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Abstract

Transcription of eukaryotic genes by RNA polymerase II (Pol II) is typically accompanied by 

nucleosome survival and minimal exchange of histones H3/H4. The mechanism of survival and 

recovery of chromatin structure remains obscure. Here we show how transcription through 

chromatin by Pol II is uniquely coupled with nucleosome survival. Structural modeling and 

functional analysis of the intermediates of transcription through a nucleosome was conducted. 

When Pol II approaches the area of strong DNA-histone interactions, a small intranucleosomal 

DNA loop (zero-size or Ø-loop) containing transcribing enzyme is formed. During formation of 

the Ø-loop, the recovery of DNA-histone interactions behind Pol II is tightly coupled with their 

disruption ahead of the enzyme. This coupling is a distinct feature of the Pol II-type mechanism 

that allows further transcription through the nucleosome, prevents nucleosome translocation and 

minimizes displacement of H3/H4 histones from DNA during enzyme passage.
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Chromatin structure tightly compacts DNA, yet allows efficient progression of DNA and 

RNA polymerases along the template. Efficient maintenance of nucleosomal organization 

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms
4To whom correspondence should be addressed. studitvm@umdnj.edu; Tel.: 732-235-5240; FAX: 732-235-4073.
*Equal contribution

AUTHOR CONTRIBUTIONS
O.I.K. designed and constructed some templates, designed and performed transcription experiments using Pol II; D.A.G. performed 
characterization and footprinting of the ECs; N.A.P. performed restriction enzyme mapping of the ECs; V.V.G. designed and 
constructed some templates and performed initial walking experiments; D.G.V. conducted docking; I.A. purified GreB and 
contributed to writing the manuscript; V.M.S. purified histones and donor chromatin, designed the study, interpreted results and wrote 
the manuscript.

HHS Public Access
Author manuscript
Nat Struct Mol Biol. Author manuscript; available in PMC 2010 August 10.

Published in final edited form as:
Nat Struct Mol Biol. 2009 December ; 16(12): 1272–1278. doi:10.1038/nsmb.1689.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.nature.com/authors/editorial_policies/license.html#terms


during passage of RNA Polymerase II (Pol II) is essential for proper gene regulation and cell 

survival1. Recovery of chromatin structure occurs through two different mechanisms (see 

refs. 2,3 for review). During intense transcription, partial loss4–8 and exchange9–14 of all 

core histones at the transcribed regions were reported. In contrast, on moderately transcribed 

genes, fast and extensive transcription-dependent exchange of H2A/H2B, but not H3/H4, 

histones was observed9–14.

The Pol II-type mechanism of transcription through chromatin in vitro is conserved from 

yeast to human15. It is characterized by a high nucleosomal barrier to transcription15–17, and 

by displacement of a single H2A/H2B dimer17–19 that matches the apparent effect of Pol II 

passage in vivo11,20. The subnucleosome (DNA-bound histone hexamer formed upon 

release of H2A/H2B dimer from the octamer) survives Pol II passage through a nucleosome 

and remains at the original position on DNA17. A considerably different, Pol III-type 

mechanism, involves transfer of a complete histone octamer from in front of the transcribing 

enzyme to behind it21–23.

Nucleosomes positioned on DNA sequences having a high affinity for histones (HA 

sequences) present a polar barrier to transcription by Pol II in vitro15. In one (non-

permissive) orientation, the nucleosomal barrier is high, whereas in the opposite 

(permissive) orientation the barrier is much lower. In the present study, we have studied 

sequence determinants of the barrier and structures of the intermediates formed during Pol II 

transcription through chromatin. This analysis supports a model in which a small 

intranucleosomal DNA loop (Ø-loop) containing transcribing Pol II is formed during 

transcription through a nucleosome. Formation of the Ø-loop enables nucleosomes to 

survive transcription without displacement of core histones from DNA and could play a key 

role in preservation of the histone code during Pol II transcription.

RESULTS

HA sequences dictate polarity of the nucleosomal barrier to Pol II

First, we evaluated the possibility that the polar barrier to Pol II transcription15,24 is dictated 

by asymmetric location of the high affinity (HA) sequences within the nucleosome. We 

aligned 601, 603 and 605 nucleosome positioning sequences25 and identified the HA 

sequences26. In all cases, the HA sequences are localized highly asymmetrically and are 

more similar to the consensus within the promoter-distal half of nucleosomal DNA in the 

non-permissive orientations than in the permissive orientations (Supplementary Fig. 1).

To dissect the effects of different sequence elements on their affinity for core histones and 

on nucleosome positioning, we mutated various regions of the 603R template 

(Supplementary Fig. 1) and analyzed the resulting nucleosomes by native PAGE (Fig. 1a). 

Mutations in the consensus-like sequences in the promoter-proximal, left (-L) half of the 

template 603R-L barely affected the affinity or the positioning properties of the 603R 

template. Similar changes introduced in the right half (603R-R template) decreased the DNA 

affinity for core histones and resulted in the loss of nucleosome positioning (Fig. 1a). Thus 

HA sequences located in the distal half of the 603R template dictate both DNA-histone 

affinity and nucleosome positioning. Partial mutagenesis of the right half (603R-R(2–3) 
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template) also resulted in decreased affinity of the template for core histones, but did not 

interfere with nucleosome positioning. Thus the determinants for nucleosome positioning 

and DNA-histone affinity are distinct.

Next, we evaluated the effect of the HA sequences on transcription by Pol II. We conducted 

these experiments using mononucleosomal 603R templates15,17 presenting a high, polar 

barrier to Pol II progression15. Positioned 603R nucleosomes were ligated downstream of 

pre-assembled elongation complexes EC-119 (the numerical indices indicate the position of 

the Pol II active center on the template relative to promoter-proximal nucleosomal DNA 

boundary). Then nascent RNA was pulse-labeled by forming EC-83 and transcription was 

resumed in the presence of unlabeled NTPs17 (Supplementary Fig. 2a). We used the fraction 

of Pol II molecules that reach the end of the template (run-off) to quantify the height of the 

barrier, which is located primarily in the +45 region of nucleosomal DNA. We used a 

similar approach to study transcription through chromatin by E. coli RNAP (Supplementary 

Fig. 2b).

Mutations introduced into the critical HA sequences (603R-R template) resulted in a much 

higher fraction of templates transcribed to completion, as compared with the 603R template 

(65% and 32% at 300 mM KCl, respectively; Fig. 1b,c). Thus, the -R mutations convert the 

non-permissive 603R template into the permissive 603R-R template. In contrast, the 

transcriptional properties of the 603R and 603R-L templates are nearly identical. The 

mutations in the -R(2–3) sequences (Fig. 1c) result in strong relief of the barrier without 

affecting nucleosome positioning (Fig. 1a). Thus, the high affinity of the -R(2–3) sequences 

for histones dictates a strong nucleosomal barrier to transcription.

In summary, these experiments suggest that, surprisingly, the critical DNA sequences that 

confer the high nucleosomal barrier to Pol II transcription (the HA sequences) are located 

more than 40 bp downstream of the active center of the enzyme arrested at the +45 region 

(Supplementary Fig. 1).

Modeling Pol II elongation complexes in a nucleosome: a Ø-loop

How can DNA sequences located far downstream of Pol II induce its arrest in the +45 

region of the nucleosome? Our previous studies suggested that during productive 

transcription, Pol II localized at the +45 region induces uncoiling of nucleosomal DNA from 

the octamer to allow further transcription15. We propose that as the Pol II molecule 

transcribes through the +45 region, it can form a tight intranucleosomal DNA loop 

containing the active enzyme (Fig. 1d (1) ). This loop was named a “zero-size” loop (Ø-

loop) because it is so small that the original, “pre-transcriptional” DNA-histone interactions 

are formed both in front of and behind transcribing Pol II. Formation of the Ø-loop would 

result in steric interference between Pol II molecule and the promoter-distal end of the 

nucleosomal DNA. This, in turn, could induce partial uncoiling of DNA from the octamer 

ahead of Pol II and facilitate further progression through a permissive nucleosome (Fig. 1d, 

(2) and (3)). Conversely, downstream HA sequences could prevent DNA uncoiling and thus 

hinder further transcription through a non-permissive nucleosome (1). Formation of a 

similar Ø-loop was observed in our studies of bacteriophage SP6 RNA polymerase (RNAP) 

stalled at the +45 region27.
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To evaluate the possibility of Ø-loop formation by Pol II, we modeled the Ø-loop by 

docking the high-resolution structures of yeast Pol II EC onto the nucleosome (PDB IDs 

1aoi and 1y1w, see refs. 28,29) (Fig. 2). This analysis suggests that the Ø-loop can be formed 

only when Pol II is at the position +39 or +49 in a nucleosome and at least 50 bp are 

displaced from the promoter-distal end of nucleosomal DNA.

This is since the Ø-loop-containing EC+39 has the following properties (Fig. 2). (i) The bulk 

of the Pol II molecule faces into solution and there are no steric clashes with core histones. 

(ii) The 90° DNA bend present in the EC faces the octamer surface and allows formation of 

the Ø-loop. (iii) DNA-histone contacts with ~20-bp DNA region behind the EC stabilize the 

Ø-loop. (iv) Displacement of ≥50 bp from the promoter-distal end of the nucleosome 

reduces the size of the DNA region interacting with histones in front of the enzyme from 

~100 to ≤50 bp. This would facilitate further uncoiling of DNA from the octamer ahead of 

Pol II and transcription through the nucleosome. (v) The R3 HA DNA sequence 

(Supplementary Fig. 1) is localized within the displaced 50-bp DNA region, and would be 

expected to interfere with DNA displacement and to trigger Pol II arrest in the +45 region. 

(vi) The modeling identified a negatively charged region on the surface of Pol II that could 

be important for proper transcription through chromatin (Supplementary Fig. 3 and 

Supplementary Discussion).

Formation of the Ø-loop is possible only in one rotational orientation of the EC on DNA (at 

positions +39 or +49). Movement of the enzyme by 1 nt would result in a ~36° rotation 

around the DNA axis and steric clashes between Pol II and the histone octamer. Thus, Pol II 

translocation after formation of the Ø-loop would disrupt the DNA-histone interactions 

upstream and/or downstream of the enzyme. If only the downstream histone-DNA 

interactions are broken (Fig. 1d (3)), Pol II could transcribe through chromatin without 

displacement of the octamer into solution, as was previously observed experimentally17.

Structures of Pol II-nucleosome complexes: formation of the Ø-loop

We evaluated the proposed model (Fig. 1d) by footprinting of ECs stalled at various 

positions within permissive 603 nucleosomes. It is extremely technically challenging to 

obtain large quantities of homogeneous Pol II ECs stalled at a desired position in a 

nucleosome. All general aspects of the Pol II-type mechanism are recapitulated by E. coli 

RNAP30 but not by other previously analyzed RNAPs15,21,23. Since homogeneous E. coli 

ECs can be obtained in sufficient amounts, we used them for the initial analysis of the Pol 

II-type mechanism of transcription through chromatin.

Our modeling suggests that the Ø-loop could be formed when RNAP transcribes 39 or 49 bp 

of nucleosomal DNA. Therefore, we analyzed a subset of ECs halted near these positions on 

the 603 template (positions −39, −5, +42 or +49, Supplementary Fig. 4a). To map the 

position of the active center of RNAP in the ECs, they were incubated in the presence of 

GreB. GreB strongly facilitates RNA cleavage by E. coli RNAP; the cleavage reaction is 

mediated by the RNAP active site and occurs only in complexes formed after backtracking 

of the enzyme31–33. We found that EC+49 complexes were resistant to GreB 

(Supplementary Fig. 4b). When stalled at +42, RNAP backtracked by 1–2 nt to form EC+41. 
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Therefore in both complexes the active center remains in close proximity to the 3′-end of the 

RNA and the RNAP is not arrested.

The structures of these complexes were analyzed using endonuclease DNaseI (Fig. 3a). As 

expected, each stalled EC (e.g. EC-39) protected ~30-bp, and the nucleosome protected 

~150-bp from DNaseI digestion (Fig. 3b). When RNAP forms EC+41, the nucleosomal 

DNA is completely uncoiled from the octamer upstream of the RNAP (Fig. 3b,c). The DNA 

downstream of the EC remains fully bound but is distorted around the +90 and +100 

positions, as shown by the appearance of hypersensitive sites.

Although the EC+49 is stalled inside the nucleosome, the nucleosome-specific features of 

the footprint persist on the majority (≥ 70%) of the complexes. In EC+49, DNA protection 

by the EC was not easily discernible, likely because the nucleosome-specific DNA 

protection masks protection by the EC. However, we argue that the EC+49 should remain 

active during the 30-sec digestion with DNaseI, because most complexes produced run-off 

transcripts (Supplementary Fig. 4 and Supplementary Discussion). Thus the persistence of 

the nucleosome-specific DNA protection pattern in EC+49 suggests that the original DNA-

histone contacts are re-formed both upstream and downstream of the stalled RNAP. This is 

possible only if the EC+49 forms the Ø-loop on the surface of the histone octamer (the 

closed intermediate, Fig. 3d). Therefore our data support the idea that RNAP forms the Ø-

loop at the position +49.

Although the nucleosome-specific features predominate in EC+49, DNA both upstream and 

downstream of the EC is more accessible to DNaseI than in the original nucleosome. Thus 

quantitative analysis (Fig. 3d) revealed that the accessibility of nucleosomal DNA upstream 

of RNAP (+20 to +30 region) is less pronounced than it is downstream of the enzyme. A 

short DNA region at the promoter-proximal end of the nucleosomal DNA (+1 to +20) is 

almost completely resistant to DNase I. Finally, multiple DNA sites downstream of EC+49 

are accessible to DNaseI to a similar degree, but considerably less than in histone-free DNA. 

Most likely, both upstream and downstream contacts are lost in the same ternary complex 

(Fig. 3d, intermediate 2); it is otherwise difficult to explain how the contacts between +20 

and +30 can be disrupted without displacing the +1 to +20 region at the end of nucleosomal 

DNA. Together, these data imply that DNA is uncoiled from the octamer in front of the 

enzyme on ≤30% of templates (forming “open” intermediate 1) and on an even a smaller 

(≤10%) fraction of templates, the nucleosomal DNA is partially uncoiled from the octamer 

behind RNAP (2). The +1 to +20 region remains associated with the octamer. Since the 

histone octamer is not lost, the intermediates in Figure 3d are most likely in rapid 

equilibrium.

The data suggest a pathway for transcription through a nucleosome (Fig. 3e). As RNAP 

enters the nucleosome, it initially uncoils nucleosomal DNA primarily behind itself, as seen 

in EC+41. As the enzyme reaches the +49 position, the DNA behind RNAP is re-coiled on 

the surface of the octamer, the Ø-loop is formed, and the DNA in front of the complex 

becomes partially uncoiled from the octamer (EC+49). Sequential release of DNA-histone 

contacts in the Ø-loop intermediate allows both unimpeded transcription (through selective 
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disruption of the downstream interactions) and nucleosome recovery (through re-formation 

of the original DNA-histone interactions upstream of RNAP).

To confirm that E. coli RNAP and yeast Pol II form similar complexes during transcription 

through a nucleosome, Pol II was stalled at positions −5, +41 or +49 in the 603 nucleosome 

and DNA accessibility within the complexes were analyzed using restriction enzymes (Fig. 

4a). Nucleosomes strongly protect DNA from digestion with restriction enzymes34; thus 

both the Cac8I and StyI intranucleosomal sites are protected from digestion in EC-5 (Fig. 

4b) and in intact nucleosomes (not shown). As expected, in EC+41, the DNA behind Pol II 

(the Cac8I site) is sensitive to digestion and the DNA in front of the enzyme (the StyI site) is 

resistant (Fig. 4b and Supplementary Fig. 5). Importantly, the StyI site is located far 

downstream of the Pol II boundary on the DNA35. In contrast, in EC+49, the Cac8I site is 

largely protected and the StyI site is accessible. These data suggest that yeast Pol II and E. 

coli RNAP induce similar structural rearrangements of DNA/histone contacts during 

transcription through nucleosomes.

In summary, our data suggest that the structures of the intermediates formed before and after 

Pol II reaches the position +49 are very different: initially nucleosomal DNA is displaced 

upstream of Pol II, but distal to position +49, DNA displacement occurs primarily 

downstream of the enzyme (Fig. 3e). Thus, formation of the Ø-loop at the +49 position 

constitutes the transition point that allows nucleosome recovery at the original position on 

the DNA.

Opposite effects of the two H2A/H2B dimers on the barrier to Pol II

Our next goal was to evaluate functional predictions of our working model (Fig. 3e). The 

asymmetric roles of the histone-DNA contacts are inherent in the model. Removal of the 

distal histone H2A/H2B dimer (D-dimer) would result in release of the promoter-distal end 

of nucleosomal DNA into solution, facilitating formation of the Ø-loop (Fig. 5a (1) and (2) ) 

and transcription through the nucleosome (3). In contrast, removal of the proximal P-dimer 

would eliminate DNA-binding site upstream of the EC and therefore would strongly 

destabilize the Ø-loop (2′). In the latter case, two scenarios are possible: (a) If the upstream 

contacts are not essential for further transcription, Pol II would displace downstream DNA 

and continue. (b) Alternatively, if the upstream contacts are essential, removal of the P-

dimer would cause arrest at the +45 region. Thus the model predicts that removal of the 

promoter-proximal or the promoter-distal dimer could have drastically different impacts on 

the +45 nucleosomal barrier (Fig. 5a).

To evaluate these possibilities, permissive 603 nucleosomes and subnucleosomes missing 

either the P- or the D-dimer (-P- and -D-hexasomes, respectively) were constructed 

(Supplementary Fig. 6) and transcribed by Pol II (Fig. 5b). As expected, removal of the 

promoter-distal D-dimer resulted in a partial relief of the +45 barrier (Fig. 5c).

In contrast, removal of the promoter-proximal P-dimer results in a strong increase (8- and 

12-fold at 40 and 150 mM KCl, respectively) in the strength of the +45 barrier (Fig. 5c). 

Thus, removal of the P-dimer transforms the permissive nucleosome into a non-permissive 
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one. Therefore the DNA-histone contacts upstream of the EC paused at the +45 region are 

essential for further transcription through the nucleosome.

In summary, the P- and D-dimers play different roles within the same nucleosome. As 

expected, removal of the P-dimer results in a strong Pol II arrest in the +45 region, most 

likely because the Ø-loop cannot form, the promoter-distal end of nucleosomal DNA cannot 

be displaced, and transcription is hindered (Fig. 5a). In contrast, removal of the D-dimer 

results in a modest relief of the +45 barrier, most likely because displacement of the 

promoter-distal end of the nucleosomal DNA and formation of the Ø-loop are facilitated.

DISCUSSION

Our structural analysis of the ECs formed during transcription through a nucleosome (Figs. 

2–4) suggests a new mechanism of transcription through chromatin (Fig. 3e). This 

mechanism is consistent with the strong effects of far downstream sequences on Pol II 

pausing in the +45 intranucleosomal DNA region (Fig. 1) and the requirement of the 

promoter-proximal histone H2A/H2B dimer for efficient Pol II transcription through the 

nucleosome (Fig. 5).

This mechanism operates on various DNA sequences (Supplementary Discussion) and relies 

on a feedback loop to couple nucleosome survival to efficient transcription through 

chromatin via conformational changes in the nucleosome structure (Fig. 6a): if a nucleosome 

cannot survive transcription, Pol II becomes arrested. Since the key features of the process 

of transcription through a nucleosome by yeast and human Pol II are highly similar15, the 

mechanism may well be conserved in all eukaryotes.

The differences in the structures of the intermediates formed by the Pol II- and Pol III-type 

mechanisms could explain the different nucleosome fates during these processes 

(Supplementary Figs. 7–8 and Supplementary Discussion). At the same time, the Ø-loop can 

be formed during transcription through the +45 region by both mechanisms27. These 

observations suggest that the conformational dynamics involved in formation of the Ø-loop 

are intrinsic to nucleosomes. Therefore the conformational changes in nucleosomal structure 

observed during transcription are likely to occur during progression of other processive 

enzymes (e.g. ATP-dependent remodelers and DNA polymerases) through chromatin.

Many eukaryotic genes are regulated at the level of transcript elongation and nucleosomes 

are likely to be key players in this regulation36–39. Our observations suggest that inefficient 

resolution of the Ø-loop can cause strong nucleosome-specific pausing and the paused 

intermediate could be a target for regulation of the rate of elongation through chromatin. 

Such regulation could be mediated by variable promoter-distal sequence of nucleosomal 

DNA and/or by histone chaperones (e.g. FACT17,18,40–42) facilitating displacement of the 

distal D-dimer.

In contrast, the proximal P-dimer is likely to be essential for both nucleosome survival and 

efficient transcription. Displacement of the P-dimer leads to arrest of Pol II within the 

nucleosome (Fig. 5) and most likely occurs only transiently in vivo. Since both H2A/H2B 

dimers are exchanged during Pol II transcription in vivo11, the P-dimer must be immediately 
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replaced to avoid arrest of transcribing Pol II and/or loss of the histone octamer. Therefore, 

our data argue that a transcription-coupled process could guarantee fast rebinding of the 

displaced H2A/H2B dimer(s) to nucleosomes. Factors facilitating P-dimer re-binding are 

expected to facilitate transcription through chromatin. Indeed, the H2A/H2B chaperone 

FACT associates with elongating Pol II, contributes to nucleosome survival during 

transcription in vivo18,40,41, and facilitates transcription through nucleosomes in vitro15,18.

Recent studies suggest that on moderately Pol II-transcribed genes exchange of H3/H4 

histones is at least 20-fold slower than that of H2A/H2B (see Introduction). Our work 

suggests that H3/H4 are not exchanged because they are never completely displaced from 

the DNA during Ø-loop-mediated transcription through chromatin. Since most eukaryotic 

genes are transcribed at moderate levels, transcription-dependent exchange of bulk H3/H4 

histones is considerably slower than H2A/H2B dimer exchange20.

Pol II transcription through chromatin is coupled with nucleosome survival at the original 

position on DNA. Why is nucleosome survival at the original position important? 

Transcription of a eukaryotic gene using the alternative, Pol III-type mechanism would 

trigger an extensive displacement/exchange of all core histones21. On the contrary, Pol II-

type mechanism involves only minimal exchange of histones H3/H4 (Fig. 6b). Since the 

H3/H4 histones contain the majority of the sites for post-translational modifications, 

including some epigenetic marks43, the Pol II-type mechanism could specifically allow for 

the survival of the original H3/H4 histones and their covalent modifications during 

transcription. Since almost the entire eukaryotic genome is transcribed at a certain non-zero 

frequency44,45, this mechanism could mediate maintenance of epigenetic marks across the 

genome.

In summary, transcription of the majority of eukaryotic genes by Pol II is accompanied by 

minimal disruption of chromatin structure likely ensuring maintenance of genome stability1. 

In particular, the minimal exchange of H3/H4 histones may well guarantee the survival of 

epigenetic “marks” and other post-translational modifications of H3/H4 histones. Our 

analysis suggests that the Ø-loop intermediate mediates both the efficient Pol II transcription 

through chromatin and the preservation of the H3/H4 code. Formation of Ø-loops is tightly 

controlled through a feedback mechanism and may turn out to be extensively regulated.

METHODS

Protein purification

We purified hexahistidine-tagged E. coli RNAP, Pol II, core histones and GreB protein 

using published protocols17,46,47.

DNA templates and sequence alignment

The 603 and 603R templates for Pol II were described previously15. We prepared the 

variants of the 603R template (603R, 603R-L and -R) by annealing pairs of long overlapping 

oligonucleotides and filling-in with the Klenow fragment of DNA polymerase I (NEB). The 

double-stranded DNA fragments were then PCR-amplified using a different pair of primers 

to obtain 201-bp fragments. The 201-bp fragments were gel-purified and PCR-amplified 
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with another pair of primers to obtain 262-bp fragments containing TspR1 site. After 

digestion with TspRI (NEB) 249-bp fragments were obtained. The sequences of the variant 

603R templates will be provided on request. We obtained the 110-bp DNA fragments for 

reconstitution of hexasomes and tetrasome PCR-amplification of the plasmid pGEM-3Z/

60326 with different pairs of primers, followed by TspR1 digestion.

To obtain the 603-42 and 603-49 templates for Pol II, we mutated the original 603 template 

at four or six positions to allow stalling of Pol II at +42 or +49 positions in the 603 

nucleosome, respectively. The nucleosome positioning sequences were amplified by PCR 

and digested with TspRI (NEB) to obtain the 149-bp DNA fragment.

Reconstitution of nucleosomes and subnucleosomes

We gel-purified the 149-bp and 249-bp DNA fragments, used them for nucleosome 

reconstitution by octamer exchange at 1:3 DNA:chromatin ratio17. The hexasomes were 

reconstituted using chicken erythrocytes core histones by dialysis from 2 M NaCl48.

To obtain 603-42 and 603-49 templates for E. coli RNAP we mutated the original 603 

template to replace four or six nucleotides in DNA and allow stalling of RNAP at the +42 or 

+49 positions within the 603 nucleosome, respectively. We amplified the nucleosome 

positioning sequences by PCR, digested by TspRI (NEB) and ligated through the TspRI site 

to a T7A1 promoter-bearing fragment30. Ligated products were re-amplified with one 5′-

end-labeled primer, gel-purified, and assembled into nucleosomes. We reconstituted 

nucleosomes on the DNA templates by histone octamer transfer from chicken -H1 

erythrocyte donor chromatin17.

Transcription of nucleosomes and subnucleosomes

E. coli RNAP: We formed elongation complexes containing 11-mer RNA (EC-39) on pre-

assembled nucleosomal templates as described30. In experiments with labeled RNA EC-39 

was pulse-labeled in the presence of [α-32P]-GTP (3000 Ci/mmol, PerkinElmer Life 

Sciences). EC-39 was then extended in the presence of a subset of NTPs to form EC-5. In 

footprinting experiments, all steps were performed in solution. In experiments involving 

labeled RNA and GreB treatment, EC-5 was immobilized on Ni-NTA-agarose30. After 

extensive washes the complexes were eluted from Ni-NTA beads in the presence of 100 mM 

imidazole and transcription was continued in solution. EC-5, EC+41 or EC+49 were formed 

in the presence of 1 μM ATP on the 603-42 or 603-49 templates. EC-5 was further extended 

in the presence of 300 μM CTP, UTP, GTP and 150 μM 3′ 25ºC for 4 min or in the presence 

of 200 μM of all NTPs in TB300. Labeled RNA was purified and separated by denaturing 

PAGE. Transcription by Pol II was performed as described17,30.

DNaseI footprinting

We carried out DNase I footprinting at a final concentration of end-labeled templates of 2.5 

μg/ml in the presence of 10-fold weight excess of unlabeled –H1 chicken erythrocyte 

chromatin in TB100 (20 mM Tris HCl pH 8.0, 5 mM MgCl2, 2 mM β-ME, 100 mM KCl). 

DNaseI was added to a final concentration 20–50 U/ml for 30 sec at 37ºC after formation of 

the desired ECs. The reactions were terminated by adding EDTA to 10 mM. The samples 
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were resolved in a native gel17. Gel fragments containing desired complexes were cut, DNA 

extracted, purified and analyzed by denaturing PAGE. The gels were quantified using a 

PhosphorImager.

Analysis of Pol II elongation complexes using the restriction enzyme sensitivity assay

To stall Pol II at +42 and +49 positions in the 603 nucleosome, we assembled EC-39, 

immobilized it on Ni-NTA-agarose17. Then we ligated EC-39 or 2 hours at 16°C in TB40 to 

nucleosomes assembled on the 149-bp DNA fragment, washed, eluted into solution17 and 

extended in the presence of a subset of NTPs to form EC-5, EC+41 or EC+49 in TB300 at 

20°6C (Supplementary Methods). The complexes were diluted 3-fold with TB0 to decrease 

concentration of KCl to 100 mM, digested with the restriction enzymes indicated, and 

separated by native PAGE. The gels were quantified using a PhosphorImager.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Promoter-distal high-affinity (HA) nucleosome positioning sequences dictate the high 

nucleosomal barrier to transcription by Pol II. (a) Analysis of nucleosomes formed on the 

603R variants by native PAGE. Promoter-proximal (L) or -distal (R) regions of nucleosomal 

DNA were mutated (Supplemental Fig. 1). The positions of the nucleosomes on the 

templates are indicated. M: markers, pBR322-MspI digest. (b) Mutations in the R region 

(603R-R template) strongly affect the nucleosomal barrier to transcription. Analysis of 

pulse-labeled transcripts by denaturing PAGE. The positions of labeled DNA (asterisk), 

transcripts and nucleosomes are indicated. (c) Mutations of 603R-R(2–3) sequence have a 

strong effect on the nucleosomal barrier to transcription. Run-off transcripts (Fig. 1b) were 

quantified and plotted. Each bar indicates the average of at least three separate experiments; 

error bars indicate the mean ±S.D. (d) Pol II paused at the +45 region (1) could form a Ø-

loop and sterically displace the promoter-distal DNA end from the octamer ((2) and (3)) to 

facilitate further transcription through a nucleosome. Strong histone-DNA contacts in the R3 

HA region (Supplementary Fig. 1) would block DNA displacement and transcription. 

Nucleosomal DNA and the histone octamer are shown in blue and green, respectively. The 

direction of transcription is indicated by gray arrow.
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Figure 2. 
A model of an intranucleosomal Pol II-containing a DNA Ø-loop. (a) Schematic 

representation of the structure. The DNA-histone contacts characteristic of the original 

nucleosome (before transcription) are established both in front of and behind the enzyme, 

forming a Ø-loop; the 50-bp downstream region of nucleosomal DNA including R3 HA 

sequence must be uncoiled from the octamer. Pink and grey arrows indicate the promoter-

proximal nucleosomal boundary and direction of transcription, respectively. (b) A stereo 

diagram of the complex. The structures of a nucleosome and yeast Pol II EC (PDB IDs 1aoi 

and 1y1w, see refs. 28 and 29) with the active site at the position +39 were merged using the 

docking approach. The DNA template, non-template and RNA strands are in red, blue and 

yellow, respectively. The Rpb2 bridge helix, the clamp, the C-terminal coiled coil and the 

rest of the Pol II molecule are in magenta, cyan, brown and grey, respectively. (c) The 

structure was rotated by ~90 degrees around the vertical axis.
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Figure 3. 
RNAP forms an intranucleosomal Ø-loop at position +49. (a) The experimental approach: 

DNase I footprinting of E. coli RNAP ECs. (b) Ø-loop formation is coupled with partial 

displacement of the promoter-distal end of the nucleosomal DNA. Analysis of end-labeled 

DNA by denaturing PAGE. The footprints of the ECs (dotted lines) formed on DNA and 

nucleosomes (Nucl.), and the positions of the active center of RNAP (arrows) are indicated. 

(c) and (d) Quantitative analyses of the footprints. The suggested structures of 603 EC+41 

and EC+49 complexes (top). Two DNaseI-hypersensitive sites in the R3 region are indicated 

(arrows). (e) The Pol II-type mechanism of chromatin remodeling. As RNAP approaches a 

nucleosome (1), (small arrows indicate direction of transcription), upstream nucleosomal 

DNA is partially uncoiled (dashed arrows) from the octamer (2). Then a transient Ø-loop is 

formed at position +49 (3), and RNAP displaces the promoter-distal end of nucleosomal 

DNA (4). As RNAP continues transcription, the DNA-histone contacts upstream of the 

enzyme serve as an anchor to recover the nucleosome behind RNAP (5). Insert: The 

mechanism of nucleosome survival during transcription. Only ~2/3 of a DNA supercoil on 

the surface of the octamer is shown.

Kulaeva et al. Page 15

Nat Struct Mol Biol. Author manuscript; available in PMC 2010 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Structures of the key intermediates formed during transcription through a nucleosome by Pol 

II. (a) Expected structures (1, 2 and 3) and DNA accessibility of the complexes to Cac8I and 

StyI restriction enzymes (2′ and 3′). Pol II was stalled at particular positions (−5, +42 and 

+49) within the 603 nucleosome. The asterisk indicates the labeled DNA end. DNA is 

expected to be displaced from the octamer upstream of EC+41 and downstream of EC+49 

(Fig. 3e). (b) Sensitivity of the ECs to restriction enzymes. ECs were incubated in the 

presence of an excess of Cac8I or StyI restriction enzymes and analyzed on a native gel 

(Supplementary Fig. 5). The extents of digestion were quantified and plotted. Each bar 

indicates the average at least three separate experiments; error bars indicate the mean ±S.D.
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Figure 5. 
Removal of the promoter-proximal H2A/H2B dimer results in Pol II arrest in the +45 region 

of the nucleosome. (a) The expected consequences of removal of a single H2A/H2B histone 

dimer. During Pol II progression through +45 region the Ø-loop is formed (1). Removal of 

the promoter-distal D-dimer promotes dissociation of the D-end of nucleosomal DNA (2) 

and further transcription (3), and thus would decrease the height of the +45 barrier. In 

contrast, removal of the proximal P-dimer favors release of the P-end of nucleosomal DNA 

(2′) thereby eliminating upstream DNA-histone contacts and strongly destabilizing the Ø-

loop, an intermediate thought to facilitate transcription. Thus, the P-dimer removal is 

expected to strongly increase the height of the +45 barrier. (b) The 603 nucleosome and 

subnucleosomes missing either the D- or the P-dimer (-D- and -P-hexasomes, respectively) 

were transcribed by Pol II and transcripts were analyzed by denaturing PAGE. (c) 

Quantitative analysis of the efficiency of arrest in the +45 region. Each bar indicates the 

average at least three separate experiments; error bars indicate the mean ±S.D.
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Figure 6. 
A feedback mechanism allows survival of histones H3/H4 during Pol II transcription. (a) 

The feedback mechanism. As Pol II approaches a nucleosome (1), its progression is initially 

accompanied by displacement of DNA behind the enzyme (2), and could result in 

displacement of the histone octamer into solution (3). However when Pol II reaches the +45 

region of strong DNA-histone interactions, the Ø-loop is formed (4). Ø-loop formation 

prevents octamer displacement and allows further transcription by facilitating DNA 

displacement in front of Pol II ((4) and (5)). Thus Pol II transcription is coupled with 

nucleosome survival. (b) Pol II-type mechanism allows survival of H3/H4 histones on DNA 

during transcription. Transcription by the Pol III-type mechanism would induce backward 

nucleosome translocation and displacement/exchange of all core histones23. In contrast, 

during transcription by Pol II, nucleosomes are not translocated, and only H2A/H2B 

histones are exchanged. Thus, specifically modified histones H3/H4 could survive Pol II 

transcription.
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