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Abstract

Diverse chromatin modifiers are involved in regulation of gene expression at the level of 

transcriptional regulation. Among these modifiers are ATP-dependent chromatin remodelers, 

where the SWI/SNF complex is the founding member. It has been observed that High Mobility 

Group (HMG) proteins can influence the activity of a number of these chromatin remodelers. In 

this context, we have previously demonstrated that the yeast HMG proteins Nhp6 and Hmo1 can 

stimulate SWI/SNF activity. Here, we studied the genome-wide binding patterns of Nhp6, Hmo1 

and the SWI/SNF complex, finding that most of gene promoters presenting high occupancy of this 

complex also display high enrichment of these HMG proteins. Using deletion mutant strains we 

demonstrate that binding of SWI/SNF is significantly reduced at numerous genomic locations by 

deletion of NHP6 and/or deletion of HMO1. Moreover, alterations in the nucleosome landscape 

take place at gene promoters undergoing reduced SWI/SNF binding. Additional analyses show 

that these effects also correlate with alterations in transcriptional activity. Our results suggest that, 

besides the ability to stimulate SWI/SNF activity, these HMG proteins are able to assist the 

loading of this complex onto gene regulatory regions.
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1. Introduction

Chromatin dynamics have a deep impact on gene expression at the level of regulation of 

transcriptional activity. Several proteins and protein complexes, collectively called 

chromatin modifiers, are involved in this critical aspect of transcriptional regulation. Among 

these modifiers are ATP-dependent chromatin remodelers, which use the energy of ATP 

hydrolysis for mobilizing nucleosomes or altering their composition [1,2]. Within this family 

of chromatin remodelers, the SWI/SNF complex is the founding member. Its action at gene 

regulatory regions is involved in either transcriptional activation or repression. In both cases, 

the complex needs to be recruited to these regulatory regions in order to exert its action, 

mainly through physical interactions of one or more of its subunits with transcription factors 

[1].

High Mobility Group (HMG) proteins are abundant proteins involved in several nuclear 

activities, including transcription. HMG proteins are subdivided into three families: HMGA, 

HMGB and HMGN [3]. Among the functions described for these proteins is their ability to 

assist binding of transcription factors to their cognate sites at gene regulatory regions [4]. 

HMGA and HMGB proteins have the ability to bend DNA, a property related to this 

functional association with transcription factors [5] and also to other nuclear functions (see 

below). Seven genes encode HMGB proteins in the yeast Saccharomyces cerevisiae, 

including NHP6A, NHP6B and HMO1 [6]. Several studies have reported the involvement of 

these three HMG proteins in different aspects of transcriptional regulation [7–14]. Among 

the properties ascribed to HMGB proteins is their ability to stimulate ATP-dependent 

nucleosome remodeling activity. HMGB1 is able to stimulate the remodeling activities of the 

ACF, CHRAC [15] and SWI/SNF complexes [16,17]. In yeast, physical and functional 

interactions were demonstrated between Nhp6 and RSC, a complex of the SWI/SNF 

subfamily of chromatin remodelers [18]. Subsequently, with the use of several in vitro 
analyses, we have recently demonstrated the ability of Nhp6A, Nhp6B and Hmo1 proteins to 

stimulate SWI/SNF nucleosome remodeling activity. Interestingly, Hmo1 and Nhp6 exert a 

differential stimulatory effect on SWI/SNF activity. Among other differences, only Hmo1 is 

able to stimulate SWI/SNF binding to the nucleosome [19]. Consistent with our findings, a 

number of studies point to a functional connection between Nhp6 and SWI/SNF. A subset of 

yeast genes whose expression is affected by both Nhp6A/B and SWI/SNF has been observed 

in early high throughput gene expression analyses [12]. Consistently, from a genome-wide 

analysis performed by Venters and colleagues for 200 transcription regulatory proteins, 

numerous genes with a relative high co-occupancy of both Nhp6A and SWI/SNF can be 

identified [20]. Furthermore, the triple mutant nhp6a nhp6b swi2 (SWI2 = catalytic subunit 

of ySWI/SNF) is lethal [7]. To date, there are no in vivo studies focusing on functional 

relationships between Hmo1 and SWI/SNF. In our current study, with the use of ChIP-chip 

analyses we found that the S. cerevisiae HMGB proteins Nhp6A/B and Hmo1 are required 

for binding of the SWI/SNF complex to the promoters of numerous genes. Further analyses 

in a large fraction of these genes indicate that this dependence correlates with variations in 

mRNA levels and in the nucleosome landscape at the promoter region of the genes analyzed. 

Additional analyses suggest that this Hmo1 and Nhp6-dependent binding of SWI/SNF to 
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gene promoters may rely, at least in part, on a stimulatory effect on SWI/SNF recruitment by 

transcription factors.

2. Materials and methods

2.1. Yeast strains

The strains used in this work are listed in Supplementary Table S1. All the strains are 

derived from the S288C strain. Their identity was confirmed by PCR and/or western blot 

(Supplementary Fig. S1; primer sets listed in Supplementary Table S2).

2.2. Antibodies

ChIP assays were performed using the following antibodies: anti-Snf5 (Upstate #07-320); 

Histone H3 antibody (Active Motif #39163); normal IgG antibody (SantaCruz #2015). IgG 

Sepharose 6FF resin (GE Lifescience #17-0969) was used in the case of ChIPs for Nhp6 and 

Hmo1 (TAP-tag strains). Western blots were performed using anti-CBP (TAP-HRP, Sigma 

#P1291) and the anti-Snf5 and anti-H3 antibodies described above.

2.3. Chromatin immunoprecipitation assays

Yeast strains were grown in 200 ml of YPD medium at 30 °C, crosslinked and processed for 

ChIP as described [21,22]. Cells were crosslinked with 1% formaldehyde at room 

temperature (25–28 °C) under continuous shaking. The ChIP lysates were used to 

immunoprecipitate Snf5 and H3, and to affinity-purify (ChAP, chromatin affinity 

purification) the HMG proteins. Immunoprecipitation and further processing were carried 

out essentially as previously described [21], using 50 µg of chromatin (DNA content). The 

immunocomplexes and TAP-tagged proteins were pulled down with Protein G-Sepharose 

4FF (GE Healthcare Life Sciences) or IgG Sepharose 6FF resin (GE Healthcare Life 

Sciences), respectively. Three biological replicates were grown for each strain and used for 

the ChIP-on-chip assays. In the case of ChIP-qPCR, DNA was analyzed using Brilliant III 

QPCR Master Mix (Stratagene, 600882), according to manufacturer's instructions. Real-time 

PCRs were performed in a Mx3000p thermocycler (Stratagene), using specific primer sets 

whose sequences are given in the Supplementary Table S2.

2.4. Microarray analysis

ChIP-on-chip assays for the genome-wide distribution of the TAP-HMG proteins and Snf5 

were performed using 8 × 60k yeast genome DNA arrays (Agilent, cat. 031697) with an 

average probe spacing of ~200 bp. We used 50 ng of input and immunoprecipitation (or 

affinity purification) samples for double T7 linear amplification (Epicentre) and labeling as 

described [23,24]. Inputs were labeled with Cy3 dye and immunoprecipitations (or affinity 

purifications) with Cy5 dye (GE Healthcare). We combined 4 µg of each sample (input and 

immunoprecipitation/affinity purification) for hybridization. Three biological repeats were 

done for all microarray-based experiments. Microarrays were scanned with an Agilent DNA 

Microarray Scanner (model no. G2505B; Agilent) and the information treated with Feature 

Extraction software (Agilent). The data was normalized with GeneSpringGX software 

(Agilent). R software was used to analyze, normalize and plot all microarray data. The 

microarray data from this publication have been submitted to the Gene Expression Omnibus 
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(GEO) database (http://www.ncbi.nlm.nih.gov/geo/) and is available as a super series under 

GEO accession number GSE86279.

2.5. Data analysis

Normalized ChIP-on-chip data were analyzed using a modified average gene analysis, as 

previously described [25]. ORFs were subdivided into 14 equal-sized bins, irrespective of 

gene length. Intergenic regions (480 bp upstream and downstream of genes) were allocated 

into three bins each. A matrix of twenty columns was generated, representing coding and 

intergenic regions, and each row representing a gene (Supplementary Fig. S2). The columns 

were averaged to generate the whole-genome average plots. To generate enrichment profiles 

of TAP-tagged proteins (Nhp6A, Nhp6B and Hmo1), background values obtained from a 

ChAP performed with the wild-type strain (BY4741) were subtracted from values obtained 

from the TAP-tag strains. Gene clustering criterion to group genes presenting occupancy 

values higher than a defined log2 value consisted in selecting those genes presenting a value 

≥ a defined threshold in at least one bin, in a delimited gene section (promoter/TSS or ORF). 

Clustering criterion to group genes presenting occupancy values lower than a defined log2 

value consisted in selecting those genes displaying all bin values below a defined threshold, 

in a delimited gene section (promoter/TSS or ORF). To determine genes presenting 

significant reduction in SWI/SNF occupancy, we used as criterion a reduction ≥1 at least in 

the bin displaying the highest occupancy value in the wild-type strain.

2.6. RNA isolation and RT-qPCR

Yeast strains were grown in YPD medium at 30 °C until reaching an optical density at 600 

nm (OD600) of 0.8. Total RNA was isolated using acid phenol extraction as previously 

described [26]. RNA quality and quantity were assessed by agarose gel electrophoresis and 

UV spectroscopy, respectively. In each case, 1 µg of RNA was treated with DNase and then 

reverse transcribed using 0.25 µg of Anchored Oligo(dT)20 Primer (Invitrogen, 12577-011) 

and M-MLV reverse transcriptase (Promega, M170A), in a final volume of 20 µl; 0.5 µl of 

this sample was analyzed by real-time PCR using Brilliant III QPCR Master Mix 

(Stratagene, 600882), according to the manufacturer's instructions. Real-time PCRs were 

performed in a Mx3000p thermocycler (Stratagene) and mRNA levels were determined 

using the Standard Curve Method using actin (ACT1) as a reference gene.

2.7. Recombinant proteins and protein complexes

Recombinant proteins Nhp6A, Nhp6B, Hmo1 and HMGB1 were purified as previously 

described [19]. Gal4-VP16 was purified as described previously [27]. The ySWI/SNF 

complex was obtained by tandem affinity purification, concentrated and quantified as 

described [28].

2.8. DNA probes, nucleosome reconstitution and EMSA

A 216 bp DNA segment was generated by PCR, using the pGEM-3Z/601-Gal4 plasmid as 

template [28]. Prior to PCR, one of the PCR primers was end-labeled with [γ-32P] dATP. 

Nucleosome reconstitution was carried out as described previously [28]. Electrophoretic 

mobility shift assays (EMSAs) were performed essentially as previously reported [28]. In 
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each assay, reaction mixes contained 7.4 µl remodeling buffer (70 mM KCl, 20 mM Hepes-

KOH pH 7.9, 2 mM DTT, 0.5 mM PMSF, 10% glycerol, 0.05% NP-40, 10 mM MgCl2 and 

100 µg/ml BSA), 0.6 µl deionized water, 0.5 µl of short oligonucleosomes (400 ng/µl), 3 µl 

of SWI/SNF or SWI/SNF buffer (150 mM NaCl, 10 mM Tris–Cl pH 8.0, 1 mM 

Mg(CH3COO)2, 1 mM imidazole, 2 mM EGTA, 0.1% NP-40, 10% glycerol, 1 mM DTT 

and 0.5 mM PMSF), 0.5 µl 300 nM Gal4-VP16 (or Gal4 buffer), 0.5 µl of one of the HMG 

proteins (3 or 6 µM stock concentration) or HMG buffer (100 mM KCl, 10 mM Hepes-KOH 

pH 7.9 and 15% glycerol) and 2.5 µl of probe. All these components, with the exception of 

SWI/SNF (or SWI/SNF buffer), were mixed and then the reactions were incubated for 20 

min at 30 °C, followed by addition of the complex (or SWI/SNF buffer) and a 40 min 

incubation at 30 °C. The samples were then subjected to electrophoresis in a non-denaturing 

polyacrylamide gel (0.3× TBE, 3.5% acrylamide, 60:1 AA:Bis proportion). Afterwards, the 

gel was dried and subjected to autoradiography and also scanned using phosphor screen and 

Molecular Imager FX (BioRad). None of the reaction mixes included ATP.

2.9. Mapping of chromatin landscape at specific promoters

MNase digestion of chromatin was performed on spheroplasts by using a procedure that 

minimizes the time after the isolation of intact cells [29]. Promoter mapping was carried out 

following the protocol described by Lam and colleagues [30], with the following 

modifications: the analysis was performed for wild-type (BY4741) and both nhp6a/b and 

hmo1 deletion mutant strains; 25 ml of exponentially growing cells, cultured in YPD at 

30 °C, were used in each case; primer pairs were designed to tile ~500 bp of a promoter 

region (see sequence information in Supplementary Table S2), yielding 90–110 bp PCR 

products centered every 40 bp. An analysis of chromatin digestion by MNase is presented in 

Supplementary Fig. S3.

3. Results

3.1. The binding profile of SWI/SNF and the HMG proteins Nhp6 and Hmo1 are highly 
correlated

We have recently demonstrated the ability of Nhp6 and Hmo1 proteins to stimulate 

SWI/SNF nucleosome remodeling activity, by performing different in vitro remodeling 

assays [19]. In light of these results, we decided to analyze the in vivo characteristics of this 

connection between the afore-mentioned HMG proteins and the SWI/SNF complex in S. 
cerevisiae. To pursue this goal, we first performed ChIP-chip assays in order to analyze the 

occupancy profile of SWI/SNF and these HMG proteins. In the case of the SWI/SNF 

complex, the immunoprecipitation was directed against one of its core subunits, Snf5 

[31,32]. In the case of the HMG proteins analyzed, strains expressing TAP epitope-tagged 

proteins were used. The enrichment profiles obtained were analyzed using average gene 

analysis [25]. When looking at the genome-wide occupancy profile (ca. 6600 ORFs), no 

significant preference of SWI/SNF for any particular gene region is observed (Fig. 1A), 

which is consistent with previous studies [33]. In the case of Nhp6A, Nhp6B and Hmo1 

proteins, preferential occupancy at promoter regions can be observed (Fig. 1A). We then 

looked at the SWI/SNF occupancy profile in different subsets of genes generated according 

to the enrichment levels of Nhp6 and Hmo1 proteins at gene promoters [including the 
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transcription start site (TSS), see Fig. 1 legend for details]. Strikingly, SWI/SNF occupancy 

at gene promoters displaying high Nhp6 and/or Hmo1 enrichment is considerably higher 

than that observed for the whole genome. Conversely, the occupancy of this complex falls 

down at gene promoters presenting low enrichment of these HMG proteins (Fig. 1B). 

Consistent with these observations, when looking at genes enriched in SWI/SNF occupancy 

at their promoter region [genes with an occupancy value of Snf5 ≥ 1 (log2 ratio) in at least 

one of the bins spanning the promoter/TSS region, 1017 genes] a higher enrichment of these 

HMG proteins at the promoter is observed, as compared to their genome-wide occupancy at 

this gene region (Fig. 1C). Interestingly, in this group of genes, the HMG proteins display 

the same enrichment profile shown by the SWI/SNF complex, characterized by a high 

enrichment in the promoter relative to the gene body (Fig. 1C). Considering that a role in 

transcription elongation has also been ascribed to the SWI/SNF complex [34], we asked how 

the enrichment profile of Nhp6 and Hmo1 proteins would be in genes with a high SWI/SNF 

occupancy at the gene body region (Snf5 ≥ 1 in at least one of the bins spanning the gene 

body, 845 genes). In this set of genes the occupancy profile of the complex is consistent with 

previous reports, characterized by a higher enrichment in the first half of the gene body [33]. 

Notably, the enrichment profile of Nhp6 and Hmo1 follows the same profile displayed by 

the SWI/SNF complex in this set of genes (Supplementary Fig. S4A), which is remarkably 

different to the enrichment profile observed for these HMG proteins in the set of genes that 

possess high SWI/SNF occupancy at their promoter region (Fig. 1C). Taken together, these 

enrichment profiles unveil a strong correlation between SWI/SNF and Nhp6/Hmo1 binding 

to different gene regions at a genome-wide scale. In the same line of evidence, the grouping 

of genes according to high occupancy of SWI/SNF, Nhp6A/B or Hmo1 at their promoter 

region (occupancy value ≥1 in at least one of the bins spanning the promoter/TSS region) 

reveals that 95% of the genes with high SWI/SNF occupancy also have high Nhp6 and/or 

Hmo1 occupancy (966 out of 1017 genes). In fact, most of these genes (896) display high 

occupancy of SWI/SNF, Nhp6 and Hmo1 (Fig. 1D).

3.2. SWI/SNF binding to numerous gene promoters is negatively affected by the absence of 
Nhp6 and/or the absence of Hmo1

With the aim of assessing the effect of Nhp6 and Hmo1 proteins on the residence of 

SWI/SNF at gene promoters, our genome-wide analyses included ChIP-chip for Snf5 

comparing a wild-type strain to nhp6a/b and hmo1 deletion mutants. Average gene analysis 

at the whole-genome level showed a reduction in SWI/SNF occupancy at gene promoters in 

both deletion mutants. Importantly, in genes displaying high enrichment of Nhp6 or Hmo1 at 

this region the reduction in SWI/SNF occupancy upon deletion of NHP6A/B or HMO1 is 

more pronounced. Conversely, the low SWI/SNF occupancy observed at gene promoters 

also displaying low enrichment of these HMG proteins remains unaltered in these deletion 

mutants (Supplementary Fig. S5).

Among the gene promoters presenting high enrichment of SWI/SNF and the HMG proteins 

under study (966 genes), we determined those with a significant occupancy reduction of 

SWI/SNF in the deletion mutants, using as criterion a reduction of log2 ≥ 1 in SWI/SNF 

occupancy. According to this criterion, a total of 129 out of these 966 genes show a 

significant reduction in SWI/SNF enrichment, most of them belonging to the group of genes 
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displaying high occupancy of SWI/SNF and both HMG proteins (896 genes). Within this 

group, 60 showed this reduction in the hmo1 deletion mutant, 13 in the nhp6a/b mutant and 

40 in both mutant strains (Fig. 1D and Supplementary Table S3). In this analysis we 

additionally found reduction in SWI/SNF occupancy in genes displaying only high 

occupancy of the complex (51 genes, Fig. 1D). However, as detailed above, at the genome-

wide level the occupancy of SWI/SNF is reduced essentially in genes displaying high 

enrichment of Nhp6 and/or Hmo1. We also found genes showing an increase in SWI/SNF 

occupancy upon deletion of NHP6A/B and/or deletion of HMO1 (Supplementary Fig. S6). 

Nevertheless, the overall trend corresponds to reduction in SWI/SNF occupancy at the 

genome-wide level, in the set of gene promoters displaying high occupancy of this complex 

and in the set of gene promoters displaying high Nhp6 and/or Hmo1 occupancy 

(Supplementary Fig. S5).

3.3. Reduced SWI/SNF binding is accompanied by alterations in transcriptional activity

In order to validate the results observed in our genome-wide analyses and to further study 

the roles of Nhp6 and Hmo1 proteins in chromatin dynamics at gene regulatory regions, we 

selected those genes showing the highest reduction in SWI/SNF occupancy in the deletion 

mutants for further analyses. This selection was performed only from genes displaying both 

high SWI/SNF occupancy in the wild-type strain and high HMG occupancy in the TAP-tag 

strains. Our further analyses were focused on this group of genes considering that within this 

set we would find the most relevant effects derived from a reduction of SWI/SNF occupancy. 

A total of 40 genes were selected, divided into four equal groups: affected in nhp6a/b 
deletion mutant; affected in hmo1; affected in both nhp6a/b and hmo1 deletion mutants; and 

genes not affected in any of these deletion mutants (control group). The term “affected” 

stands for reduction in SWI/SNF occupancy. To ease data presentation, these groups are 

defined as groups A, B, C and D, respectively, in all future figures (Table 1, an expanded 

version of this table, containing numerical data, is provided as Supplementary Table S4). 

The group of non-affected genes is composed of genes that possess high occupancy of 

SWI/SNF and high occupancy of Nhp6 and/or Hmo1, showing no reduction in SWI/SNF 

occupancy in any deletion mutant, defined as a reduction ≤0.263 in log2 ratio (i.e., a 

SWI/SNF occupancy value at most 1.2 times higher in the wild-type strain than in the 

deletion mutant strains). We first determined whether changes in SWI/SNF enrichment 

correlate with alterations in mRNA levels of the selected genes. To do this, we performed 

RT-qPCR for all 40 selected genes in the wild-type and both deletion mutant strains. 

Significant differences in mRNA levels (reduction or increment) were observed in most of 

the genes affected by deletion of NHP6 and/or HMO1, relative to mRNA levels measured in 

the wild-type strain (Fig. 2A–C). In each set of genes the effect appears to be mostly linked 

to the HMG protein responsible for SWI/SNF occupancy. Thus, in group A (genes with 

SWI/SNF occupancy affected in the nhp6a/b deletion mutant) 90% of the genes show 

significant variations in mRNA levels in the nhp6a/b deletion mutant, while only 20% show 

significant variations in the hmo1 deletion mutant (Fig. 2A). On the other hand, in group B 

(genes affected in the hmo1 deletion mutant) all 10 genes show significant variations in 

mRNA levels in the hmo1 mutant, while 5 genes display significant changes in the nhp6a/b 
deletion mutant (Fig. 2B). In most of these 5 genes deletion of HMO1 derives in a larger 

variation in mRNA levels than that observed upon deletion of NHP6A/B. Consistently, in the 
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group of genes affected in both deletion mutants (group C), a significant change in mRNA 

levels for every gene is observed in the absence of Nhp6 and also in the absence of Hmo1 

(Fig. 2C). Importantly, changes in mRNA levels occur in 29 out of the 30 selected genes 

where SWI/SNF occupancy is affected by the absence of Nhp6 and/or Hmo1 proteins. 

Conversely, significant variations in mRNA levels occur in only 3 out of the 10 genes that 

constitute the group of genes where SWI/SNF binding is not affected (group D, Fig. 2D), 

despite that these genes possess high occupancy levels of Nhp6 and/or Hmo1 proteins, as 

determined by the ChIP-chip analyses performed in the wild-type (TAP-tag) strains. Taken 

together, these results suggest a general trend where the absence of Nhp6 and Hmo1 affects 

transcriptional activity of genes where their presence favors SWI/SNF binding.

We next selected 16 genes (4 genes from each group) to validate our ChIP-chip studies by 

performing ChIP-qPCR. PCR reactions for these analyses were directed to the same 

promoter regions where reduction in SWI/SNF occupancy was detected in the genome-wide 

studies. Immunoprecipitation reactions were carried out for Snf5 and also for histone H3, in 

the latter case with the aim of additionally exploring changes in nucleosome occupancy at 

these regions. With no exceptions, the analysis of SWI/SNF occupancy (ChIP directed 

against Snf5) confirmed the results obtained in the ChIP-chip studies for all these 16 genes 

(Fig. 3A–D, top panel). Reduction of SWI/SNF occupancy in the nhp6a/b deletion mutant 

occurs only in the group of genes defined by the genome-wide analyses as affected in this 

deletion mutant (group A) and in the group of genes determined as affected in both deletion 

mutants (group C). On the other hand, SWI/SNF occupancy is reduced by the absence of 

Hmo1 only in the group of genes determined as affected in the hmo1 deletion mutant (group 

B) and in the group of genes defined as affected in both deletion mutants (group C). 

Consistently, this approach confirmed no reduction in SWI/SNF enrichment within the 

group of non-affected genes (group D). In the case of RPS22A, a reduction of SWI/SNF 

occupancy was also observed upon deletion of HMO1, although at a lower extent than that 

observed upon deletion of NHP6A/B (Fig. 3A, top panel). Interestingly, ChIP-qPCR 

analyses performed for histone H3 exhibited changes in its occupancy at those gene 

promoters where deletion of NHP6A/B and/or HMO1 results in reduction of SWI/SNF 

occupancy. Histone H3 occupancy is not altered in any gene within the group of genes 

defined as non-affected in deletion mutants, with the exception of a minor reduction 

observed for EFM1 in the hmo1 deletion mutant (group D, Fig. 3D, bottom panel). On the 

other hand, H3 enrichment is altered in all genes belonging to the groups defined as affected 

in the nhp6a/b and/or hmo1 deletion mutants, with the exception of VMA11, for which no 

change of H3 occupancy occurs upon deletion of NHP6A/B (Figs. 3A–C, bottom panels). 

Moreover, within group A (genes affected by deletion of NHP6A/B), major changes in H3 

occupancy occur in the nhp6a/b deletion mutant but not in the hmo1 deletion mutant (Fig. 

3A, bottom panel). Conversely, within group B (genes affected in the hmo1 deletion 

mutant), changes in H3 enrichment occur only by deletion of HMO1 (Fig. 3B, bottom 

panel).

Although changes in H3 enrichment observed in our ChIP-qPCR analyses were mostly 

consistent with variations in mRNA levels determined by our RT-qPCR assays, we found 

unexpected results for a few number of genes. Considering that transcriptional repression is 

commonly linked to an increase in nucleosome occupancy at gene regulatory regions [35], 
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the reduction in H3 occupancy observed for the RPS22A, NPR3 and NUP42 genes (Fig. 3A 

and B, bottom panels) was not consistent with the repressive effect observed for these genes 

by deletion of NHP6A/B or HMO1 (Fig. 2A and B). However, when testing other promoter 

regions of the RPS22A and NUP42 genes, an increase of H3 occupancy can be observed 

(Fig. 3E and F, respectively), now consistent with the variations in mRNA levels observed 

for these genes. This result pointed to the need of further analyses of changes in the 

nucleosome landscape at the promoters of affected genes, rather than limiting the analysis to 

nucleosome occupancy at fixed stretches of the promoters (see below).

3.4. Nhp6 and Hmo1 stimulate targeting of the SWI/SNF complex by Gal4-VP16

The results of our ChIP-chip analyses, validated by the ChIP-qPCR assays performed for 

Snf5, raised an issue in relation to the effect observed by deletion of NHP6A/B. We have 

previously shown that Hmo1, but not Nhp6, has the property of stimulating SWI/SNF 

binding to the nucleosome [19]. However, our ChIP-chip analyses show that in >60 genes 

SWI/SNF occupancy is significantly diminished at their promoter region in the absence of 

Nhp6A/B (see above). This result suggests that Nhp6 is required for SWI/SNF binding to 

defined gene promoters in vivo. Hence, in a cellular context, additional factors may play a 

role for the occurrence of this effect of Nhp6 on SWI/SNF binding to gene promoters. We 

reasoned that among these additional factors could be transcription factors able to recruit 

this complex to gene regulatory regions [1,36]. Considering this reasoning, we decided to 

test in vitro whether Nhp6 is able to stimulate recruitment of SWI/SNF to a 

mononucleosome driven by the chimeric transcription factor Gal4-VP16, using EMSA. In 

these assays we used as probe a mononucleosome reconstituted onto a radiolabeled DNA 

segment containing a single Gal4 binding site in the region of extranucleosomal DNA (Fig. 

4A; [28]). Importantly, a large amount of unlabeled oligonucleosomes was added to the 

binding reactions in order to establish conditions where SWI/SNF is unable to interact with 

the nucleosome probe in the absence of Gal4-VP16. In addition, SWI/SNF and Gal4-VP16 

concentrations were adjusted to obtain a weak recruitment signal, in order to be able to 

detect any potential stimulatory effect given by the HMG proteins. ATP was not included in 

the reactions, with the aim of detecting only binding patterns of the SWI/SNF complex (see 

Materials and methods for details). As observed in Fig. 4B, the Gal4-VP16-mediated 

recruitment of SWI/SNF is stimulated by both Nhp6A and Nhp6B, evidenced by a higher 

intensity of the slowest migrating band (Fig. 4B, compare lane 5 to lanes 8–9 and to lanes 

13–14). This result suggests that the requirement of Nhp6 for SWI/SNF binding to defined 

gene promoters, observed in our in vivo analyses, would rely on the ability of this HMG 

protein to stimulate transcription factor-mediated recruitment of the complex. EMSA 

analyses performed for Hmo1 and the human HMGB1 proteins show that they also have the 

ability of stabilizing targeting of the SWI/SNF complex by Gal4-VP16 (Fig. 4C, compare 

lane 5 to lane 9 and to lanes 13–14).

3.5. Chromatin landscape is altered at gene promoters undergoing reduction of SWI/SNF 
binding

To further study the impact of Nhp6 and Hmo1 on chromatin dynamics at gene promoters 

where, according to our analyses, their presence contributes to SWI/SNF binding, we 

decided to analyze whether deletion of NHP6A/B or HMO1 has an impact on the 
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nucleosome landscape at the promoter region of genes selected from groups A to D (see 

Table 1). The need for this type of experimental approach was emphasized after obtaining 

variations in mRNA levels which, in some cases, were not consistent with variations in H3 

occupancy, depending on the promoter stretches tested for genes such as RPS22A and 

NUP42 (see above). Nucleosome positions were analyzed using micrococcal nuclease 

digestion of chromatin in yeast spheroplasts followed by qPCR analysis of digestion patterns 

using overlapping primer pairs tiling 400 to 500 base pairs (bp) of selected gene promoters 

(see Materials and methods for details). Two genes from each group were tested using this 

approach. Among genes tested from group A (genes where SWI/SNF occupancy is reduced 

by deletion of NHP6A/B), a manifest change was observed for the RPS22A promoter. The 

change observed suggests the movement of a nucleosome from a region upstream the TSS of 

RPS22A to a position closer to the TSS (Fig. 5A, left panel). This result is consistent with 

the repressive effect observed for this gene upon deletion of NHP6A/B (Fig. 2A) and 

explains the opposite ChIP-qPCR patterns found in the analysis of H3 occupancy performed 

for this gene promoter, where increase or reduction of its occupancy was observed 

depending on the promoter region tested by qPCR (Fig. 3A and E). Within the same group 

A, a more subtle effect is observed in the case of the DSE1 promoter, pointing to a reduction 

in the positioning of the nucleosomes spanning this region. That is, deletion of NHP6A/B 
does not result in a marked change in nucleosome positioning or occupancy, although a 

reduction in nucleosome occupancy is observed in all positions displaying high occupancy 

in the wild-type and, conversely, an increase in nucleosome occupancy is observed in all the 

low occupancy positions present in the wild-type (Fig. 5A, right panel). In the case of gene 

promoters tested from group B (genes where SWI/SNF enrichment is reduced by deletion of 

HMO1) the absence of Hmo1 results in alterations of the nucleosome landscape in both gene 

promoters. At the MRP21 promoter, a nucleosome located around −185 (middle point of the 

−235/−133 primer pair, Fig. 5B, left panel) is shifted nearly 50 bp upstream upon HMO1 
deletion. At the AAH1 promoter, the assay suggests the appearance of a nucleosome around 

−165 (middle point of the −213/−119 primer pair, Fig. 5B, right panel) in the absence of 

Hmo1. Similarly, both genes within group C (genes where SWI/SNF occupancy is reduced 

by deletion of NHP6A/B and by deletion of HMO1) show alterations in nucleosome 

landscape derived from the absence of Nhp6 and the absence of Hmo1 (Fig. 5C). For both 

genes, the changes in nucleosome landscape point to the establishment or expansion of a 

nucleosome-depleted region near the TSS [37], which is consistent with the increase in 

mRNA levels observed for these two genes in the deletion mutant strains (Fig. 2C). As 

expected, no effect on nucleosome positioning at the promoter region of the genes within 

group D (gene promoters where SWI/SNF occupancy is not affected in deletion mutants) 

were observed upon deletion of NHP6A/B or HMO1 (Fig. 5D), which is consistent with the 

unaffected mRNA levels observed for these genes (Fig. 2D). Taken together, these analyses 

demonstrate that the absence of Nhp6 or Hmo1 has an impact on nucleosome landscape at 

the promoters where this absence negatively affects SWI/SNF binding.

4. Discussion

In this work we have demonstrated that the yeast HMG proteins Nhp6 and Hmo1 contribute 

to SWI/SNF enrichment at numerous gene promoters in vivo. Moreover, we have shown 
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that, in genes where this binding depends on Nhp6 and/or Hmo1, their absence also affects 

transcriptional activity and nucleosome landscape at the promoter region. In addition to 

allowing determination of gene promoters where NHP6A/B and/or HMO1 deletion affects 

SWI/SNF occupancy, our ChIP-chip analyses unveiled that most SWI/SNF target genes are 

also targets of these HMG proteins, and that the enrichment profile of the complex at its 

target genes is highly correlated to the enrichment profile of these proteins. The results of 

the in vivo and in vitro assays performed in this work, together with our previously 

published studies [19], strongly support a model consisting in involvement of these HMG 

proteins in the recruitment as well as in stimulating the ATP-dependent remodeling activity 

of the SWI/SNF complex (Fig. 6).

In the context of our results involving Nhp6, a study performed by Celona and colleagues 

[38] has shown that S. cerevisiae cells lacking Nhp6A/B contain a lower number of histones, 

leading to a global reduction in nucleosome occupancy of about 30%, but not to a 

pronounced change in nucleosome positioning at the genome-wide level. Regarding the 

latter observation, the authors found, however, that around 30% of the nucleosomes shift 

their positions in >20 bp. Taking into account this observation and focusing on gene 

regulatory regions where SWI/SNF binds, our results suggest that the absence of Nhp6 

proteins affects nucleosome positioning at those gene promoters where their presence is 

required for SWI/SNF binding, having no major impact on this feature at gene promoters 

where SWI/SNF remains bound despite the absence of these HMG proteins. As 

demonstrated in our RT-qPCR analyses, this observation also extends to transcriptional 

activity of genes showing or not showing reduction in SWI/SNF occupancy by deletion of 

NHP6A/B, where an impact was observed essentially in genes undergoing reduction in 

SWI/SNF occupancy. However, changes in mRNA levels were also observed for a small 

fraction of genes in which deletion of NHP6A/B does not result in reduction in SWI/SNF 

binding. In these genes, other effects derived from the absence of Nhp6 would be acting, 

with reduction in nucleosome occupancy being one of the possibilities.

Roles as transcriptional activators as well as repressors have been found for both Hmo1 and 

Nhp6 proteins. Hall and colleagues determined that deletion of the HMO1 gene results in 

up-regulation of 261 genes and down-regulation of 570 [9]. Similarly, Celona and colleagues 

observed that deletion of the NHP6 genes results in the up-regulation of 219 genes and 

down-regulation of 251 [38]. Consistently, we observed genes with increased mRNA levels 

and genes with reduced mRNA levels upon deletion of HMO1 or NHP6A/B. More 

importantly, changes in mRNA levels were essentially found in genes where deletion of 

HMO1 or NHP6A/B results in a reduction of SWI/SNF occupancy at their promoter region.

Our in vitro analyses suggest that the requirement of Nhp6 and/or Hmo1 for in vivo binding 

of SWI/SNF to defined gene promoters could rely on stimulation of SWI/SNF recruitment 

by transcription factors that physically interact with this complex. In the case of Hmo1, we 

have additionally shown that this protein is able to directly stimulate binding of SWI/SNF to 

nucleosomes [19], suggesting the existence of more means by which this HMG protein 

could stimulate SWI/SNF loading onto gene promoters. According to our results, this 

stimulation of SWI/SNF recruitment would not necessarily rely on enhancement of 

transcription factor binding to its cognate sequence. In this context, it would be interesting to 
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address whether the large number of genes presenting high occupancy of Nhp6 and/or Hmo1 

at their promoter region, but not SWI/SNF, corresponds to genes lacking binding sites for 

transcription factors displaying physical interaction with the complex.

Our ChIP-chip analyses allowed us to determine that most of the genes displaying high 

SWI/SNF occupancy at their promoter region also present high occupancy of both Nhp6 and 

Hmo1. Within this group of genes about 13% display a significant reduction of SWI/SNF 

enrichment in the absence of these HMG proteins. The percentage of gene promoters 

undergoing reduction in SWI/SNF occupancy is higher in those groups presenting high 

enrichment of this complex and either Nhp6 or Hmo1. Although the total number of genes 

comprising these groups is considerably lower, the relatively low percentage of affected 

genes in the group of genes displaying high occupancy of SWI/SNF plus both Nhp6 

andHmo1 suggests that, within this group, the presence of one of these HMG proteins might 

compensate for the absence of the other. In this context, previous studies have proposed that 

Hmo1 and Nhp6 do not have overlapping functions [39]. Our results suggest that Nhp6 and 

Hmo1 might play redundant roles in assisting SWI/SNF binding, especially in genes 

displaying high occupancy of all these players and where occupancy of the complex is 

unaffected by deletion of NHP6A/B or HMO1. It has to be pointed out, however, that there 

are several gene promoters where only one of these HMG proteins is required for SWI/SNF 

binding, even though in many of these promoters both HMG proteins are present. Also in the 

context of our genome-wide analyses, we found gene promoters displaying high occupancy 

of SWI/SNF plus either Nhp6 or Hmo1, in which binding of the complex is not reduced by 

deleting the corresponding HMG gene. Such a phenomenon has been previously reported for 

the GAL1 promoter, where SWI/SNF binding is independent of the presence of Nhp6 [40]. 

The occurrence of genes presenting high occupancy of SWI/SNF and either Nhp6 or Hmo1 

at their promoters, in which SWI/SNF binding is not affected by the absence of the 

corresponding HMG protein, clearly indicates the existence of other factors relevant for 

binding of the complex to these promoters. In this regard, it is likely that transcription 

factors are among these other factors. The ability of SWI/SNF recruitment to gene promoters 

has been described for several transcription factors [35,36,41]. We speculate that these HMG 

proteins would be more necessary for SWI/SNF binding at gene promoters containing weak 

binding sites for SWI/SNF-interacting transcription factors or at gene promoters regulated 

by transcription factors whose protein-protein interactions with SWI/SNF might be 

enhanced by Nhp6 or Hmo1 proteins.

In our analysis of the effect on nucleosome landscape derived from deletion of NHP6A/B or 

HMO1, shifts in the preferential position of particular nucleosomes were found for the 

MRP21 and LDH1 genes. Changes in positioning roughly ranged from 30 to 50 bp. In 

agreement with these observations, Reja and colleagues found an average shift of ~20 bp in 

the position of the +1 nucleosome in the Hmo1-enriched ribosomal protein genes, upon 

deletion of HMO1 [14].

In our present study, we focused our analyses in gene promoters. However, data mining of 

our ChIP-chip assays also uncovered a strong correlation between the enrichment profiles of 

SWI/SNF and both Nhp6 and Hmo1 over the gene body, in those genes displaying high 

occupancy of the complex at this region. Similar to what we found at gene promoters, most 
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of the genes presenting high SWI/SNF occupancy over their gene body (845 genes) also 

display high occupancy of both Nhp6 and Hmo1 at this region (713 genes). Deletion of 

NHP6A/B or HMO1 results in a less marked effect on SWI/SNF occupancy in this group of 

genes, as compared to the effect observed in the group of genes presenting high occupancy 

of the complex at the promoter region. Nevertheless, several of these genes undergo a 

significant reduction in SWI/SNF occupancy upon deletion of NHP6A/B or HMO1, mostly 

by deletion of HMO1 (Supplementary Fig. S4). The fact that a role in transcription 

elongation has also been ascribed to SWI/SNF [33,34] makes it interesting to perform 

further studies focusing on the combined role that SWI/SNF and these HMG proteins might 

play at this gene region.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
SWI/SNF binding to gene promoters correlates with Nhp6 and Hmo1 binding. ChIP-chip 

assays were performed using yeast genomic tiling arrays. The log2 enrichment ratios were 

subjected to average gene analysis. In figures A–C, whole-genome average data were 

calculated and plotted as mean ± s.e.m. (gray) and represent three independent experiments. 

The transcription start site (TSS) and termination site (TES) are indicated. A) Whole-

genome (6575 genes) enrichment profiles of Snf5, TAP-Nhp6A, TAP-Nhp6B and TAP-

Hmo1. B) Snf5 enrichment profile for the whole genome and for subsets of genes displaying 

occupancy levels of both Nhp6 and Hmo1 (collectively termed HMG) which are over or 

below defined thresholds at the promoter/TSS: HMG ≥ 2 = 776 genes (green); HMG ≥ 1 = 
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2801 genes (red); HMG < 0.5 = 1942 genes (blue). C) Enrichment profiles of Snf5, TAP-

Nhp6A, TAPNhp6B, and TAP-Hmo1 for the subset of genes displaying high occupancy of 

Snf5 (≥1) at the promoter/TSS region (1017 genes). D) Venn diagram depicting correlation 

between occupancy levels of SWI/SNF (Snf5), Nhp6A/B, and Hmo1 at the promoter/TSS 

region. Numbers in brackets correspond to genes displaying a significant reduction (≥1) of 

SWI/SNF occupancy at this gene region in deletion mutants nhp6a/b (top), hmo1 (bottom) 

or in both deletion mutants (right). A full list of these genes is given in Supplementary Table 

S3. The global effect on SWI/SNF occupancy generated by these deletion mutants is 

depicted in Supplementary Fig. S5.
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Fig. 2. 
The absence of Nhp6 and/or Hmo1 affects transcriptional activity of genes where these 

proteins are required for SWI/SNF binding to their promoters. RT-qPCR analyses were 

performed to determine changes in mRNA levels generated by deletion of NHP6A/B 
(yellow bars) or HMO1 (red bars) for all genes listed in Table 1. The groups of genes 

depicted in figures A, B, C, and D are in correspondence with the groups of genes listed in 

Table 1. All measures of mRNA levels were normalized using ACT1 as reference gene. In 

the graphs, these normalized mRNA levels of each gene in each deletion mutant strain are 

given relative to the normalized mRNA levels of the corresponding gene determined in the 

wild-type strain. Thus, the horizontal black line is representative of mRNA levels in the 

wild-type strain. Data in each graph correspond to an assay representative of two 

independent assays, each performed in triplicate. Error bars represent one standard 

deviation. Asterisks denote a statistically significant difference (*p < 0.05; **p < 0.01; ***p 
< 0.001), as deducted from the t-test. Supplementary Fig. S7 is an expanded version of this 

figure. A) Analysis for genes undergoing reduction of SWI/SNF occupancy at their 

promoter/TSS upon deletion of NHP6A/B. B) Analysis for genes undergoing reduction of 

SWI/SNF occupancy at their promoter/TSS upon deletion of HMO1. C) Analysis for genes 

undergoing reduction of SWI/SNF occupancy at their promoter/TSS in both deletion 

mutants. D) Analysis for genes where deletion of neither NHP6A/B nor HMO1 affects 

SWI/SNF binding to the promoter/TSS.
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Fig. 3. 
Histone H3 occupancy is affected at gene promoters undergoing reduction of SWI/SNF 

occupancy upon deletion of NHP6A/B and/or deletion of HMO1. ChIP-qPCR analyses were 

performed to determine changes in Snf5 and H3 occupancy generated by deletion of 

NHP6A/B (yellow bars) or HMO1 (red bars) for selected genes listed in Table 1. The groups 

of genes depicted in figures A, B, C, and D are in correspondence with the groups of genes 

listed in Table 1. Values obtained from the qPCR reactions for all genes in wild-type and 

deletion mutant strains were expressed as “times over IgG” and the resulting values obtained 

for the deletion mutants are expressed in the graphs relative to the corresponding values 

obtained for the wild-type strain. Thus, the horizontal black line is representative of 

occupancy levels in the wild-type strain. Data in each graph correspond to an assay 

representative of two independent assays, each performed in triplicate. Error bars represent 

one standard deviation. Asterisks denote a statistically significant difference (*p < 0.05; **p 
< 0.01; ***p < 0.001), as deducted from the t-test. Top (figures A–D): ChIP-qPCR analysis 

for Snf5. Bottom (figures A–D): ChIP-qPCR analysis for histone H3. Positions given here 

and in the figures are relative to the translation start site. Supplementary Fig. S8 is an 

expanded version of figures A–D. A) Analysis for genes undergoing reduction of SWI/SNF 

occupancy at their promoter/TSS upon deletion of NHP6A/B, as determined by the ChIP-

chip assays. Regions spanned by PCR reactions: RPS22A, −294/−200; DSE1, −97/+4; 

NPR3, −222/−97; PDR12, −356/−227. B) Analysis for genes undergoing reduction of 
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SWI/SNF occupancy at their promoter/TSS upon deletion of HMO1, as determined by the 

ChIP-chip assays. Regions spanned by PCR reactions: MRP21, −115/−15; AAH1, 

−213/−119; NUP42, −348/−230; MED8, −175/−44. C) Analysis for genes undergoing 

reduction of SWI/SNF occupancy at their promoter/TSS in both deletion mutants, as 

determined by the ChIP-chip assays. Regions spanned by PCR reactions: NAT4, −162/−62; 

LDH1, −94/+8; VMA11, −210/−96; GEX2, −356/−223. D) Analysis for genes where 

deletion of neither NHP6A/B nor HMO1 affects SWI/SNF binding to the promoter/TSS, as 

determined by the ChIP-chip assays. Regions spanned by PCR reactions: SAG1, −101/+2; 

ASH1, −145/−43; GDB1, −201/−73; EFM1, −226/−115. E) ChIP-qPCR analysis of histone 

H3 occupancy at different stretches of the RPS22A promoter. F) ChIP-qPCR analysis of 

histone H3 occupancy at different stretches of the NUP42 promoter.
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Fig. 4. 
Nhp6 and Hmo1 stimulate targeting of the SWI/SNF complex mediated by Gal4-VP16. 

EMSA analyses comparing the effect of different concentrations of each HMG protein on 

Gal4-VP16-mediated recruitment of SWI/SNF to a mononucleosome probe. A 216 bp DNA 

segment containing a single Gal4 binding site and the 601 nucleosome positioning sequence 

was reconstituted into a mononucleosome. The resulting probe contains the Gal4 binding 

site in the extranucleosomal DNA region, as depicted in figure A. After binding incubations, 

the samples were analyzed by electrophoresis in non-denaturing polyacrylamide gels (3.5%, 

AA:Bis 60:1). Migration of naked DNA, mononucleosome, and the different complexes is 

indicated at right of the pictures. Migration of the mononucleosome is indicated 

schematically. The components of each reaction are depicted on top of the pictures. Pictures 

in figures B and C are representative of three independent assays performed for each set of 

HMG proteins. These proteins may also be present in the Gal4-VP16/SWI-SNF/Nuc 

complex, which cannot be confirmed or discarded through this analysis. A) Schematic 

representation of the probe used in the assays. B) EMSA analysis for Nhp6A and Nhp6B 

proteins. C) EMSA analysis for Hmo1 and HMGB1 proteins.
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Fig. 5. 
Deletion of NHP6A/B or HMO1 impacts nucleosome landscape at gene promoters where 

SWI/SNF occupancy is also impacted. Analysis of nucleosome positioning on the promoter 

region of selected genes, performed for wild-type and deletion mutant strains. Chromatin in 

yeast spheroplasts was subjected to MNase digestion and purified nucleosome-length DNA 

was used for tiling qPCR covering ~500 bp of each gene promoter analyzed. The 

heterochromatic REC104 locus was used as a normalization control in each assay and values 

given in each graph are relative to the highest value obtained in the corresponding assay. 

Data in each graph correspond to an assay representative of two independent assays, each 
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performed in triplicate. The positions covered by each primer pair are given in the figures 

relative to the translation start site. A) Analysis for genes undergoing reduction of SWI/SNF 

occupancy at their promoter/TSS upon deletion of NHP6A/B. B) Analysis for genes 

undergoing reduction of SWI/SNF occupancy at their promoter/TSS upon deletion of 

HMO1. C) Analysis for genes undergoing reduction of SWI/SNF occupancy at their 

promoter/TSS in both deletion mutants. D) Analysis for genes where deletion of neither 

NHP6A/B nor HMO1 affects SWI/SNF binding to the promoter/TSS.
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Fig. 6. 
Role of the HMG proteins Nhp6 and Hmo1 in SWI/SNF-mediated chromatin dynamics at 

gene regulatory regions. The model highlights the processes where the HMG proteins Nhp6 

and Hmo1 could play a stimulatory role, which are: 1) Stimulation of SWI/SNF recruitment 

to gene promoters mediated by specific transcription factors (TF). Hmo1 stimulates direct 

binding of SWI/SNF to nucleosomes [19], implicating that this protein could also assist 

SWI/SNF loading onto gene regulatory regions mediated by other promoter features, such as 

histone modifications. 2) Stimulation of the ATP-dependent chromatin remodeling activity 

of SWI/SNF. TSS = transcription start site. NDR = nucleosome-depleted region. The blue 

box represents a specific binding site for a TF able to recruit SWI/SNF to gene regulatory 
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regions. The green box represents a cis-regulatory element embedded in a nucleosome, 

which may become accessible upon SWI/SNF action.
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Table 1

Genes selected for validation analyses and further studies.

Reduced
SWI/SNF

occupancy in
nhp6ab

(group A)

Reduced
SWI/SNF

occupancy in
hmo1

(group B)

Reduced
SWI/SNF

occupancy in
nhp6ab and hmo1

(group C)

No reduction of
SWI/SNF

occupancy in
deletion mutants

(group D)

RPS22A1, 2 MRP211, 2 NAT41, 2 SAG11, 2

DSE11, 2 AAH11, 2 LDH11, 2 ASH11, 2

NPR31 NUP421 VMA111 GDB11

PDR121 MED81 GEX21 EFM11

GCD6 ARG5,6 ZEO1 PIG1

PSR1 RNR4 FAA3 ARB1

PAP2 PHD1 SKI2 YCR085W

COQ9 EFT1 PHO3 ZRT1

DSE2 ASP1 VPS38 BNA1

GRE3 MVD1 YBL010C HHY1

RT-qPCR analyses were performed for all genes listed in the table. Colour key: yellow = high Snf5 and Nhp6 occupancy; light-blue = high Snf5 
and Hmo1 occupancy; light-green = high Snf5, Nhp6 and Hmo1 occupancy.

1
Genes selected for ChIP-qPCR analyses.

2
Genes selected for analyses of nucleosome landscape at their promoter regions.
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