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Abstract

RNA polymerase (Pol) I–transcribed ribosomal genes of budding yeast exist as a tandem array 

(about 150 repeats) with transcription units separated by spacer sequences. Half of these rDNAs 

are inactivated by repressive chromatin structure, whereas the rest exist in an open conformation 

transcribed by closely spaced Pol I elongation complexes. Whereas previous studies have 

suggested that active rDNA is devoid of nucleosomal structure, we demonstrate that active rDNA 

has nucleosomal structure, according to chromatin immunoprecipitation and biochemical 

fractionation. Using a yeast strain with reduced numbers of all actively transcribed rDNA repeats, 

we show that rDNA exists in a dynamic chromatin structure of unphased nucleosomes. 

Furthermore, it is associated with chromatin-remodeling enzymes Chd1p, Isw1p and Isw2p, 

whose inactivation causes defects in transcription termination. We suggest that Pol I transcription, 

like that of Pol II, may be modulated by specific chromatin structures.

Eukaryotic genomes are packaged into chromatin structures that act to fold DNA into the 

limited three-dimensional space of the nucleus. For silent parts of the genome, extensive 

higher-order folding of nucleosomal DNA into complex loop structures occurs, partly 

accounting for gene repression1. In contrast, transcribed genes are known to adopt a more 

open nucleosomal structure2. These core nucleosomes provide for an important level of gene 

regulation, in part through their specific displacement or remodeling3,4.

For genes transcribed by RNA polymerase II, tight regulation is achieved by the selective 

remodeling of nucleosomes, which provides access for the transcription apparatus during all 

stages of transcription2,5. At initiation, nucleosomes must be precisely repositioned to allow 

transcription factor binding to promoter and enhancer sequences followed by Pol II 

recruitment to set up the preinitiation complex. Elongation then commences, requiring the 

transient displacement of each successive nucleosome along the gene template. Eventually, 
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the end of the gene is reached, and this too may be marked by specific nucleosomal 

arrangements6. The transcription cycle for genes transcribed by Pol II is consequently highly 

complex, requiring multiple chromatin-modifying and chromatin-remodeling enzymes. In 

Saccharomyces cerevisiae, a range of chromatin-remodeling enzymes are known to be 

crucial for Pol II transcription, including SWI/SNF and Isw1p remodeling factors at 

initiation and Isw1p and Chd1p for elongation and termination of transcription6–9. In 

addition to these ATP-dependent nucleosome ‘moving machines’, other elongation factors 

seem to facilitate transient nucleosome displacement, allowing Pol II passage along the 

gene10. These include FACT and Spt6p, as well as additional elongation factors, some of 

which covalently modify both histone tails (methylation and acetylation) and the heptad 

repeat of Pol II’s C-terminal domain (Ser2 and Ser5 phosphorylation)11.

Chromatin structure also regulates the transcription of ribosomal genes, which are arranged 

as tandem repeats of identical gene and spacer sequences. In S. cerevisiae, a single array of 

150 repeats generates the full complement of ribosomal RNAs12. Unlike in higher 

eukaryotes, each repeat also contains a single 5S RNA gene transcribed by Pol III. 

Transcription of the remaining rRNAs is achieved by the dedicated Pol I, which synthesizes 

a 35S precursor (pre)-rRNA that is processed into mature 18S, 5.8S and 25S rRNAs. In total, 

rRNA synthesis comprises over 60% of all nuclear transcripts12.

Notably, about half of the rDNA repeats are transcriptionally silent at any one time13,14. This 

rDNA silencing is mediated by a chromatin-remodeling complex called NoRC in higher 

eukaryotes15,16. NoRC and a corepressor, SIN3, are recruited to Pol I promoters through 

interactions with the transcription factor TTF1 (Reb1p in S. cerevisiae)17. This leads to 

remodeling and covalent modification of nucleosomes over the rDNA repeat, so that Pol I is 

blocked from transcription initiation and elongation. Deacetylation and methylation of 

histone tails, as well as DNA methylation, all combine to maintain this repressed state. The 

remaining active rDNAs are transcribed at high efficiency, with an estimated 50 Pol I 

complexes engaged per gene14.

The high density of elongating Pol I along the transcribed rDNA sequence would seem 

incompatible with nucleosome structures. Consequently, the view has long been held that 

active rDNA genes are essentially devoid of chromatin structure. However, it has also been 

noted not only that the number of chromatin-repressed rDNA repeats may vary but also that 

the efficiency of Pol I transcription initiation may alter on active repeats18, changing the 

loading of Pol I complexes across the rDNA gene. Both these mechanisms exist to precisely 

regulate the required abundances of rRNA under different growth conditions and thereby 

reduce energetic waste. Evidence that inactive rDNA repeats are selectively repressed by 

chromatin structure comes from studies using psoralen cross-linking techniques. Actively 

transcribed rDNA is readily cross-linked by psoralen, indicating an open, possibly 

nucleosome-free DNA conformation, whereas inactive rDNA is resistant to psoralen cross-

linking, indicating that it is packaged into a tight nucleosomal structure13,19. In contrast, 

earlier micrococcal nuclease (MNase) digestion studies suggested that active rDNAs have at 

least some regular chromatin structure20, and formaldehyde and UV cross-linking studies 

have also indicated their association with core histones21,22. Notably, a more recent study 

has shown that partial depletion of histone H3 causes inhibition of Pol I transcription23. 
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However, as both H3 and H4 are known components of the Pol I initiation factor UAF24, 

partial H3 depletion may affect Pol I transcription by inhibiting transcription initiation rather 

than removing a required nucleosome structure.

We decided to revisit the question of whether Pol I transcription occurs on a chromatin 

template in yeast and investigate the possibility that chromatin-remodeling activities control 

Pol I transcription in a way that is similar to their role in Pol II transcription. We used a yeast 

strain having a reduced number of rDNA repeats, all of which are transcriptionally active at 

any given time14. Using chromatin immunoprecipitation experiments as well as biochemical 

purification of nucleosomes, we demonstrate that Pol I does indeed transcribe a chromatin 

template. Furthermore, we show that the chromatin-remodeling enzymes Chd1p, Isw1p and 

Isw2p are required for correct transcription termination.

Results

Pol I transcription on rDNA associated with histones

Experimental evidence for and against a role of chromatin in the regulation of Pol I 

transcription has been described13,19–23. We therefore re-evaluated this issue by performing 

chromatin immunoprecipitation (ChIP) analysis coupled with quantification by real-time 

PCR to determine whether nucleosome components histone H2B and histone H3 are 

associated with active and inactive rDNA repeats. We used primer pairs spanning the entire 

rDNA repeat (from upstream of the promoter to the 5S gene downstream of the site of 

termination) and control primers at the Pol II–transcribed CYC1, UTR1 and ISY1 loci (Fig. 

1a and Methods). To first check the specificity of our assay, we used an antibody to HA with 

a strain having HA-tagged Pol I25,26. As expected, Pol I was reproducibly associated with 

the entire rDNA transcription unit, with a profile reflecting that seen in transcription run-on 

(TRO) analysis27. The specificity of these results was further confirmed by the absence of 

Pol I from the Pol II–transcribed CYC1, UTR1 and ISY1 loci (Fig. 1b). We next used ChIP 

analysis to look for histones H2B and H3 on rDNA. We made use of a strain that has only 42 

rDNA repeats (NOY886). In this strain, all repeats are actively transcribed at all times, 

which allows differentiation between active and inactive rDNA repeats14,28. This low repeat 

number is maintained stably by the strain (data not shown and ref. 28).

Polyclonal antibodies against H2B and H3 were used to first compare the levels of these 

core histones on a Pol II–transcribed gene sequence, INO1. Comparing ChIP signals 

between the all-active (AA) strain and its isogenic wild-type (WT) strain (Fig. 1c), we note 

that for this INO1 gene primer pair, as well as for other tested Pol II genes (data not shown), 

the H2B and H3 signals are reduced 50%–75% in AA as compared with WT chromatin 

preparations. This difference may reflect altered sensitivity of chromatin isolated from the 

AA strain to the ChIP procedure. We then performed ChIP analysis on AA and WT 

chromatin with the full range of Pol I gene primers, using the H2B (Fig. 1d) and H3 (Fig. 

1e) antibodies. These measurements were repeated multiple times, allowing accurate error 

bars (s.d.) to be established, and are presented as a ratio between the observed Pol II signal 

(INO1 G primers) and the full set of Pol I primers. Note that the quantitative ChIP analyses 

presented in this study are corrected for the different rDNA-repeat copy numbers in AA and 

WT strains (see Methods). Both the H2B and H3 ChIP analyses show the clear and 
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reproducible presence of these core histones across the whole Pol I locus in the AA strain, 

with an average of 40% of the abundance seen in the WT chromatin for H2B and 25% for 

H3. Previous studies have predicted that histone H3 would be found over the rDNA 

promoter, as histones H3 and H4 are components of UAF, a member of the Pol I initiation 

complex24. However, our results suggest that histone H3, together with H2B, is associated 

with the entire actively transcribed rDNA repeat. Consequently, we predict that a reduced 

abundance of nucleosomes is present on genes actively transcribed by Pol I, in spite of their 

high Pol I occupancy.

Actively transcribed rDNA has a nucleosomal structure

To further characterize the potential chromatin structure associated with Pol I–transcribed 

rDNA, we performed limit MNase digestion on WT and AA yeast chromatin (Fig. 2). DNAs 

purified from these MNase digestion reactions were fractionated on agarose gels as shown, 

and the mononucleosome fraction (indicated by arrowhead) was isolated by gel extraction 

(Fig. 2b). Increasing amounts of micrococcal nuclease resulted in only a slight increase in 

the mononucleosome fraction, supporting the assumption that these were limit digestions. 

Note the near-complete degradation of naked DNA in the DNA control lanes. PCR analysis 

(Fig. 2c) of the mononucleosome DNA fractions was carried out using primer pairs that span 

a single nucleosome repeat (150 base pairs (bp)), corresponding to different parts of the Pol I 

transcription unit (Fig. 2a). PCR signals were detected for both WT and AA rDNA that 

partly accumulate over the 3′ end of the Pol I transcription unit (−2 primers). We showed, 

by varying the PCR cycle number (data not shown), that the signals obtained (Fig. 2c) reflect 

a logarithmic amplification stage, providing semiquantitative results. Notably, very little 

signal (other than background, primer-dimer signal) was detectable with primers 2+3, 

corresponding to the Reb1p-binding site. It is likely that Reb1p blocks nucleosome 

formation at this position in both WT and AA rDNA repeats. The AA mononucleosome 

DNA gave consistently lower PCR signals. This is in part due to the lower copy number of 

rDNA in this strain. Even so, it is clear that a proportion of the AA strain is nucleosomal, 

especially in the termination region (−2 primers).

To extend these results using an alternative assay, we carried out Southern blot analysis on 

the chromatin DNA fractions (Fig. 2b) using a range of 32P-labeled DNA probes spanning 

the whole rDNA repeat (Fig. 2a). The quality of these data can be assessed by the specific 

variations in labeled products observed (Fig. 2d). For the promoter probe, we note that a 

complex pattern of products was detected, with major bands between 150–300 bp, for both 

WT and AA chromatin. We predict that this promoter profile reflects stable Pol I initiation 

complexes, which are distinct from the nucleosome patterns observed with the other DNA 

probes. For the spacer probe (US 5S), clear mono-, di- and trinucleosome bands are apparent 

for both WT and AA DNAs. Furthermore, the ratio of AA to WT signal is about 40%, 

matching the reduced number of rDNA repeats in the AA strain. Thus, in this region of the 

spacer sequence, the AA strain is fully nucleosomal. In contrast, for the transcribed regions 

of the rDNA repeat probed for in this experiment, the level of nucleosomal signal was 

proportionally lower in the AA strain (about 15% of WT; see Fig. 2e). Furthermore, in 

general, only mononucleosome bands were clearly detectible with the AA chromatin digests, 

suggesting that the regular arrays of nucleosomes observed in the WT and AA spacer region 
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are disrupted. These data indicate that although nucleosomes are detectible in transcribed 

regions, they are highly unstable, presumably reflecting their continuous displacement by 

the passage of Pol I elongation complexes. Notably, probe 2+3 (corresponding to the Reb1p 

terminator binding site) again gave lower overall signals, consistent with the PCR analysis 

described above (Fig. 2c).

In summary, the results obtained from these biochemical analyses of rDNA chromatin in 

WT and AA strains demonstrates that Pol I–transcribed rDNA repeats have nucleosomal 

structure. However, it is apparent that the regular nucleosomal structure associated with 

inactive rDNA or spacer sequence is substantially disrupted in the Pol I transcription unit, 

suggesting that nucleosomes exist in a highly dynamic state, presumably in a continuous 

exchange with elongating Pol I. These results are consistent with the levels of H2B and H3 

ChIP signals seen across rDNA (Fig. 1), supporting a lower nucleosome level than seen in 

the inactive rDNA genes.

Chd1p and Isw1p chromatin remodelers on active rDNA

The data presented above describes the presence of nucleosome components across active 

rDNA repeats. Furthermore, we suggest that this chromatin structure is likely to be highly 

dynamic to allow passage of multiple elongating Pol I complexes across rDNA. This 

situation implies the close involvement of chromatin-remodeling factors during Pol I 

transcription. We have previously shown that such factors are required for Pol II 

transcription termination6. In addition, different forms of Isw1p have been shown to be 

crucial in the initiation and elongation stages of Pol II transcription29. To test for the 

association of chromatin-remodeling factors with rDNA, we carried out ChIP analysis using 

Myc antibody on strains carrying Myc-tagged Chd1p30 and Isw1p31. Again, we first tested 

Pol II–transcribed genes (see Fig. 1a) and showed that Isw1p is detectible in both intergenic 

and genic regions31, whereas Chd1p is predominantly associated with the 3′ end of the 

tested CYC1 gene (Fig. 3a), as previously described6. Lower signals were detected with the 

telomere primers, providing a negative control for this analysis. We then performed ChIP 

analysis on rDNA in the Myc-Chd1p and Myc-Isw1p strains and found that both remodeling 

enzymes were reproducibly present at appreciable abundances across the whole rDNA 

repeat (Fig. 3b,c). Note the absence of signals with the untagged strain, confirming the 

specificity of our ChIP analysis. We also performed ChIP analysis on a strain containing 

Flag-tagged Isw2p with a further mutation in the ATPase catalytic domain (Fig. 3d). This 

allows the use of Flag antibody to detect Isw2p on chromatin, which is otherwise hard to 

detect owing to the rapid turnover of this remodeling enzyme on chromatin32. We note that 

the positive Isw2p signal is only a few times greater than the untagged background signal, 

reflecting the lower occupancy of this chromatin-remodeling enzyme compared with Chd1p 

and Isw1p abundances on rDNA chromatin.

The association of Chd1p with the rDNA repeat could occur through rDNA or rRNA, as it 

has been shown that chromodomains can bind RNA33 and Chd1p has two such domains, 

though these are different from the MOF chromodomain implicated in RNA interactions. We 

therefore used a modified ChIP assay that includes RNase A treatment before 

immunoprecipitation34. If Chd1p associates with the repeats via rRNA, a drop in ChIP 
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signal is expected, whereas signals should remain the same if the association occurs via the 

rDNA. To our surprise, the addition of RNase A caused the ChIP signals to selectively 

increase over the transcribed part of the rDNA repeat (regions Pro to 2+3), whereas the 

signals remained almost unchanged upstream of the promoter (US 5S) and over the 

untranscribed spacer (regions 6+7 and 8). In particular, region 2+3 shows a seven-fold 

increase in Chd1p signal after RNase A treatment (Fig. 3e). These data can be explained by 

considering the availability of the epitope for interaction with antibody. The high 

transcription rate of rDNA genes generates a large amount of rRNA, which could interfere 

with the interaction of Myc-tagged Chd1p with anti-Myc. When rRNA is degraded by 

RNase A, the epitope becomes more accessible to the antibody, leading to an increase in 

signal. This hypothesis is consistent with the large increase in signal upon RNase A 

treatment over regions Pro to 2+3 while the signals do not increase over regions 6+7 and 8. 

This is presumably because the polymerase has terminated and the rRNA has been released. 

Notably, the increase in signal seen upon RNase A treatment also indicates that Chd1p is 

associated with the active repeats and that these signals are not simply due to Chd1p binding 

to inactive repeats.

Our ChIP analysis showing that Chd1p, Isw1p and Isw2p are associated with rDNA (Fig. 

3b–e) implies a role for these enzymes in rDNA expression. However, the data fall short of 

proving their direct involvement in active rDNA transcription. We therefore constructed new 

AA yeast strains with either the Chd1p or Isw1p HA-tagged. We then compared the 

abundances of these two chromatin remodeling enzymes with or without RNase treatment 

across the rDNA sequence (Fig. 3f,g). For Chd1p, we observed strong RNase A–dependent 

signals across the Pol I transcription unit, with much lower signals in the spacer sequence. 

Our data therefore demonstrate that Chd1p binds specifically to the rDNA transcription unit 

and its detection is largely masked by nascent rRNA. Similar results were obtained for 

Isw1p, where again higher Isw1p occupancy was observed over the Pol I transcription unit 

when chromatin was treated with RNase. The specificity and selective association of these 

chromatin-remodeling enzymes implies that both Chd1p and Isw1p have direct roles in 

rDNA transcription.

Remodeling factors are required for Pol I termination

The presence of chromatin and chromatin-remodeling factors at active rDNA repeats 

suggests that these factors help to regulate efficient transcription. We therefore analyzed 

rRNA transcription in a yeast strain with all three chromatin remodeling enzymes deleted 

(Δchd1 Δisw1 Δisw2; Fig. 4). This triple-mutant strain, though viable, has a severe slow-

growth phenotype. We initially measured the steady-state abundance of rRNA produced by 

the triple-mutant strain, as compared with its isogenic WT strain. Using equalized cell 

density, we observed unchanged rRNA abundance and unchanged abundance of pre-rRNA 

5′ termini, as determined by primer extension (Fig. 4b). These data support the idea that 

transcription initiation and accumulation of stable rRNA are unaffected by lack of the 

deleted chromatin-remodeling enzymes.

We next performed nascent-transcription analysis on the triple-mutant remodeling strain by 

TRO analysis. This procedure is carried out by incubating detergent-permeabilized yeast 
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cells in a buffer containing [α-32P]UTP, which allows cells to continue transcribing, with 

polymerases ‘running on’ between 50 and 100 nucleotides. Labeled RNA is then hybridized 

to strand-specific DNA probes spanning the rDNA repeat unit, and the signal obtained 

determines the density of transcriptionally engaged polymerase present on the gene and the 

profile of nascent transcription across the gene35. TRO analysis was carried out using probes 

specific to the known Pol I termination region spanning from downstream of the 25S gene to 

the Pol III–transcribed 5S gene (Fig. 4a), as described27. Control promoter, 18S and 25S 

probes were also included in this analysis.

Comparison of the TRO profiles between the WT and triple-mutant strains revealed a clear 

Pol I termination defect in the triple-mutant strain (Fig. 4c). In particular, WT TRO signals 

beyond the normal 3′ end of the transcription unit27 (detected by probe 2) drop to low levels 

(90% reduction by probe 5). In contrast with the triple-mutant strain, about two-fold higher 

TRO signals persist into the spacer sequence. These data are based on an average of four 

independent experiments. Furthermore, TRO analysis of both strains grown in minimal 

medium reveals a similar, though slightly more pronounced, termination defect (Fig. 4d). We 

also note that, especially for the WT TRO, signals were substantially lower over the 18S- 

and 25S-probed regions than over the region outside the mature rRNA sequence but still 

within the transcription unit (probe 2). Titrating lower amounts of TRO-labeled RNA gave 

more equal 18S, 25S and probe 2 signals (Supplementary Figure 1 online). This equal 

distribution of TRO signals reflects the more equal abundances of Pol I detected by ChIP 

across rDNA (Fig. 1b). In addition, it has been suggested that mature rRNA present at high 

abundance in yeast cells may compete with the 32P-labeled TRO RNA and thus cause an 

underrepresentation of signals from the 18S and 25S probes. Consequently, we normalized 

our TRO data by fixing the probe 2 TRO signal as 100%. We also performed TRO analysis 

on yeast strains deleted for Chd1p, Isw1p and Isw2p singly or pairwise. In each case, little 

difference from the WT TRO profile was observed (data not shown). Apparently, these 

factors act redundantly at the rDNA locus, as has previously been observed for the Pol II–

transcribed GAL10-7 locus6. The requirement of chromatin-remodeling enzymes for proper 

Pol I termination may reflect the presence of, in particular, Chd1p up to but not beyond the 

normal termination region.

Discussion

Although chromatin-remodeling factors function at all stages of Pol II transcription6,8,37, 

their role in Pol I transcription is unknown. Previous studies have suggested that rDNA is 

devoid of nucleosomes during active transcription by Pol I13,19, consistent with the high 

density of Pol I elongation complexes across actively transcribed rDNA genes. However, 

these data rely on the observed accessibility of the DNA cross-linking reagent psoralen. 

Transcribed rDNA has been found to be accessible in these studies, whereas untranscribed 

rDNA has not. Although it is clear from these analyses that transcribed rDNA has a more 

open chromatin structure, it remains possible that dynamic nucleosomes, as described here, 

would not preclude psoralen accessibility38. Our previous study showing similarities 

between transcription by Pol I and Pol II27 led us to reinvestigate the possibility that some 

form of chromatin structure exists in actively transcribed ribosomal genes and that this 

structure is maintained by chromatin-remodeling factors.
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Active rDNA is associated with dynamic chromatin

Our ChIP analysis on a yeast strain (NOY886) having reduced numbers of rDNA repeats, of 

which a large proportion are active, implies the close association of histones with actively 

transcribed rDNA genes. As WT yeast has 150 repeats, half of which are inactive and known 

to be packaged into repressive chromatin structure13,14, we expected to see association of 

histones H2B and H3 with rDNA in WT strains. However, we also found that histones H2B 

and H3 are associated with the entire active rDNA repeat. The amount of histone H2B on 

active repeats is ~40% of the total histone H2B seen in the WT strain, and the amount of 

histone H3 on active repeats is ~25% of the total H3 in WT. Even though these data suggest 

that histones are a major component of actively transcribed rDNA chromatin, they do not 

necessarily imply a regular nucleosomal structure. Furthermore, the difference in the 

abundances of H2B and H3 is notable. Canonical nucleosomes contain equal amounts of all 

four core histones. The unequal signals seen here may, therefore, suggest that the chromatin 

present on active repeats is dynamic and unlikely to form canonical nucleosomes. However, 

the presence of both histones H2B and H3 argues against the possibility that the chromatin 

environment seen on active rDNA repeats represents a form of ‘prenucleosome’ containing 

only histones H3 and H4, the two histones deposited first during nucleosome assembly39. 

The presence of both histones H2B and H3 suggests that all four core histones may be 

present on active rDNA repeats. To confirm this, studies should be carried out using 

antibodies to histones H2A and H4. Available antibodies were not suitable for such ChIP 

analysis.

To further characterize the nature of actively transcribed rDNA chromatin, we carried out 

biochemical purification of chromatin nucleosomal DNA from both WT and AA strains. 

This DNA fraction was then probed with rDNA sequences, by both PCR and Southern 

blotting. Our results confirm the presence of nucleosome-like structures over active rDNA, 

but at reduced levels, consistent with a dynamic chromatin structure. Simple PCR analysis 

(Fig. 2c) shows that there are some mononucleosome structures in AA rDNA. However, 

more notably, the Southern blot analysis shows that, whereas the spacer sequence in AA 

chromatin is fully occupied with nucleosomes, the transcribed regions of the AA rDNA 

repeats have three-fold less nucleosomes than the amount expected for full occupancy (Fig. 

2d,e). Furthermore, very little signal other than that of the mononucleosomes is apparent for 

most transcribed rDNA probes, suggesting that an ordered array of nucleosomes is absent. 

The fact that the promoter probe in both WT and AA strains gives a non-nucleosomal but 

consistent hybridization pattern suggests that the promoter is fully occupied with Pol I 

initiation factor (UAF) whether or not the rDNA repeat is active.

Overall, our data on the nature of chromatin associated with actively transcribed rDNA 

indicate that it is comprised of dynamic nucleosomes as well as a fraction of non-

nucleosomal histones (at least H3 and H2B). It seems plausible that elongating Pol I 

encounters dynamic nucleosomal structures during transcription and that this structure is 

remodeled, just as occurs with genes transcribed by Pol II.
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Chromatin remodelers on rDNA dictate normal transcription

The presence of dynamic chromatin structure across active rDNA suggests that chromatin-

remodeling factors are involved in Pol I transcription. To address this issue, we carried out 

ChIP analysis on strains having tagged Chd1p, Isw1p and Isw2p (Fig. 3). We found that all 

three remodeling enzymes are detectable across the rDNA repeat at comparable levels. 

Notably, HA-Chd1p and HA-Isw1p AA yeast strains also gave clear signals for these 

remodeling enzymes across the Pol I transcription unit. As Chd1p and Isw1p have been 

implicated in elongation and termination of transcription by Pol II6,29,37, their presence 

across the Pol I transcription unit on active rDNA suggests that they are probably involved in 

productive Pol I transcription. Treatment of Chd1p and Isw1p ChIP samples with RNase led 

to a strong increase in signal, especially for Chd1p, indicating that rRNA impedes the 

interaction of the antibody. Finally, we investigated whether chromatin-remodeling factors 

have an active role during Pol I transcription by studying the Pol I nascent-transcription 

profile in WT and mutant strains. We found that loss of Chd1p, Isw1p and Isw2p causes a 

clear Pol I termination defect.

The presence of Chd1p and Isw1p across active rDNA suggests that they have a role in the 

Pol I elongation process. Even so, deletion of their genes does not detectibly reduce rRNA 

levels. However, the slow-growth phenotype of this mutant strain may reflect Pol I 

transcription deficiency. In contrast, the chromatin-remodeling deletion strain does show a 

clear Pol I termination defect. This may indicate that normal Pol I termination requires a 

chromatin structure set up by these remodeling enzymes, and their absence thus perturbs the 

normal termination process.

Conclusions

Our data demonstrate that histones and chromatin-remodeling factors are associated with 

active rDNA and suggest that a chromatin environment is present during active transcription. 

Our results, together with the reported detrimental effect of histone H3 depletion on Pol I 

transcription23, suggest that modifications in the chromatin environment of active rDNA can 

function to recruit chromatin-remodeling factors, which in turn are required for efficient 

transcription by Pol I. The results presented in this study therefore modify the current view 

of rDNA chromatin structure. Although inactive rDNA repeat units are associated with 

repressive chromatin structures, active repeats are also associated with a dynamic chromatin 

structure that may act to facilitate efficient rRNA synthesis.

Methods

Yeast strains

The following strains were used in this study: AS14 (Matα ade2 ura3-52 trp1Δ63 TRP1 
his3Δ200 leu2Δ1 lys2-801 RPA14-3HA), NOY886 (Matα rpa135Δ::LEU2 ade2-1 ura3-1 
his3-11 trp1-1 leu2-3,112 can1-100 fob1Δ::HIS3 pNOY117 (CEN RPA135 TRP1); rDNA 

copy number ~42), NOY1051 (same as NOY886, but rDNA copy number is ~140), YHT149 

(Mata 6MYC::6HIS::CHD1::TRP1 ura3-52 lys2-801 leu2-Δ1 his3-Δ200 trp1 pep4Δ:: HIS3 
prb1-Δ1.6R), Isw1-Myc (Matα 13Myc::KanMX6::ISW1 ura3-52 trp1-289 leu2-3 1his3Δ1 
MAL2-8CSUC2), YTT166 (Mata ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 
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RAD5), YTT227 (same as YTT166, but chd1::TRP1 isw1::ADE2 isw2::LEU2), YTT1401 

(same as YTT166, but Mata ste2::HygB ste3:: KanMX), YTT2164 (same as YTT166, but 

Mata ste2::HPH ste3::NAT isw2-K215R-3FLAG-KanMX), AA-Chd1 (same as NOY886, 

but CHD1-3HA::KanMX) and AA-Isw1 (same as NOY886, but ISW1-3HA::KanMX). All 

S. cerevisiae media and growth conditions are standard. All strains were grown in YPD 

medium at 30 °C, except for the TRO analysis that used minimal medium (Fig. 4d).

Chromatin immunoprecipitation

Strains used for ChIP analysis were AS14, NOY1051, NOY886, YHT149, Isw1-Myc, 

YTT1401, YTT2164, AA-Chd1 and AA-Isw1. Analysis was carried out as described29 with 

the following modifications: the cross-linking time was 6 min and proteinase K treatment 

was carried out for 1 h before reversal of cross-links. Cross-links were reversed overnight. 

DNA was sonicated using a bioruptor and purified using Qiagen minicolumns. The locations 

of the PCR products are shown in Figure 1a and their primer sequences and coordinates are 

shown in Supplementary Methods and Supplementary Table 1 online.

All real-time PCR reactions were done with the Corbett Rotorgene system. Input DNA was 

diluted 1:20, and immunoprecipitations (IPs) and ‘no antibody’ controls (NOs) were diluted 

1:5. All samples were run in triplicate to ensure accuracy of the data. PCR of 45 cycles was 

done using the Qiagen QuantiTect SYBR Green PCR Master mix. Primers were used at 0.5 

μM for each experiment. Relevant fluorescent intensities were calculated by the equation:

IP average − NO average
Input average − NO average

All values obtained for IP signals and NO signals were multiplied by 5 and all input signals 

were multiplied by 20 before the values were input into the equation, to account for the 

dilutions noted above. Division of all IP values by input values takes copy number into 

account, allowing the comparison of data from multiple- and single-copy loci.

The protocol for RNase A treatment was adapted from previous studies34. After addition of 

IP buffer, two sets each of input, IP and NO aliquots were made. RNase A was added to one 

set. All tubes were incubated at room temperature for 30 min. The following amounts of 

RNase A were added: input, 6 μl; IP and NO, 19 μl. RNase A/T1 cocktail was purchased 

from Ambion (catalog number 2286). Antibodies for the ChIP analysis were anti-HA clone 

F7 (Santa Cruz Biotechnology.), anti–histone H2B (see Acknowledgments), anti–histone H3 

ab1791 (Abcam), anti-Flag M2 F3165 (Sigma-Aldrich) and anti-Myc clone 9E10 (Sigma-

Aldrich).

Biochemical chromatin analysis

Strains used were NOY1051 and NOY886. Analysis was carried out as described31. Briefly, 

samples of detergent-permeabilized yeast spharoplasts (equivalent to 4.0 × 108) were 

incubated with MNase (300, 600 and 900 units ml−1) for 3.5 min at 37 °C. DNA was 

purified and separated on 1.5% (w/v) agarose gels and blotted onto nylon membranes. 

MNase digests of deproteinized DNA were also included as ‘naked DNA’ controls, together 

with size marker DNA. Blots (Fig. 2d) were hybridized with specific primer-labeled 32P 
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probes and marker DNA and washed at high stringency. Probes were derived from DNA 

fragments amplified by PCR from yeast genomic DNA. The sequence and location of probes 

are shown in Figure 2a, Supplementary Methods and Supplementary Table 2 online.

Mononucleosome DNA was purified from above agarose gels using standard procedures. 

PCR reactions were done in 22 cycles with primers spaced 150 bp apart over the same DNA 

sequence as in the Southern blot probes. Yeast genomic DNA was also used as a template 

for control.

Primer extension

Strains used were YTT166 and YTT227. Analysis was done as described13, with 

modification. Briefly, RNA was prepared with the hot phenol method from 25 ml culture 

(A600 = 0.4–0.6), growing exponentially in YPD medium. The primer used for the analysis 

was 5′-ACACGCTGTATAGAGACTAGGC-3′, which hybridizes to 35S precursor rRNA 

130 nucleotides downstream of the Pol I start site. End-labeled primer (0.2 pmol) was 

allowed to hybridize to each RNA sample for 1 h at 60 °C. After the mixture had been 

slowly cooled to room temperature, reverse transcription was carried out for 1 h at 37 °C. 

After extraction with phenol, chloroform and isoamyl alcohol and precipitation with 

ammonium acetate, the samples were electrophoresed in an 8% (w/v) polyacrylamide gel.

Transcription run-on analysis

Strains used were YTT166 and YTT227. TRO analysis and rDNA probes were both as 

described27,35 and locations of the probes used are shown in Figure 4a. Filers were 

quantified by phosphor-imaging. Values plotted are relative to probe 2 signal (set as 100%) 

to allow for direct comparison between WT and triple-mutant strains.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Histones H2B and H3 are present across active rDNA repeats.
(a) Diagram of the rDNA repeat (top) and the two Pol II–transcribed loci (one with CYCY1 
UTR1 ISY1 and one with INO1; bottom). The primary rRNA transcript is indicated by a 

dashed line. The external (ETS) and internal (ITS) transcribed sequences are shown. Vertical 

arrows to the left and right of the Reb1p- binding site denote the +93 primary termination 

site and the +250 fail-safe termination site, respectively. Black oval denotes the 

autonomously replicating sequence (ARS). Horizontal bars denote the locations of regions 

amplified by real-time PCR. Exact locations and sizes of PCR products are detailed in 

Supplementary Methods and Supplementary Table 1. (b) Profile of Pol I across Pol I– and 

Pol II–transcribed loci, determined by ChIP analysis. Signals from the primers US 5S to 8 

show Pol I across the rDNA repeat. High signals are evident over the promoter, throughout 

the genic region and over the termination region (2+3), as expected. The Pol II–transcribed 

locus produces background signals, confirming absence of Pol I and thus specificity of the 

ChIP analysis. Quantification of all real-time PCR data was carried out as detailed in 

Methods. All ChIP analyses were repeated (n = 2–4) and average data sets are presented. 

Error bars show s.d. throughout. (c) ChIP analysis of the Pol II–transcribed INO1 locus 

reveals that abundances of histones H3 and H2B are decreased in the AA strain as compared 

with WT. Histones H2B (d) and H3 (e) are associated with actively transcribed rDNA. 

Comparison of an AA strain with a WT strain reveals that histones H2B and H3 remain 

associated with rDNA during transcription. Values shown are normalized to the abundance 

of H2B (d) or H3 (e) in the Pol II–transcribed locus (INO1 G) in c. According to the ratio of 

H2B or H3 in the AA strain to that in the WT strain across all amplified regions, AA repeats 

contribute, on average, 40% of the histone H2B and 25% of the histone H3 detected in the 

WT strain.
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Figure 2. Biochemical analysis of Pol I–associated nucleosomes.
(a) Location of the probes used in nucleosome PCR and in Southern blot analysis. rDNA 

repeat map is shown as in Figure 1a, with probes indicated by horizontal bars. Exact 

positions of probes are described in Supplementary Methods and Supplementary Table 2. (b) 

Agarose gel fractionation of DNA isolated from MNase-digested chromatin (300, 600 and 

900 units ml−1 for 3.5 min; triangles above gels indicate increasing concentration) of AA 

and isogenic WT strains. ‘DNA’ lanes are naked DNA control digested by MNase (10 units 

ml−1 for 30 s and 90 s). Arrowhead indicates DNA derived from mononucleosome. (c) 
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Nucleosome PCR. Gel-purified mononucleosome DNA of WT and AA strains was PCR-

amplified. Locations of primer sets are shown in a. Control PCR (bottom) was carried out 

with yeast genomic DNA. (d) Nucleosome structure exists on active 35S rDNA gene. Shown 

are Southern blot analyses of agarose gels like that in b, with the 12 probes indicated. 32P-

labeled marker DNA is shown. (e) Relative values of mononucleosome-band intensity of AA 

versus WT strain. Ratios of mononucleosome signals between AA and WT strains averaged 

from each MNase concentration are shown with s.d.
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Figure 3. Chromatin-remodeling factors are associated with the entire rDNA repeat.
(a) ChIP analysis of Chd1p and Isw1p over Pol II gene loci (INO1 and CYC1) and telomere 

DNA showing accumulation of signal from CYC1 3′ probe6. For details of ChIP PCR 

primers used, see Figure 1a. (b) ChIP analysis of Chd1p across the rDNA repeat in the 

Chd1p-Myc strain compared with an untagged isogenic control strain. Chd1p is found across 

the entire repeat, with higher levels seen over genic regions (18,1 to 25,2). Appreciable 

abundances of Chd1p are also maintained over the termination region and into the spacer 

region. (c) ChIP analysis of Isw1p across the rDNA repeat in an Isw1p-Myc strain compared 

with an untagged isogenic control strain. Isw1p is associated with the entire rDNA repeat. 

(d) ChIP analysis of Isw2-K215R protein across the rDNA repeat in an Isw2-K215R–Flag 

strain compared with an untagged isogenic control strain. Isw2p-K215R is also associated 

with the entire rDNA repeat. (e) RNase A treatment (+A) enhances the Chd1p ChIP signals 

over the transcribed region, indicating that Chd1p does not interact with rRNA. The increase 

is probably due to enhanced antibody binding upon clearance of RNA, indicating that Chd1p 

interacts with actively transcribed repeats. (f,g) Chd1p and Isw1p are associated with active 

rDNA repeats. RNase A treatment before ChIP enhances signals, especially in Chd1-tagged 

AA strains, over the transcribed region and early-termination region.
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Figure 4. Chromatin remodeling factors Chd1p, Isw1p and Isw2p modulate Pol I’s transcription 
termination profile.
(a) Diagram of rDNA repeat as in Figure 1a. Black horizontal bars denote M13 TRO probes. 

Locations and sizes of probes have been described27. (b) Profiles of stable rRNA (left) and 

the 5′ end of the 35S rRNA (right) are the same between the WT and the Δchd1 Δisw1 
Δisw2 strain. RNA was isolated from each strain, and amounts indicated were analyzed by 

direct agarose gel fractionation (ethidium bromide stain) or by primer extension. (c,d) Loss 

of Chd1p, Isw1p and Isw2p causes a distortion in Pol I transcription termination profile, 

with more read-through after the +93 termination site. Representative TRO hybridization 

profiles are presented for the WT and the Δchd1 Δisw1 Δisw2 strain grown in either rich 

media (c) or minimal media (d). ‘A’ denotes the actin positive control. The negative control 

(M) is an M13 DNA lacking rDNA sequence. Error bars in c show s.d. of four experiments.
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