomal stall sites
+38, +54, and +64 were the predominant products (Fig. 1B) (20). Peak fractions containing
the nucleosome-bound elongation complex were mildly crosslinked with glutaraldehyde and
prepared for single-particle cryo-EM.

We determined the structure of the activated elongation complex bound to a nucleosome at
an overall resolution of 3.0 A from 105,420 particles (Fig. 1C, Fig. S2 to S4, Movie S1,
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Table S1 and S3). A final composite map was assembled from masked refinements of the
nucleosome, Pol 11 and the PAF1c complex with local resolutions ranging from 2.9 to 11.1 A
(Fig. S2 to S4). Known structures of the complete mammalian activated elongation complex,
TFI1IS, and the nucleosome were placed into this map and the structures were adjusted
locally (21). The reconstruction shows DNA density extending from the upstream DNA
towards the nucleosome. We observe a change in the location of the downstream DNA in the
Pol Il cleft compared to the DNA location of previously obtained elongation complexes (13,
15, 21, 22) (Fig. 1C and D, Fig. 2, Fig. S4F). We de-novo built the DNA to accommodate
the observed changes in the DNA path. The model was real space refined and shows good
stereochemistry (Table S3).

High resolution features of the DNA-RNA hybrid and visualization of the complete
transcription bubble allowed unambiguous assignment of the nucleic acid register (Fig.
S4C, G and H). In our structure, Pol Il has unraveled DNA up to nucleosomal super-helical
location (SHL) -0.5 and the Pol Il active site is located at nucleosomal bp +54 (Fig.

2A). It adopts a mixture of pre-translocated (nucleotide binding site occupied by newly
extended RNA 3’ end) and post-translocated states (nucleotide binding site not occupied)
(Fig. S4C). The +54 site that we observe has been selected by the transcribing Pol Il since
the engineered stall site is only at nucleosomal bp +64. This implies that stalling at +54 is a
major barrier to Pol I1.

The transcribed upstream DNA adopts a novel path when exiting the Pol Il cleft. The
upstream DNA projects away from Pol Il towards the nucleosome and ~55 bps of
transcribed DNA rewraps the proximal side of the nucleosome from SHL -6.5 to SHL

-1 (Fig. 1D, Fig. 2A and B, Fig. S5 and S6). The path of the rewrapped DNA follows the
DNA conformation of a canonical nucleosome. The upstream DNA stabilizes the proximal
H2A-H2B dimer that plays a critical role in nucleosome retention during transcription (Fig.
2A and B) (2). The DNA rewrapping also has consequences for the path of the downstream
DNA. Usually, the downstream DNA duplex and the DNA-RNA hybrid emanate at a 105°
angle from the Pol 11 active site where the downstream DNA lies in the cleft between the
clamp and RPB2 (Fig. S5) (22). Further downstream, the DNA contacts the Pol Il jaw
domain of RPBS5. In our structure, the downstream DNA duplex is bent away from the jaw
domain into the cleft by ~30°, losing contact with RPB5 (Fig. S5B) (22). After exiting the
Pol 1l cleft, the downstream DNA is then contorted by ~120° and is bound by the histones
from SHL —0.5 to SHL +5 (Fig. 2A and B, Fig. S5C). This DNA path differs from previous
downstream DNA conformations of Pol II-nucleosome complexes where the downstream
DNA projects in a straight B-DNA conformation towards the nucleosome (12-15). The
small gap between downstream DNA at SHL —0.5 and rewrapped nucleosomal DNA at SHL
-1 is filled by histone H3 N-terminal residues 39-43 (Fig. 2A). Additionally, we observe
that downstream DNA starting at SHL +5 to SHL +7 is no longer bound by the nucleosome
and projects away from the complex (Fig. S5D).

On the upstream side of Pol I, the rewrapped DNA displaces SPT4 and the SPT5 NGN and
KOW1 domains of DSIF from their previously observed binding positions on Pol Il (Fig.
3A) (21, 23). We, however, observe densities for SPT5 domains KOW2-3, KOWx-4, and
KOWS5 (Fig. S4K and L). This argues that the partial displacement of SPT4 and SPT5 from
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the tip of the Pol Il clamp and from the RPB2 protrusion domain is required for rewrapping
of nucleosomal DNA and supports nucleosome retention, as reported biochemically (24).
Consistent with this observation, functional genomics data show changes in cross-linking
patterns for Spt4/5 as Pol Il transcribes through a nucleosome (25). We observe a second Pol
I1-DSIF-PAF1c-SPT6-TFIIS-nucleosome complex in our data stalled at nucleosomal bp +38
(Fig. S7-9, Table S2 and S3). This complex shows no rewrapping, but SPT4 and the SPT5
NGN and KOW<1 domains are present and are positioned at the Pol Il clamp as observed in
prior studies (Fig. S9F and G).

In the rewrapped nucleosome, we observe interactions between Pol 11, the PAF1c subunit
CTR9, and the nucleosome (Fig. 3B to D, Fig. S41 to L). These contacts actively stabilize
the observed nucleosome conformation by contacting the rewrapped DNA. First, we observe
an interaction between the RPB2 protrusion residue lysine 427 (K427) and the upstream
DNA (Fig. 3B). RPB2 K427 is widely conserved among eukaryotes but is not found in the
corresponding £. coli RNA polymerase subunit (Fig. S10). Thus, the protrusion domain may
have evolved to support chromatin transcription by mediating DNA rewrapping. Second,
like prior S. cerevisiae Pol 11-nucleosome structures (13, 15), RPB1 clamp head residue
lysine 203 (K203) contacts downstream nucleosomal DNA at SHL 0.5 (Fig. 3C). Third,
we observe that the C-terminal end of the CTR trestle helix lies near the rewrapped DNA
at SHL -1, potentially stabilizing the rewrapped DNA (Fig. 3D). These contacts formed

by Pol Il and transcription elongation factors with the retained nucleosome suggest that the
transcription elongation machinery actively supports nucleosome retention by stabilizing the
nucleosomal DNA through multiple contacts with the DNA phosphate backbone.

Together, our data show that Pol Il can help retain nucleosomes during transcription

by facilitating DNA rewrapping back onto the histone octamer surface (Fig. 4). This
rewrapping and template looping supports the 0-loop hypothesis that was proposed based
on biochemical data (6, 16). This model proposes that Pol 11 transcribes nucleosomes
while DNA both upstream and downstream of Pol 11 is bound to the nucleosome.

Our structure supports a loop size of ~90 bps (Fig. S6), comparable to atomic force
microscopy measurements (6). Interestingly, unambiguous assignment of the DNA register
and comparison with canonical nucleosomes show that 30 bps of previously linear entry side
DNA rewrap the nucleosome from SHL —4 to SHL -1 (Fig. S6), resulting in an upstream
nucleosomal shift after transcription (6, 26). Such a retrograde movement of nucleosomes
has been observed both /in vivoand in vitro (19, 26).

Previous structural studies have shown that stabilization of the proximal H2A-H2B dimer
can be achieved by the binding of a secondary, “foreign” DNA molecule in trans (14, 15). In
contrast, our structure, wherein Pol Il is accompanied by transcription factors DSIF, SPT6,
and PAF1c, now reveals that rewrapping of upstream DNA can also occur in ¢/s where

the same DNA molecule rewraps the histone core (Fig. 4). This has wide implications for
our understanding of the mechanism of nucleosome retention during transcription. Whereas
binding of a secondary molecule in #rans suggests a mechanism involving stabilization of the
nucleosome to distal DNA, our structure provides evidence that nucleosomes are not fully
disassembled during transcription (6, 17-19) (Supplementary Text).
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We propose a model that explains nucleosome transfer to the upstream side of Pol 1l (Fig.
4). Transcription of Pol Il past the dyad is likely to result in complete unravelling of the

~50 bp of downstream DNA that are still wrapped around the nucleosome from SHL —0.5
to SHL +5. Release of the downstream DNA from the octamer will result in a complete
transfer of the nucleosome to the upstream DNA. At this point, Pol 1l only transcribes linear
downstream DNA, which may explain why the distal part of the nucleosome does not pose
any major transcriptional barrier (12, 20). Notably, the proximal and distal sides of the
histone octamer switch during the transfer process.

Further rewrapping of upstream DNA may result in a reduced linker length between the
transcribed nucleosome and the preceding nucleosome. Chromatin remodelers belonging
to the CHD and ISWI families might be needed to reestablish nucleosome spacing (27).
The chromatin remodeler CHD1, for example, could be readily recruited by the upstream
positioned PAF1c subunit RTF1 to engage the retained nucleosome and correct nucleosome
spacing (28).

Nucleosomes are critical for transcription fidelity by limiting transcription initiation

to promoter regions and by maintaining transcriptional memory through epigenetic
modifications. Our structure provides a structural foundation to explain how nucleosomes
are retained during transcription elongation and provides a framework to understand the
actions of the transcription machinery in a chromatin environment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Mammalian Pol 11-DSI F-SPT6-PAF1c-TFI IS complex with rewr apped nucleosome.
(A) SDS-PAGE of peak fraction used for cryo-EM analysis shows assembly of Pol 11-DSIF-

SPT6-PAF1c-TFIIS-nucleosome complex. (B) Denaturing gel of purified complex shows
primer extension and accumulation of the elongation complex at nucleosomal bp +38, +54,
and +64. Stall sites within the nucleosome and corresponding RNA lengths are indicated.
(C) Two views of the mammalian Pol 11-DSIF-PAF1c-TFIIS-nucleosome complex with
rewrapped transcribed DNA. The views are related by a 90° rotation. Pol 11, SPT5, SPT6,
CTR9, WDR61, PAF1, LEO1, CDC73, RTF1, TFIIS, H2A, H2B, H3, and H4, are shown
in gray, forest green, dark blue, orange, teal, limon, purple, firebrick red, pink, yellow, light
yellow, red, light blue, and chartreuse, respectively. DNA template is colored upstream to
downstream as a gradient from white to blue. Colors used throughout. (D) Schematic of the
complex. Unresolved downstream DNA is shown as a dotted line.
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Fig. 2. Details of nucleosome rewrapping during transcription.
(A) Rewrapping of transcribed upstream DNA from SHL -6.5 to SHL -1 on the histone

octamer and unwrapping of downstream DNA from SHL +5 to SHL +7. H3 inserts
between rewrapped upstream and downstream DNA. (B) Nucleosome side view shows
template looping with transcribed upstream DNA rewrapping the nucleosome. Directions of
transcription and rewrapping are indicated.
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(A) Comparison of Pol I1-DSIF-SPT6-PAF1c complex on linear DNA template (gray, PDB
6 TED) with Pol I1-DSIF-SPT6-PAF1c-TFIIS-nucleosome structure stalled at +54 reveals
displacement of SPT4 and SPT5 NGN and KOW1 domains in the rewrapped complex. The
trajectory of the upstream DNA duplex is altered compared to the Pol 11-DSIF-SPT6-PAF1c
complex on a linear DNA template. SPT5 KOW2-3, x-4, and 5 (forest green) are retained
in the rewrapped complex. (B) Interaction of Pol Il RPB2 protrusion domain residue K427
with nucleosomal DNA at the dyad. (C) Interaction of the Pol Il clamp head (residue

K203) with nucleosomal DNA. (D) The CTR9 C-terminus is positioned near the rewrapped
nucleosomal DNA at SHL -1. Density in gray.
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Fig. 4. Model of nucleosomeretention.
Model depicting Pol Il transcription through a nucleosome. After Pol Il has transcribed

sufficiently into the nucleosome, the DNA rewraps. Further transcription may result in

a complete transfer of the nucleosome to upstream DNA. The transfer may result in a
positional shift of the nucleosome. Pol Il is shown as an outline. Metal A is indicated as a
magenta sphere. Histone octamer is shown as a gray circle. Nucleosomal entry base pair (bp
+1) is indicated with a black arrow. Dyad axis is indicated as a dotted line.
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