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Abstract

Regulation of gene expression at the level of transcription involves the concerted action of several

proteins and protein complexes committed to dynamically alter the surrounding chromatin

environment of a gene being activated or repressed. ATP-dependent chromatin remodeling

complexes are key actors in chromatin remodeling, and the SWI/SNF complex is the founding

member. While many studies have linked the action of these complexes to specific transcriptional

regulation of a large number of genes and much is known about their catalytic activity, less is

known about the nuclear elements that can enhance or modulate their activity. A number of

studies have found that certain High Mobility Group (HMG) proteins are able to stimulate ATP-

dependent chromatin remodeling activity, but their influence on the different biochemical

outcomes of this activity is still unknown. In this work we studied the influence of the yeast

Nhp6A, Nhp6B and Hmo1 proteins (HMGB family members) on different biochemical outcomes

of yeast SWI/SNF remodeling activity. We found that all these HMG proteins stimulate the sliding

activity of ySWI/SNF, while transient exposure of nucleosomal DNA and octamer transfer

catalyzed by this complex are only stimulated by Hmo1. Consistently, only Hmo1 stimulates

SWI/SNF binding to the nucleosome. Additionally, the sliding activity of another chromatin

remodeling complex, ISW1a, is only stimulated by Hmo1. Further analyses show that these

differential stimulatory effects of Hmo1 are dependent on the presence of its C-terminal tail,

which contains a stretch of acidic and basic residues.
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1. Introduction

Chromatin dynamics has a profound influence on transcriptional regulation. Several proteins

and protein complexes involved in regulation of gene expression exert their action through

remodeling of the local chromatin environment accompanying gene activation. Among them

are ATP-dependent chromatin remodeling machines, which use the energy of ATP

hydrolysis for mobilizing nucleosomes or altering their composition [1]. The founding

member of this family of chromatin remodelers is the yeast SWI/SNF complex. The activity

of this complex results in different biochemical outcomes, including transient exposure of

nucleosomal DNA, nucleosome movement in cis (sliding) and trans-displacement of

nucleosomes (related to octamer transfer activity and to nucleosome eviction or ejection)

[1]. A number of elements that can influence the activity of this complex have been

described, including histone covalent modifications [2,3], transcription factors [4] and High

Mobility Group (HMG) proteins.

HMG proteins are small proteins involved in nuclear activities such as transcription,

replication and DNA repair. These proteins are divided in three families: HMGA, HMGB

and HMGN [5]. The presence of the HMG box domain is characteristic of members of the

HMGB family. Mammalian HMGB proteins, whose most prominent member is HMGB1,

contain two tandem HMG boxes. Yeast members of this family contain one or two HMG

boxes [6,7]. There are seven genes encoding HMGB proteins in Saccharomyces cerevisiae,

including NHP6A, NHP6B and HMO1 [8]. Nhp6A, Nhp6B and Hmo1 are abundant proteins

in the yeast nucleus [9,10]. Hmo1 contains two HMG boxes, while Nhp6A and Nhp6B

contain only one [6,11,12]. It has been observed that these three proteins participate in

different events related to transcriptional regulation of gene expression [9,13-18]. Nhp6A/B

proteins are required for activation of certain inducible genes [8,9]. In the same context, it

has been demonstrated that Nhp6 is required for transcriptional initiation fidelity of RNA

polymerase III [17]. A similar role has been recently assigned to Hmo1 [14]. Johnson and

colleagues observed that Nhp6A binds to nearly 23% of all RNA polymerase II promoters

and also demonstrated that the DNA bending properties of this protein are critical for its role

in transcriptional regulation [18].

A small number of studies have analyzed the effect of HMG proteins on ATP-dependent

chromatin remodeling. First, it was demonstrated that HMGB1 stimulates sliding activity of

ACF and CHRAC complexes [19] and Nhp6 was shown to interact both physically and

functionally with the RSC complex [20]. Later, it was observed that the SWI/SNF complex

enhances V(D)J cleavage on 5S arrays and that this effect is further stimulated by HMGB1

[21]. Additionally, it has been recently shown that the activity of the yeast SWI/SNF

complex is stimulated by rat HMGB1 and HMGB2 [22]. There are no studies addressing the

influence of yeast HMG proteins on the catalytic activity of the ySWI/SNF complex.

However, several independent studies suggest a functional connection between Nhp6 and

the ySWI/SNF complex. Triple mutants nhp6a nhp6b swi2 (catalytic subunit of ySWI/SNF)

are lethal [16]. Early high throughput gene expression analyses revealed a subset of yeast

genes whose expression is affected by both Nhp6A/B and SWI/SNF [15,23]. Recently, Pugh

and colleagues performed ChIP-chip and ChIP-seq analyses for a large number of proteins

involved in transcriptional regulation, including the Nhp6A protein and SWI/SNF subunits.
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Several genes with a relative high co-occupancy of both Nhp6A and SWI/SNF can be

observed from their data [24].

The studies demonstrating stimulation of ATP-dependent nucleosome remodeling activity

have been mainly focused on determination of sliding activity. It is currently unknown

whether these proteins affect other biochemical outcomes of SWI/SNF activity. In this

context, a role for Nhp6 on nucleosome eviction has been described, but with respect to its

association with the yeast FACT complex [8,25]. In order to gain insight into the aspects

influencing the different biochemical outcomes of ATP-dependent chromatin remodeling, in

our present work we studied the effect of Nhp6A, Nhp6B and Hmo1 proteins on ySWI/SNF

activity, by analyzing the impact of these HMG proteins on nucleosome sliding, octamer

transfer and transient exposure of nucleosomal DNA to restriction enzymes. Our studies

demonstrate that all the yeast HMG proteins analyzed in our study enhance ySWI/SNF

sliding activity and that only Hmo1 stimulates ySWI/SNF binding to the nucleosome, its

octamer transfer activity and the transient exposure of nucleosomal DNA generated by this

complex. Hmo1 also displays a differential stimulatory effect on sliding activity of the

ISW1a complex, another ATP-dependent chromatin remodeling complex. In addition, our

results indicate that the C-terminal tail of Hmo1 appears to be required for these stimulatory

properties.

2. Materials and methods

2.1. Recombinant proteins, protein complexes and probes

Recombinant proteins Nhp6A, Nhp6B, Hmo1, HMGB1, Hmo1Δ (deletion mutant lacking

residues 212 to 246), Nhp6A-Ct, Nhp6B-Ct (corresponding to Nhp6A and Nhp6B proteins

fused to Hmo1 residues 212-246 on their C-terminal end) were purified as N-terminal His-

tag fusion proteins using Ni-NTA agarose resin (cat. 30210, Qiagen), according to the

manufacturer’s instructions. Dilutions of the protein stocks were made using HMG buffer

[100 mM KCl, 10 mM Hepes-KOH (pH 7.9) and 15% glycerol]. The chromatin remodeling

complexes (CRC) ySWI/SNF, RSC and yISW1a were obtained by tandem affinity

purification as described elsewhere [2,26] and quantified as previously described [4]. The

pGEM-3Z/601-Gal4 plasmid [4] was used to generate a 216 bp or a 147 bp DNA fragment

by PCR (Figure 1A). Before PCR amplification, one of the primers used in each reaction

was labeled on its 5′ end using [γ-32P] ATP. Nucleosome reconstitution was carried out by

the octamer transfer method, as previously described [4]. All the reconstitution reactions

used for this study were carried out using 1 pmol of probe and 3 μg of oligonucleosomes

(histone donors in the reconstitution reaction; amount of oligonucleosomes in terms of DNA

content of these particles). After reconstitution, the nucleosome probes (and mock

reconstituted probes) contain 4 fmol/μL of probe and 12 ng/μL of non-labeled

oligonucleosomes (in terms of their DNA content).

2.2. Binding assays

A mix containing 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 buffer FCR [100 mM NaCl, 10 mM Tris-Cl (pH
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7.4), 1 mM EDTA (pH 8.0), 5 mM DTT, 0.5 mM PMSF, 0.05% NP-40, 10% glycerol and

100 μg/mL BSA], 3 μL of SWI/SNF, CRC 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] or SWI/SNF+CRC buffer, 0.5 μL Gal4 buffer [100 mM KCl, 10

mM Hepes-KOH (pH 7.4), 1 mM DTT, 0.2 mM PMSF, 10 μM ZnCl2, 20% glycerol and

100 ng/μL BSA], 0.5 μL of varying concentrations of HMGB proteins (or HMG buffer) and

2.5 μL probe [nucleosome or DNA (mock reconstituted) probe] was incubated for 30 min at

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

polyacrylamide gel, in cold room (0.3× TBE buffer; acrylamide concentrations and AA:Bis

proportions are indicated in each figure legend). Afterwards, the gel was dried and scanned

using phosphor screen and Molecular Imager FX (BioRad). Film autoradiography was also

performed.

2.3. Nucleosome sliding assays

These assays were performed by mixing 2.5 μL of the 216 bp probe (as a reconstituted

mononucleosome), 0.5 μL oligonucleosomes (or buffer FCR), 0.6 μL 50 mM ATP (Roche,

1140965), 0.5 μL Gal4 buffer, 0.5 μL of varying concentrations of HMGB proteins (or

HMG buffer), 3 μL of CRC (or CRC+CRC buffer or CRC buffer) and 7.4 μL remodeling

buffer, incubating for 30 min at 30°C. After this incubation, a mix (0.7 μL) containing 750

ng salmon sperm DNA and 500 ng long oligonucleosomes was added, incubating for 20

additional minutes at 30°C. Afterwards, the samples were subjected to gel electrophoresis

and subsequent analyses as described above.

2.4. Restriction enzyme accessibility assays

These assays proceeded exactly as described for the sliding assays, with the difference that

0.3 μL of BsrBI (20 U/mL) were added to the mix before starting the remodeling incubation.

After this incubation, 1 volume of stop buffer [20 mM Tris-Cl (pH 7.4), 40 mM EDTA (pH

8.0), 1% SDS, 250 ng/μL tRNA, 200 μg/mL proteinase K] was added, incubating for 1 hour

at 42°C. Afterwards, the DNA content was precipitated and then resuspended in 10 μL of TE

buffer. After adding regular gel loading buffer for DNA, the samples were subjected to gel

electrophoresis and subsequent analyses as described above.

2.5. Octamer transfer assays

These assays were performed by mixing 2.5 μL of the 147 bp DNA probe (diluted in buffer

FCR), 0.5 μL oligonucleosomes (30 ng/μL), 0.6 μL 50 mM ATP (Roche, 1140965), 0.5 μL

Gal4 buffer, 0.5 μL of varying concentrations of HMGB proteins (or HMG buffer), 3 μL of

SWI/SNF (or SWI/SNF+CRC buffer or CRC buffer) and 7.4 μL remodeling buffer,

incubating for 60 min at 30°C. Subsequently, a mix (0.7 μL) containing 750 ng salmon

sperm DNA and 500 ng long oligonucleosomes was added, incubating for 20 additional

minutes at 30°C. Next, the samples were subjected to gel electrophoresis and subsequent

analyses as described above. The binding assay accompanying the octamer transfer assay in

Figure 3 (Figure 3B) was performed as the other binding assays described above, with the

exception that here this naked DNA probe (147 bp) does not correspond to a mock

reconstituted probe, but just to the DNA probe diluted in buffer FCR.
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3. Results

In order to study the effect of yeast HMG proteins on ySWI/SNF remodeling activity in

vitro, we used 32P-labelled probes of 147 or 216 bp, which were used as reconstituted

mononucleosomes or naked DNA probes (mock reconstitution, see Materials and methods

for details). The sequence of the 147 bp probe corresponds to the 601 nucleosome

positioning sequence [27,28]. The 216 bp probe contains the 601 sequence, starting from

one of the ends of this probe. Hence, after reconstitution of this probe, the histone octamer is

positioned towards one of its ends, with linker DNA extending to only one side of the

reconstituted nucleosome (Figure 1A). HMGB proteins, as well as the SWI/SNF complex,

bind nonspecifically to DNA and nucleosomes. Thus, the non-labeled oligonucleosomes

present with the probe [30 ng in each remodeling reaction (2 ng/μL)] work in the remodeling

reactions as competitors for the interaction of SWI/SNF and the HMG proteins with the

probe.

3.1. Binding properties of yeast HMG proteins

Bacterially expressed recombinant yNhp6A, yNhp6B, yHmo1 and human HMGB1 proteins,

the latter used in the present study as a positive control for stimulation of nucleosome

remodeling activity [19,22], were affinity purified (Supplementary Figure S2) and used

throughout the studies presented in this work. Before performing nucleosome remodeling

assays, we wanted to determine their strength of binding under our assay conditions.

Incubation of these HMG proteins with the 216 bp DNA probe (mock reconstituted probe)

and electrophoretic analysis on non-denaturing polyacrylamide gels results in several

retardation bands (Figure 1C). A 50 nM concentration of any of the HMG proteins tested is

almost saturating (considering saturation as the absence of free DNA). Johnson and co-

workers, using a 98 bp DNA probe, have demonstrated that Nhp6A binds to DNA as a

monomer in a stepwise manner [29]. The number of retardation bands would be dependent

on probe length. To this respect, it has been determined that binding of Nhp6A to DNA

extends over 11 bp [30]. These properties are consistent with a reduction in the number of

retardation bands when using the 147 bp DNA probe (see below) instead of the 216 bp DNA

probe. We observed a very similar binding pattern for both Nhp6A and B. Bindings patterns

of Hmo1 and HMGB1 are similar to other obtained in previous studies, with fewer

retardation bands than those observed for Nhp6A/B [12,19]. For all the HMG proteins

tested, binding to the 216 bp nucleosome probe (Figure 1D) presented fewer retardation

bands than those observed when using this probe as naked DNA. The interaction of the

HMG proteins with this nucleosome probe appears to be dependent on the extranucleosomal

DNA stretch (linker DNA) present in this nucleosome probe (69 bp) because, under our

assay conditions and in the range of HMG protein concentrations used in our work, none of

the HMG proteins were able to bind to the 147 bp nucleosome probe, which contains no

linker DNA (Figure 1E, right panel). Although binding of the HMG proteins to the 147 bp

DNA probe (Figure 1E, left panel) presented fewer retardation bands than those observed

using the 216 bp DNA probe (Figure 1C), the binding strength was very similar between

both DNA probes.

Hepp et al. Page 5

Biochim Biophys Acta. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



3.2. The yeast HMG proteins Nhp6A, Nhp6B and Hmo1 stimulate ySWI/SNF sliding activity

We next wanted to analyze whether the activity of ATP-dependent chromatin remodeling

complexes is stimulated by Nhp6A/B and Hmo1, testing first their influence on SWI/SNF

sliding activity with the use of the 216 bp nucleosome probe. As detailed in the Materials

and methods section, the assays testing sliding activity incorporate the addition of a mix of

cold DNA and nucleosomes after the incubation where remodeling proceeds and before the

electrophoretic analysis. This mix of cold DNA and nucleosomes compete SWI/SNF and the

HMG proteins from the probe, allowing visualization of the remodeling pattern of the

nucleosome probe instead of binding patterns of SWI/SNF and HMG proteins. The non-

denaturing gel electrophoresis presented in Figure 2A shows that all these proteins are able

to stimulate SWI/SNF sliding activity, reflected by the appearance of a faster migrating band

of nucleosomal DNA, which corresponds to a slid nucleosome. This remodeled state denotes

a nucleosome where all the histone-DNA interactions have been disrupted and then

reestablished in a different translational position [4,31]. Under our assay conditions, a

minimal fraction of the nucleosome was remodeled (slid) in the presence of SWI/SNF alone

(Figure 2A, lane 3). In contrast, a stronger sliding activity was observed in the presence of

SWI/SNF plus any of the HMG proteins tested, at concentrations of 50 nM and higher

(Figure 2A, compare lane 3 to lanes 5, 6, 9, 10, 13, 14, 17 and 18). In this assay there was no

effect of the HMG proteins on the nucleosome probe in the absence of SWI/SNF, at

concentrations where these proteins strongly stimulated the sliding activity of the complex

(Figure 2A, lanes 7, 11, 15 and 19).

We also tested whether sliding activity of the yeast RSC and ISW1a chromatin remodeling

complexes was affected by these HMG proteins. The yeast HMG proteins stimulated RSC

sliding activity, with HMGB1 reproducibly stimulating sliding activity from slightly lower

concentrations than its yeast counterparts (Figure 2B). Interestingly, we observed

stimulation of ISW1a sliding activity by only Hmo1 and HMGB1 proteins, but not by

Nhp6A and Nhp6B (Figure 2C). Several additional concentrations of Nhp6A and Nhp6B

were also assayed, ranging from 5 nM to 100 nM, with the same result of no stimulation of

ISW1a sliding activity (data not shown).

3.3. Differential stimulation of ySWI/SNF activity by the yeast HMG proteins

We next tested the influence of the HMG proteins under study on SWI/SNF-mediated

exposure of nucleosomal DNA during the remodeling reaction through a restriction enzyme

accessibility assay, using the enzyme BsrBI. The recognition site for this enzyme is located

in the nucleosomal DNA portion of the 216 bp nucleosome probe, at 25 bp from one of the

nucleosome edges (Figure 1A). With the exception of Hmo1, we detected no enhancement

of SWI/SNF-mediated exposure of nucleosomal DNA during the remodeling reaction

(Figure 2D). A similar result was obtained by testing a different position in the nucleosomal

DNA portion of this probe, using the restriction enzyme HhaI (Supplementary Figure S3). In

some cases we even observed a reduction in the accessibility to the restriction site tested, as

compared to the effect of SWI/SNF alone (e.g. compare lane 6 to lane 7 in Figure 2D). This

effect could be derived from the nature of the assay itself rather than to an inhibition of

SWI/SNF remodeling activity, since there is a strong binding of the HMG proteins to the

nucleosome probe at the concentrations tested for these proteins (Figure 1D) and this
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binding could be hindering the access to the recognition site of the restriction enzyme. In

fact, all the HMG proteins reduced BsrBI digestion in the absence of SWI/SNF (Figure 2D,

compare lane 4 to lanes 9, 12, 15 and 18). Inhibition of restriction enzyme digestion by

Nhp6A has been previously observed in other studies [20,32]. Nevertheless, Hmo1

enhanced the SWI/SNF-mediated exposure of nucleosomal DNA at a concentration where

its binding strength is very similar to that of Nhp6A, Nhp6B and HMGB1 (100 nM),

denoting a differential effect of Hmo1 on SWI/SNF activity which is not derived from the

extent of binding to the nucleosome probe.

Previous studies have shown that the SWI/SNF complex, and a number of other ATP-

dependent chromatin remodeling complexes, possess octamer transfer activity [33,34]. We

analyzed whether the HMG proteins used in our study have an impact on the octamer

transfer activity of SWI/SNF. This assay measures transfer of octamers from unlabeled

oligonucleosomes onto the labeled probe. The procedure of this analysis consisted of

incubation of the 147 bp probe in the form of naked DNA with 15 ng of oligonucleosomes,

in the presence or absence of SWI/SNF and each of the HMG proteins. The extent of

octamer transfer activity was measured by quantifying the fraction of naked DNA probe

converted to nucleosomal DNA, which is generated by the transfer of histone octamers from

the oligonucleosomes to the probe (see a schematic representation of the assay in Figure 3).

As in the case of the sliding assays, the octamer transfer assays also includes a step of

incubation with a large amount of cold DNA and nucleosomes after the incubation where

the remodeling reaction proceeds, in order to observe remodeling patterns instead of the

binding patterns of the HMG proteins and SWI/SNF (see Materials and methods for details).

In this analysis we found a small but statistically significant stimulation of SWI/SNF

octamer transfer activity only in the presence of Hmo1, at the lowest point of the

concentration range tested in the assay shown in Figure 3A (10 nM, lane 10). Further assays

analyzing Hmo1 concentrations ranging from 5 to 30 nM confirmed this stimulation at

10-15 nM, under our assay conditions (Supplementary Figure S4). Hmo1 concentrations of

30 nM or higher did not stimulate octamer transfer and this activity was even reduced at the

higher concentration points of the other HMG proteins (Figure 3A). This reduction could be

related to an effect of reduced access of the DNA probe (in this case to the histone octamers

being transferred from the oligonucleosomes) at the higher concentration points of the HMG

proteins, since these concentrations correlate with a strong binding to the DNA probe, as

determined in binding assays carried-out under the same conditions of the octamer transfer

assay (Figure 3B). This interpretation is consistent with the effect observed in the restriction

enzyme accessibility assays, of HMG binding to the nucleosome probe (see above).

Nevertheless, it appears that this differential effect of Hmo1 on octamer transfer activity

does not rely on its extent of binding to the DNA probe relative to the other HMG proteins

tested, since this extent of binding that correlates with octamer transfer stimulation was also

covered in the analysis performed for the other HMG proteins (Figure 3B, lanes 2, 5, 8 and

11).

Nhp6 has been shown to facilitate binding of general and specific transcription factors to

their cognate sequences ([8] and references therein). Similar properties have been observed

for HMGB1. Additionally, this protein has been shown to enhance binding of the ACF
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chromatin remodeling complex to nucleosomes [19]. Considering these facts, we wanted to

test whether the HMG proteins under study enhance binding of ySWI/SNF to nucleosomes.

To ascertain this point we performed binding assays (EMSA) in the presence of SWI/SNF

and increasing concentrations of each of the HMG proteins, using the 216 bp nucleosome

probe. Remarkably, Hmo1 was the only protein able to enhance SWI/SNF binding to the

nucleosome probe (Figure 4A, compare lanes 3 and 12). The concentrations of Hmo1 that

enhance SWI/SNF binding to the nucleosome are consistent with those stimulating the

sliding activity of this complex (compare Figures 2A and 4A). As Hmo1, and the other

HMG proteins, shown no binding to a nucleosome probe containing no linker DNA (Figure

1E), we wanted to analyze whether Hmo1 stimulates SWI/SNF binding to this type of

nucleosome. To do this, we assayed in parallel the binding of SWI/SNF to the 147 bp

nucleosome probe (which contains no linker DNA) and to the 216 bp nucleosome probe

(which contains linker DNA), in the absence or presence of Hmo1. As expected from the

results of the previous binding assay, Hmo1 strongly stimulated binding of SWI/SNF to the

216 bp nucleosome probe (Figure 4B, compare lane 9 to 11 and lane 10 to 12). Conversely,

we did not detect stimulation of SWI/SNF binding to the 147 bp nucleosome (Figure 4B,

compare lane 3 to 5 and lane 4 to 6). To this respect, in the absence of Hmo1 the highest

concentration of SWI/SNF gave a binding strength to the 147 bp nucleosome probe which

was similar to that obtained for the 216 bp nucleosome probe using the lowest concentration

of this complex, result that was more clearly observed by film overexposure (data not

shown). This result suggests that Hmo1 requires its interaction with the nucleosome in order

to enhance SWI/SNF binding.

Taken together, the binding (EMSA), restriction enzyme accessibility and octamer transfer

assays denote a differential effect of Hmo1 on SWI/SNF activity, as compared to the other

HMG proteins tested in our study.

3.4. The Hmo1 effect on SWI/SNF is dependent on its C-terminal tail

To further study the influence of Hmo1 on SWI/SNF activity, we generated a deletion

mutant of this protein which lacks the last 35 residues (Hmo1Δ, Figure 5A). Mammalian

HMGB proteins (HMGB1-3) display a stretch of acidic residues in their C-terminal region,

termed acidic tails [35]. In contrast to these HMGB proteins, the Hmo1 C-terminal tail

consists of a basic, lysine-rich, region preceded by a short acidic stretch (Figure 1B and

Supplementary Figure S1). It has been shown that the acidic tail of HMGB1 plays a role in

its interaction with other proteins and chromatin [36]. It also modulates the interaction of

HMGB1 with DNA and is required for stimulation of ATP-dependent nucleosome

remodeling activity of the ACF complex [19]. On the other hand, it has been observed that

the C-terminal tail of Hmo1 is required for the DNA bending activity of this protein [37,38].

Considering this evidence, we wanted to explore whether the C-terminal tail of Hmo1 plays

a role in its binding properties (to DNA and nucleosomes) and in stimulation of SWI/SNF

remodeling activity. As observed in Figure 5B, Hmo1Δ presents a weaker binding to DNA

and nucleosomes than its WT counterpart. Moreover, Hmo1Δ displays a minimal or even

non-detectable stimulation of SWI/SNF sliding activity at concentrations where WT Hmo1

strongly stimulates this activity (Figure 5C, compare lane 3 to 6 and 9). In addition, Hmo1Δ

stimulates neither transient exposure of nucleosomal DNA, as assessed by a restriction
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enzyme accessibility assay performed with BsrBI (Supplementary Figure S5), nor octamer

transfer activity (Supplementary Figure S4). Consistent with these results, Hmo1Δ does not

stimulate SWI/SNF binding to the nucleosome (Figure 5D, compare lane 2 to 6 and 9).

These results suggest that the stimulation of SWI/SNF activity by Hmo1 depends on the

ability of this protein to interact with the nucleosome, a concept that is reinforced by the fact

that wild type Hmo1 does not bind to a nucleosome with no linker DNA (Figure 1E) and

concomitantly does not stimulate SWI/SNF binding to this type of nucleosomes (Figure 4B).

The studies performed with Hmo1Δ also indicate that the C-terminal tail of Hmo1 is

required for the stimulatory effects exerted by this protein on SWI/SNF activity, raising the

question of whether this region of Hmo1 would confer Nhp6A and Nhp6B with the

stimulatory properties observed only for Hmo1 in our studies. To answer this question we

generated chimeric versions of Nhp6A and Nhp6B proteins, fusing the last 35 residues of

Hmo1 (C-terminal tail) to their C-terminal ends (see schematic representations in Figure

5A), and tested their ability to stimulate SWI/SNF binding to the 216 bp nucleosome probe.

As observed in figure 5E, the Hmo1 C-terminal tail does not endow either Nhp6A or Nhp6B

with the ability of stimulating SWI/SNF binding to the nucleosome. Consistently, the Hmo1

C-terminal tail is not sufficient to endow either Nhp6A or Nhp6B with the stimulatory effect

exerted by Hmo1 on ISW1a sliding activity (Figure 5F). Still, no stimulation of ISW1a

sliding activity was observed in the presence of Hmo1Δ (Figure 5F, compare lane 13 to 15),

indicating that the C-terminal tail of this protein is also required for its stimulatory effect on

ISW1a activity. To date, the ability to stimulate SWI/SNF sliding activity is not disrupted in

these chimeric forms of Nhp6A and Nhp6B (Supplementary Figure S6).

4. Discussion

In this work we have demonstrated that the yeast HMGB-type proteins Nhp6A, Nhp6B and

Hmo1 enhance the nucleosome remodeling activity of the yeast SWI/SNF complex. Our

results indicate that all these proteins stimulate the sliding activity of this complex but only

Hmo1 stimulates SWI/SNF octamer transfer activity and transient exposure of nucleosomal

DNA, as well as binding of this complex to the nucleosome. The C-terminal tail of Hmo1

appears to be required for the effect of this HMG protein on SWI/SNF activity.

The enhancement of SWI/SNF remodeling activity by Nhp6 proteins observed in our in

vitro studies is in agreement with evidence pointing to a connection between these HMG

proteins and ySWI/SNF in vivo (see Introduction). Consistently, in vitro and in vivo studies

performed by Szerlong et al. [20] revealed a functional connection between Nhp6 and the

chromatin remodeling complex RSC. In the same context, it is known that SWI/SNF

complexes of higher eukaryotes contain subunits harboring HMG domains, while there are

no HMG domain-containing subunits in the yeast SWI/SNF complex [39,40]. Moreover, it

has been shown that the presence of these HMG domains in subunits of SWI/SNF

complexes of higher eukaryotes is required for different in vivo actions of these complexes

[41,42]. These evidences, together with the stimulatory effects of Hmo1 on ySWI/SNF

activity observed in our in vitro studies, suggest a relevant relationship between this HMG

protein and ySWI/SNF in vivo.
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It has been recently shown that HMGB1 by itself can alter the structure of a

mononucleosome in vitro [43]. In our studies we did not observe any effect on nucleosome

structure generated by the HMG proteins analyzed in the absence of a chromatin remodeling

complex. In the case of similar experimental approaches used in the cited work, this

discrepancy could be due to differences in our assay conditions with respect to those assays.

For instance, our assays included the presence of non-labeled nucleosomes in addition to the

nucleosome probe and the concentrations of the HMG proteins tested are significantly lower

in our studies. Alteration of nucleosome structure has also been described for Nhp6 [32].

This work also used higher HMG protein concentrations than those used in our work.

However, no effects on nucleosome sliding were observed in the presence of Nhp6 [32].

Taken together, our findings and the previous studies cited here suggest that, although HMG

proteins might alter nucleosome structure by themselves, they are able to play their relevant

role of facilitating ATP-dependent nucleosome remodeling at significantly lower

concentrations than those required for a stand-alone effect.

Our study indicates that linker DNA is required for binding of the HMG proteins studied to

the nucleosome. In this context, Formosa and colleagues have shown that affinity of Nhp6

for mononucleosomes is not affected by the presence of linker DNA [44]. Again, this

discrepancy could rely on the use of different assay conditions and on the concentration

range analyzed in our work. Consistent with our results, it has been shown that binding of

HMGB1 to nucleosomes depends on the presence of linker DNA [19]. Additionally, we

found that Hmo1 does not stimulate SWI/SNF binding to the nucleosome in the absence of

linker DNA.

Remarkably, different assays determined a differential effect of Hmo1 on SWI/SNF activity.

We also found a differential effect of Hmo1 on the sliding activity of ISW1a, compared to

Nhp6A and Nhp6B. These differential effects should not rely on differences in nucleosome

binding strength of the HMG proteins studied, as our assays included concentrations

yielding similar binding levels. Our results indicate that the C-terminal tail of Hmo1 is

required for its stimulation of SWI/SNF remodeling activity and suggest that the absence of

SWI/SNF stimulation by Hmo1 lacking its C-terminal tail (Hmo1Δ) is due to a lower

affinity for DNA and nucleosomes of this deletion mutant. Interestingly, it has been shown

that stimulation of the ACF complex by HMGB1 is dependent on the C-terminal tail of this

protein. However, HMGB1 lacking this region displays a significantly stronger binding to

DNA and nucleosomes [19]. This differential feature might rely on the essentially opposite

characteristics of HMGB1 and Hmo1 C-terminal tails, which mainly correspond to an acidic

tail in the case of HMGB1 and to a basic tail in the case of Hmo1. In this respect, Grove and

colleagues demonstrated that Hmo1 lacking its C-terminal tail has reduced DNA bending

activity and, to some extent, a reduction of DNA binding can also be observed from their

results [37,38].

Taking in account the current knowledge of the mechanisms of ATP-dependent chromatin

remodeling [1,45], the mechanism proposed for stimulation of nucleosome remodeling by

HMG proteins (facilitation of remodeler action through DNA bending at its entry/exit sites

on the nucleosome) [6,19] and the results of our study, we speculate that the DNA bending

properties of the HMG proteins analyzed in this work are the common denominator where
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stimulation of sliding activity relies on. On the other hand, the differential effects exerted by

Hmo1 on SWI/SNF activity would rely, at least in part, on its ability to facilitate the binding

of this complex to the nucleosome. The C-terminal tail of Hmo1 is required for its ability to

stimulate ATP-dependent chromatin remodeling, but this region of Hmo1 is not sufficient to

endow Nhp6A nor Nhp6B with the differential stimulatory properties observed for Hmo1.

Therefore, the Hmo1 C-terminal tail would not be acting as a moiety for recruiting

SWI/SNF to the nucleosomes [46-48] and the presence of two HMG boxes in Hmo1 appears

to be also required for its differential stimulatory effects. Thus, we favor a role of the C-

terminal tail of Hmo1 relying on an influence on the conformation of the HMG boxes of this

protein. In this regard, it has been proposed that the C-terminal tail of Hmo1 has an

influence on the conformation of the protein and concurrently on its DNA bending

properties [37], suggesting that Hmo1 lacking its C-terminal tail might have a conformation

with a reduced ability to facilitate the binding of a remodeling complex to the nucleosome

and, eventually, a reduced ability to facilitate remodeling activity.

Our results and the aspects discussed above support the concept that, although stimulation of

sliding activity appears to be a general feature of HMG proteins, a number of these proteins

would be specialized in stimulation of particular remodeling complexes and/or exert a

differential stimulation of the biochemical outcomes of ATP-dependent nucleosome

remodeling activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

- Nhp6A, Nhp6B and Hmo1 stimulate the sliding activity of the yeast

SWI/SNF complex.

- Hmo1 differentially stimulates SWI/SNF and ISW1a activity, as compared to

Nhp6A/B.

- The C-terminal tail of Hmo1 is required for its stimulatory effect on

SWI/SNF action.

- Hmo1 C-terminal tail does not endow Nhp6 with the stimulatory properties

of Hmo1.
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Fig. 1.
Binding properties of the yeast HMGB proteins under study. A, Schematic representation of

the probes used in the analyses, represented here at the form of nucleosomal DNA. The

transparent oval represents the position adopted by the histone octamer after reconstitution.

601 pos. region = nucleosome positioning sequence 601 (147 bp). B, Schematic

representation of the proteins studied in the present work. The number of amino acids of

each protein is indicated in parenthesis. The large gray squares termed Box A and Box B

indicate the location of HMG-box domains. The dark gray and soft gray squares represent

the acidic and basic stretches (respectively) present in the C-terminal region of these

proteins. C-E, Electrophoretic analyses of binding patterns of the HMG proteins using non-

denaturing polyacrylamide gels (5%, AA:Bis 40:1). The assays in (C) and (D) were

performed using the 216 bp probe as naked DNA (C) or as a reconstituted mononucleosome

(D). The assay in (E) used the 147 bp probe at the form of naked DNA (lanes 1-9) or as a

reconstituted mononucleosome (lanes 10-18). The HMG protein used in each particular

reaction is depicted on top of the figures, as well as the different concentrations tested.
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Fig. 2.
The yeast HMGB proteins Nhp6A/B and Hmo1 stimulate SWI/SNF sliding activity. A-C,

Electrophoretic analyses of nucleosome remodeling using non-denaturing polyacrylamide

gels (5%, AA:Bis 40:1). The assays tested the influence of the HMG proteins on sliding

activity of SWI/SNF (A), RSC (B) and ISW1a (C) complexes. All the reactions of these

assays used the 216 bp nucleosome probe. The results shown in each figure are

representative of the corresponding assay performed at least three times. For all figures 6x

stands for a remodeling complex concentration 6 times higher than in the rest of the

reactions. Migrations of the different histone octamer translational positions in the

nucleosome probe are indicated schematically at the right of the pictures. The term “Rem”

stands for remodeled (slid) nucleosome. D, The influence of these HMG proteins on

SWI/SNF remodeling activity was also studied by restriction enzyme accessibility assays,

using the BsrBI site (see scheme in Figure 1A). After the remodeling reaction in the
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presence of BsrBI, the DNA content of the samples was purified and analyzed by

electrophoresis in a non-denaturing polyacrylamide gel (5%, AA:Bis 40:1). The graph at the

bottom of this figure corresponds to a quantification of the percentage of digested probe by

BsrBI under each condition (relative to lane 4, which corresponds to digestion of

nucleosomal DNA in the absence of SWI/SNF and HMG proteins). Digestion percentages

were averaged from two independent assays. The digestion extent corresponding to lane 5

was not included in the graph as it represents an excess (6x) of SWI/SNF complex. Error

bars represent one standard deviation. Asterisks denote statistically significant differences

(**p < 0.01), as deducted from the t test. The assay used the 216 bp probe, at the form of

naked DNA (lanes 1-2) or reconstituted mononucleosome (lanes 3-18).
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Fig. 3.
Hmo1 enhances the octamer transfer activity of SWI/SNF. A, The 147 bp DNA probe was

incubated in the presence of oligonucleosomes. SWI/SNF and each of the HMG proteins

were added to the reactions as depicted on the top of the gel picture. The samples were

analyzed by electrophoresis in a non-denaturing polyacrylamide gel (5%, AA:Bis 40:1). See

the text for a more detailed explanation of the assay. A schematic representation of this

assay is shown on the bottom part of (B). The values in the graph correspond to the fraction

of naked DNA probe converted to nucleosomal DNA, relative to lane 3 (octamer transfer

activity of SWI/SNF alone). The average values for the reactions corresponding to lanes 3

and 10 were obtained from 4 independent assays. Error bars represent one standard

deviation. Asterisks denote a statistically significant difference (**p < 0.01), as deducted

from the t test. Migration of the mononucleosome is represented schematically at the right of

the picture. Lane 1 corresponds to the same probe reconstituted as a mononucleosome

before performing the assay. B, Binding assay analyzing the extent of interaction of the

HMG proteins with the DNA probe, performed under the same conditions used in the

octamer transfer assay shown in (A). The gel picture corresponds to electrophoresis in a

non-denaturing polyacrylamide gel (5%, AA:Bis 40:1).
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Fig. 4.
Hmo1 stimulates SWI/SNF binding to the nucleosome. A-B, EMSA analyses comparing the

effect of multiple concentrations of each HMG protein on SWI/SNF binding to the

nucleosome. The 216 bp nucleosome probe was used in (A). The assay shown in (B) used

the 147 bp (lanes 1-6) and 216 bp (lanes 7-12) nucleosome probes. The samples were

analyzed by electrophoresis in non-denaturing polyacrylamide gels (3.5%, AA:Bis 60:1).

Migration of the mononucleosome bound to SWI/SNF is indicated at right of the pictures,

where migration of the nucleosome probe is indicated schematically. The results shown in

figures (A) and (B) are representative of three independent assays in each case. 3× in figure

(A) stands for a SWI/SNF concentration 3 times higher than in rest of the reactions where

the complex is present. In figure (B), SWI/SNF concentrations used were 4 and 12 nM.
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Fig. 5.
Hmo1’s stimulation of SWI/SNF remodeling activity and binding to the nucleosome is

dependent on the C-terminal tail of this HMG protein. A, Schematic representation of WT

Hmo1, its deletion mutant (Hmo1Δ), WT Nhp6A, WT Nhp6B and Nhp6 chimeric versions.

Hmo1Δ corresponds to a C-terminal deletion mutant of Hmo1, lacking residues 212 to 246.

Nhp6A-Ct and Nhp6B-Ct correspond to this 35 residues stretch fused to the C-terminal end

of Nhp6A and B, respectively. The dark gray and soft gray squares represent the acidic and

basic stretches (respectively) characteristic of Hmo1. B, Analysis of binding strength of

Hmo1 and Hmo1Δ to the naked DNA and nucleosome probes, determined by

electrophoresis in a non-denaturing polyacrylamide gel (5%, AA:Bis 40:1). C, Stimulation

of SWI/SNF sliding activity by Hmo1 and Hmo1Δ. See legend of figure 2 for a general

description of the assay. D, Analysis of stimulation of SWI/SNF binding to the nucleosome

by Hmo1 and Hmo1Δ. E, Analysis of stimulation of SWI/SNF binding to the nucleosome by

the chimeric forms of Nhp6A and Nhp6B, compared to Hmo1. See legend of figure 4 for a

general description of the assays shown in (D) and (E). F, Stimulation of ISW1a sliding

activity by WT and chimeric forms of Hmo1, Nhp6A and Nhp6B. See legend of figure 2 for

a general description of the assay. The assays corresponding to figures B-D are

representative of at least three independent assays. Migration of naked DNA is indicated at
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right of the pictures, where migration of the reconstituted mononucleosome is indicated

schematically. The term “Rem” stands for remodeled (slid) nucleosome.
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