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Abstract
The positioning of nucleosomes within the coding regions of eukaryotic genes is aligned with
respect to transcriptional start sites. This organization is likely to influence many genetic
processes, requiring access to the underlying DNA. Here we show that the combined action of
Isw1 and Chd1 nucleosome spacing enzymes is required to maintain this organization. In the
absence of these enzymes regular positioning of the majority of nucleosomes is lost. Exceptions
include the region upstream of the promoter, the +1 nucleosome and a subset of locations
distributed throughout coding regions where other factors are likely to be involved. These
observations indicated that ATP-dependent remodeling enzymes are responsible for directing the
positioning of the majority of nucleosomes within the Saccharomyces cerevisiae genome.

Chromatin has the potential to influence all genetic processes that act on the underlying
DNA. The application of genomic technologies to study chromatin organization has
revealed a striking alignment with respect to transcribed genes consisting of a nucleosome
depleted region upstream of the transcriptional start site (TSS) followed typically by an
array of nucleosomes who’s positioning decays with progression into the coding region
(1-3). This organization appears to be a conserved feature of the organization of eukaryotic
genomes and an assortment of factors have been proposed to contribute to its establishment
(2, 3).

Prime candidates are remodeling enzymes related to the yeast Snf2 protein that have been
shown to be capable of repositioning nucleosomes (4). Of these enzymes, ISWI and Chd1
containing remodeling enzymes have been shown to be particularly effective in
repositioning nucleosomes in vitro (5-7). These enzymes share structural motifs that may
adapt them for the purpose of nucleosome spacing (8) exhibit sensitivity to an epitope in the
N-terminal tail of histone H4 (9, 10) and have been shown to alter chromatin at specific loci
in vivo (11-15). This prompted us to investigate the extent to which deletion of any one of
these proteins contributes to the overall organization of nucleosomes in vivo. To do this we
took advantage of recently published data for ISW1 (14) and ISW2 (15) and our own data
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for a strain in which the CHD1 gene had been deleted. Numerous alterations to chromatin
structure are apparent in each strain. However, when the average chromatin structure with
respect to TSS’s is aligned for all yeast genes, the individual deletions were observed to
have relatively minor effects (Fig 1A-C).

The phenotypes associated with deleting individual ISW1, ISW2 or CHD1 genes are
relatively minor whereas deletion of all three genes results in synthetic phenotypes (6). This
led us to investigate chromatin organization in strains deleted for all combinations of these
enzymes. MNase digestion of chromatin isolated from these strains indicated the presence of
spaced nucleosomes except in the case of the isw1Δ, chd1Δ and isw1Δ, isw2Δ, chd1Δ
strains (Fig S1). To characterize chromatin organization in these strains in more detail,
nucleosomal DNA fragments were isolated and subject to paired end sequencing.

The locations of nucleosome dyads were estimated as the midpoint of each paired end read.
A plot illustrating how the dyads map to a representative chromosomal locus (Chromosome
I coordinates 100,000-120,000) is illustrated in Figure S2. In the wild type strain a clear
periodic enrichment of nucleosomal dyads is observed with a mean spacing of
approximately 15 bp. In the isw1Δ, chd1Δ and isw1Δ, isw2Δ, chd1Δ strains, many
nucleosomes were observed to be less organized than in the wt strain. However, it is also
notable that while many nucleosomes lose positioning relative to the TSS in the triple
mutant, a subset of nucleosomes are retained. Alignment of nucleosomal dyads with the TSS
reveals that nucleosome organization is grossly perturbed in these strains (Fig. 1DE).
Especially prominent is a loss of nucleosome positioning through the coding regions while
depletion of nucleosomes within the vicinity of the −1 nucleosome is unaffected. The loss of
chromatin organization is observed in genes expressed at high and low levels (Fig. 2AB),
but it is notable that nucleosome read depth increases within coding regions of highly
transcribed genes following deletion of ISW1, ISW2 and CHD1 (Fig 2A). It’s possible that
this reflects a role for spacing enzymes in the previously observed retrograde movement of
nucleosomes counter to the direction of RNA polymerase (16). In contrast to the dramatic
effects on the organization of chromatin in the coding region, deletion of ISW1 ISW2 and
CHD1 had relatively minor effects on chromatin organization in the vicinity of the 3′ ends
of genes (Fig. 2C). In concert these observations suggest that spacing enzymes play a major
role in the organization of nucleosomes especially within coding regions.

Although it is difficult to prove a direct role for Chd1 and Isw1 in establishing nucleosome
positioning the following evidence supports this. Firstly, these enzymes are especially
proficient in nucleosome spacing in vitro (5-7, 12) and may contribute to the ATP dependent
organization of chromatin recently observed in vitro (17). Secondly Isw1 and Chd1 are
found associated with the coding regions of highly transcribed genes consistent with
functions related to elongation (Fig S3). Thirdly, although there are alterations to the
transcription of many genes following deletion of CHD1 and ISW1 (Fig 2D), alterations to
chromatin structure do not correlate with these changes to transcription (Fig S4).

In order to study how chromatin at individual genes is affected by deletion of spacing
enzymes, hierarchical clustering analysis performed to identify groups of genes with similar
nucleosome organization. Surprisingly, when clustering was performed based upon the
distributions of nucleosome dyads in both the wild type and triple deletion mutant, a subset
of nucleosomes that retain organization could be identified (Fig. 3A-C). Interestingly, the
location of these nucleosomes varies with respect to the transcriptional start site coinciding
with the +1, +2, +3 and +4 positions within different groups of genes. These locations are
also favored locations for in vitro nucleosome assembly (Fig. 2D) and show enrichment for
the predicted affinity for nucleosomes (Fig. 2E). This suggests that DNA sequence acts as a
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more important, though not necessarily sole determinant of nucleosome read depth at this
subset of locations.

An attractive explanation for our observations is that the nucleosome free region at the −1
region acts as a barrier for the establishment of the +1 nucleosome. It is notable that the
depletion of nucleosomes in the −1 region is the feature of chromatin organization least
affected by deletion of ISW1 and CHD1. DNA sequence features and or the assortment of
other factors known to act in this region may combine to maintain the depletion of
nucleosomes in this region (18-21). The +1 nucleosome is the most prominent nucleosome
remaining in the absence of spacing enzymes (Fig. 3A) and it is attractive to speculate that
its location may be set adjacent to the −1 region. Exclusion from the 147bp territory of the
+1 nucleosome could to a limited extent direct positioning of the +2 nucleosome via
mechanisms that have been discussed previously (22). However, in the absence of spacing
enzymes, the +2 nucleosome is far less prominent and subsequent nucleosomes barely
discernable (Fig.1D,E). The majority of nucleosomes within the coding regions of genes are
positioned in register with the +1 nucleosome as a result of the action of spacing enzymes
that position successive nucleosomes within approximately 15 bp of their neighbor.

It is attractive to speculate that the action of Chd1 and Isw1 could be linked to transcription
as the periodic nucleosomal pattern decays with increasing distance from the +1
nucleosome. There are also existing links between both Isw1 and Chd1 and transcription
(11, 23-26). Following inactivation of RNA polymerase a shift in nucleosome positioning
towards thermodynamically favored locations has been observed (16). This loss of
organization is not as severe as that observed following deletion of spacing enzymes,
possibly because pol II was inactivated for up to 120 minutes and a substantial proportion of
nucleosome positioning may be stable over this time frame.

Perturbation to chromatin structure even by a few base pairs can profoundly influence an
assortment of genetic processes including transcription, and DNA replication. (15, 27). This
makes it important to understand the principles underlying nucleosome positioning. Here we
provide evidence that chromatin remodeling enzymes participate in this process. Previous
studies have shown that increased intragenic transcription and histone H3 acetylation is
observed following deletion of CHD1 and ISW1 (25). This may occur as a consequence of
the presence of disorganized chromatin. Given the defects to chromatin and it is perhaps
surprising that an Isw1, Chd1 delete strain survives reasonably well (6). Our data indicate
that substantial transcription is possible in the absence of correct nucleosome spacing (Fig.
2D). Chromatin organization may have a more important role in tuning the sensitivity and
kinetics of transcriptional responses (28) rather than as an obligate requirement.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
Sequence data was generated at the Genepool Facility at the University of Edinburgh and Genotypic Technology
Ltd, Bangalore. TG, VS and TOH were supported by Wellcome Trust Senior Fellowship 064414. MS and JLW
were supported by the Stowers Institute. We thank Anitha Nair for useful advice and sending strains, Jim Allan and
members of the TO-H lab and Wellcome Trust Centre for Gene Regulation and Expression for useful discussions.

References
1. Yuan GC, et al. Genome-scale identification of nucleosome positions in S. cerevisiae. Science. Jul

22.2005 309:626. [PubMed: 15961632]

Gkikopoulos et al. Page 3

Science. Author manuscript; available in PMC 2012 August 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



2. Travers A, Hiriart E, Churcher M, Caserta M, Di Mauro E. The DNA Sequence-dependence of
Nucleosome Positioning in vivo and in vitro. J Biomol Struct Dyn. Jun.2010 27:713. [PubMed:
20232928]

3. Zhang ZH, Pugh BF. High-Resolution Genome-wide Mapping of the Primary Structure of
Chromatin. Cell. Jan 21.2011 144:175. [PubMed: 21241889]

4. Flaus A, Martin DMA, Barton GJ, Owen-Hughes T. Identification of multiple distinct Snf2
subfamilies with conserved structural motifs. Nucleic Acids Research. 2006; 34:2887. [PubMed:
16738128]

5. Lusser A, Urwin DL, Kadonaga JT. Distinct activities of CHD1 and ACF in ATP-dependent
chromatin assembly. Nature Structural & Molecular Biology. Feb.2005 12:160.

6. Tsukiyama T, Palmer J, Landel CC, Shiloach J, Wu C. Characterization of the Imitation Switch
subfamily of ATP-dependent chromatin-remodeling factors in Saccharomyces cerevisiae. Genes &
Development. Mar 15.1999 13:686. [PubMed: 10090725]

7. Stockdale C, Flaus A, Ferreira H, Owen-Hughes T. Analysis of nucleosome repositioning by yeast
ISWI and Chd1 chromatin remodeling complexes. Journal of Biological Chemistry. Jun 16.2006
281:16279. [PubMed: 16606615]

8. Ryan DP, Sundaramoorthy R, Martin D, Singh V, Owen-Hughes T. The DNA-binding domain of
the Chd1 chromatin-remodelling enzyme contains SANT and SLIDE domains. The EMBO journal.
May 27.2011

9. Hamiche A, Kang JG, Dennis C, Xiao H, Wu C. Histone tails modulate nucleosome mobility and
regulate ATP-dependent nucleosome sliding by NURF. Proc Natl Acad Sci U S A. Dec 4.2001
98:14316. [PubMed: 11724935]

10. Ferreira H, Flaus A, Owen-Hughes T. Histone modifications influence the action of Snf2 family
remodelling enzymes by different mechanisms. J Mol Biol. Nov 30.2007 374:563. [PubMed:
17949749]

11. Kent NA, Karabetsou N, Politis PK, Mellor J. In vivo chromatin remodeling by yeast ISWI
homologs Isw1p and Isw2p. Genes Dev. Mar 1.2001 15:619. [PubMed: 11238381]

12. Robinson KM, Schultz MC. Replication-independent assembly of nucleosome arrays in a novel
yeast chromatin reconstitution system involves antisilencing factor Asf1p and chromodomain
protein Chd1p. Molecular and Cellular Biology. Nov.2003 23:7937. [PubMed: 14585955]

13. Xella B, Goding C, Agricola E, Di Mauro E, Caserta M. The ISWI and CHD1 chromatin
remodelling activities influence ADH2 expression and chromatin organization. Molecular
Microbiology. Mar.2006 59:1531. [PubMed: 16468993]

14. Tirosh I, Sigal N, Barkai N. Widespread remodeling of mid-coding sequence nucleosomes by
Isw1. Genome Biol. 2010; 11

15. Whitehouse I, Rando OJ, Delrow J, Tsukiyama T. Chromatin remodelling at promoters suppresses
antisense transcription. Nature. Dec 13.2007 450:1031. [PubMed: 18075583]

16. Weiner A, Hughes A, Yassour M, Rando OJ, Friedman N. High-resolution nucleosome mapping
reveals transcription-dependent promoter packaging. Genome Res. Jan.2010 20:90. [PubMed:
19846608]

17. Zhang Z, et al. A packing mechanism for nucleosome organization reconstituted across a
eukaryotic genome. Science. May 20.2011 332:977. [PubMed: 21596991]

18. Sekinger EA, Moqtaderi Z, Struhl K. Intrinsic histone-DNA interactions and low nucleosome
density are important for preferential accessibility of promoter regions in yeast. Molecular Cell.
Jun 10.2005 18:735. [PubMed: 15949447]

19. Venters BJ, et al. A Comprehensive Genomic Binding Map of Gene and Chromatin Regulatory
Proteins in Saccharomyces. Molecular Cell. 2011; 41:480. [PubMed: 21329885]

20. Hartley PD, Madhani HD. Mechanisms that Specify Promoter Nucleosome Location and Identity.
Cell. May 1.2009 137:445. [PubMed: 19410542]

21. Wippo CJ, et al. The RSC chromatin remodelling enzyme has a unique role in directing the
accurate positioning of nucleosomes. EMBO J. 2011 advance online publication.

22. Fraser RM, Allan J, Simmen MW. In silico approaches reveal the potential for DNA sequence-
dependent histone octamer affinity to influence chromatin structure in vivo. J Mol Biol. Dec
8.2006 364:582. [PubMed: 17027853]

Gkikopoulos et al. Page 4

Science. Author manuscript; available in PMC 2012 August 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



23. Proudfoot NJ, Furger A, Dye MJ. Integrating mRNA processing with transcription. Cell. Feb
22.2002 108:501. [PubMed: 11909521]

24. Morillon A, et al. Isw1 chromatin remodeling ATPase coordinates transcription elongation and
termination by RNA polymerase II. Cell. Nov 14.2003 115:425. [PubMed: 14622597]

25. Quan TK, Hartzog GA. Histone H3K4 and K36 Methylation, Chd1 and Rpd3S Oppose the
Functions of Saccharomyces cerevisiae Spt4-Spt5 in Transcription. Genetics. Feb.2010 184:321.
[PubMed: 19948887]

26. Biswas D, Dutta-Biswas R, Stillman DJ. Chd1 and yFACT act in opposition in regulating
transcription. Molecular and Cellular Biology. Sep.2007 27:6279. [PubMed: 17620414]

27. Simpson RT. Nucleosome Positioning can Affect the Function of a cis-acting DNA Element In
Vitro. Nature. 1990; 343:387. [PubMed: 2405281]

28. Lam FH, Steger DJ, O’Shea EK. Chromatin decouples promoter threshold from dynamic range.
Nature. May 8.2008 453:246. [PubMed: 18418379]

29. Zhang Y, et al. Intrinsic histone-DNA interactions are not the major determinant of nucleosome
positions in vivo. Nature Structural & Molecular Biology. Aug.2009 16:847.

30. Tillo D, Hughes TR. G plus C content dominates intrinsic nucleosome occupancy. Bmc
Bioinformatics. Dec 22.2009 10:442. [PubMed: 20028554]

Gkikopoulos et al. Page 5

Science. Author manuscript; available in PMC 2012 August 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 1. Nucleosome organization is disrupted upon deletion of ISW1, and CHD1
Fragments of nucleosomal DNA protected from digestion by micrococcal nuclease were
subject to paired end sequencing from wild type (green line) and mutant (red line) yeast
strains. Nucleosomal dyads were assigned as the center of each fragment and aligned to the
TSS. The read depth (A, C-E) or hybridization signal (B) normalized per base pair is plotted
against the distance from the TSS.
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Figure 2. Chromatin changes in the absence of remodeling enzymes do not directly correlate
with transcription
Nucleosomal reads were aligned to the TSS of the 10% highest transcribed genes (A), or
10% lowest transcribed genes (B). In (C) reads were aligned to the 3′ ends of genes.
Genome wide changes to transcription upon deletion of genes encoding remodeling enzymes
are relatively modest (D).
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Figure 3. A subset of nucleosomes retain organization in the absence of Isw1, Isw2 and Chd1
Centroid clustering of the nucleosome distribution surrounding the TSS of each gene in wild
type and isw1Δ, isw2Δ, chd1Δ strains strains reveals the presence of a subset of
nucleosomes that retain organization (A,B). The same gene order was used to plot the
nucleosome read depth in an isw1Δ, chd1Δ mutant (C), chromatin assembled by salt
dialysis (29) (D), the predicted affinity for nucleosomes (30) (E), and sonicated DNA(29)
(F). Examples illustrating the variation of these parameters in individual clusters and their
statistical significance are shown in Figure S5.
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