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Actively transcribed rRNA genes in S.
cerevisiae are organized in a specialized
chromatin associated with the
high-mobility group protein Hmol and
are largely devoid ot histone molecules

Katharina Merz,' Maria Hondele,> Hannah Goetze, Katharina Gmelch, Ulrike Stoeckl, and

Joachim Griesenbeck®

Universitaet Regensburg, Institut fiir Biochemie, Genetik und Mikrobiologie, 93053 Regensburg, Germany

Synthesis of ribosomal RNAs (rRNAs) is the major transcriptional event in proliferating cells. In eukaryotes,
ribosomal DNA (rDNA) is transcribed by RNA polymerase I from a multicopy locus coexisting in at least two
different chromatin states. This heterogeneity of rDNA chromatin has been an obstacle to defining its
molecular composition. We developed an approach to analyze differential protein association with each of the
two rDNA chromatin states in vivo in the yeast Saccharomyces cerevisiae. We demonstrate that actively
transcribed rRNA genes are largely devoid of histone molecules, but instead associate with the high-mobility

group protein Hmol.
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In the yeast Saccharomyces cerevisiae (hereafter called
yeast), >60% of total cellular transcripts are produced
from the ribosomal DNA (rDNA) locus by a specific
multiprotein enzyme, RNA Polymerase I (Pol I), and an
assorted set of additional transcription factors (Reeder
1999; Moss and Stefanovsky 2002; Russell and
Zomerdijk 2006). The basal Pol I transcription machin-
ery has been largely defined and consists of two multi-
protein complexes, the upstream activating factor (UAF)
(Keys et al. 1996), and the core factor (CF) (Keys et al.
1994), as well as the TATA-box-binding protein (TBP)
(Steffan et al. 1996).

The template of RNA Pol I transcription, the yeast
ribosomal RNA (rRNA) genes are located on the right
arm of chromosome XII in a tandem array of 150-200
copies (Fig. 1), representing almost 10% of the yeast ge-
nome. Each of the repeats contains the Pol I-transcribed
35S rRNA gene (precusor of the 5.8S, 18S, and 25S
rRNAs) and the RNA Polymerase III (Pol III)-transcribed
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5S rRNA gene (Fig. 1). Three different regulatory DNA
elements have been identified within the 35S rRNA gene
sequence, two of which are located at the 5’ end of the
35S rDNA, spanning only ~170 base pairs (bp) (Musters
et al. 1989; Kulkens et al. 1991): the upstream element
(UE), which is the binding site for the UAF; and the core
promoter (CP), where CF can be recruited (Fig. 1). The
third element, called the enhancer (ENH), is located at
the 3’ end of the 35S transcription unit (Fig. 1) and was
originally identified as exhibiting a stimulatory effect on
Pol I transcription in experiments using episomal re-
porter systems (Elion and Warner 1984, 1986). However,
this sequence has been shown subsequently to be dis-
pensable for RNA Pol I transcription in the chromosom-
al context (Wai et al. 2001).

In each cell, Pol I-transcribed rDNA coexists in two
different chromatin states (Conconi et al. 1989). In these
studies, cells were treated with the DNA cross-linking
drug psoralen, and it was shown that actively transcribed
and transcriptionally inactive rRNA genes differed sub-
stantially in their degree of psoralen incorporation. The
different migration behavior of the corresponding restric-
tion fragments in agarose gel electrophoresis led to the
terms s-bands and f-bands (slow- and fast-migrating
bands), originating from actively transcribed and non-
transcribed rDNA, respectively (Conconi et al. 1989).
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Figure 1. Schematic representation of the yeast rDNA locus.
The position of the tDNA repeat cluster on chromosome XII
including the left (L) and the right (R) flanking regions with
respect to the centromere and telomere is shown. Each rDNA
repeat consists of the Pol I-transcribed 35S rRNA gene (precur-
sor for the 18S, 5.8S, and 25S rRNAs) and the RNA Pol III-
transcribed 5S rRNA gene. Arrows mark the transcription start
sites and direction. The positions of three regulatory DNA ele-
ments—ENH, CP, and UE—are indicated.

The characteristic cross-linking pattern of the f-band vi-
sualized by electron microscopy suggested that the DNA
had been assembled into nucleosomes in the living cell
(Dammann et al. 1993). Furthermore, it was demon-
strated that nascent rRNA is selectively associated with
the heavily psoralen-cross-linked s-band (Conconi et al.
1989; Dammann et al. 1993), leading to the conclusion
that this (presumably) nucleosome-free fraction of IDNA
is actively transcribed in vivo.

In agreement with the above data, electron microscopy
of rDNA chromatin spread from yeast cells shows repeti-
tive structures of 35S rDNA transcription units densely
packed with polymerases from which extending tran-
scripts form a Christmas-tree-like structure (Rattner et
al. 1982). Clusters of these actively transcribed tfRNA
genes are sometimes separated by longer linear DNA
stretches, which are believed to represent the transcrip-
tionally inactive rDNA population (French et al. 2003).
Thus, different approaches independently monitor the
two states of rDNA chromatin.

Direct physical association of proteins with IDNA was
investigated by chromatin immunoprecipitation (ChIP).
To date, a large number of factors have been mapped to
the rRNA gene sequence, among them abundant struc-
tural chromatin components like histone proteins and
the high-mobility group (HMG) protein Hmol. A more
recent ChIP study demonstrated that actively tran-
scribed rRNA genes are assembled into a dynamic chro-
matin structure of unphased nucleosomes (Jones et al.
2007), challenging the interpretation of the psoralen
cross-linking analyses. Hmol was found to bind
throughout the entire 35S rDNA sequence, suggesting
that it may be implicated in the formation of rDNA-
specific chromatin (Hall et al. 2006; Berger et al. 2007;
Kasahara et al. 2007). Although cells can survive in the
absence of Hmol, they are compromised in their growth.
There is genetic evidence that Hmol assists Pol I in tran-
scribing rDNA, but the molecular mechanism underlying
this phenomenon is not understood (Gadal et al. 2002).

Chromatin of active ribosomal DNA genes

So far, ChIP has been the only technique used to ana-
lyze rDNA chromatin composition in vivo. The coexist-
ence of different rDNA chromatin states is problematic
for the interpretation of such analyses, since it cannot be
determined with which population of rRNA genes an
identified protein factor is associated. Thus, additional
approaches are needed to obtain a molecular description
of rtDNA chromatin.

Here, we investigated 35S rDNA chromatin by Chro-
matin Endogenous Cleavage (ChEC). This method al-
lows the precise localization of chromatin-associated
factors on the genomic DNA sequence (Schmid et al.
2004). We combined this approach with psoralen cross-
linking to assess the differential association of proteins
with the two rDNA chromatin structures. We show the
physical association of Pol I with s-band but not f-band
chromatin, demonstrating that the s-band rDNA state is
actively transcribed in the cell. Vice versa, histone pro-
teins are components of f-band but not s-band chroma-
tin, arguing that the presence of nucleosomes plays only
a negligible role on Pol I-transcribed rDNA. Instead, the
HMG-box protein Hmol colocalizes with Pol I on ac-
tively transcribed rfRNA genes, and remains associated
with the DNA even when Pol I leaves the template.

Results

To analyze yeast rDNA chromatin composition in vivo,
we employed ChEC (Schmid et al. 2004). In brief, a factor
of interest is expressed as a fusion protein with a C-
terminal Micrococcal nuclease (MNase). After formalde-
hyde cross-linking of yeast cells, nuclei are prepared and
incubated in a calcium-containing buffer. The MNase is
activated and cleaves the genomic DNA nearest the
binding site of the tagged factor. After DNA isolation,
specific cleavage events can be mapped precisely to the
DNA sequence in indirect end-labeling Southern blot
analysis.

We created a library of yeast strains in which compo-
nents of the Pol I transcription machinery are expressed
as MNase fusion proteins from their endogenous loci,
replacing the wild-type alleles (Table 1). Expression of
the fusion proteins was verified by Western blot analysis
detecting a triple-HA epitope at the C terminus of each
fusion protein (data not shown). Relative protein levels
determined by comparative Western blot analysis agreed
with published data (Ghaemmaghami et al. 2003; Bier et
al. 2004). For most of the Pol I transcription factors,
nucleolar localization was confirmed by immunofluores-
cence microscopy (data not shown). Except for one slow-
growing strain expressing an RNA Polymerase II (Pol II)
subunit (Rpb4) and a strain with a reduced growth rate at
37°C expressing yeast histone H3 (Hhtl), all strains used
in this study behaved similarly to the wild type. Thus,
the MNase fusion proteins were substituting the func-
tion of their wild-type counterparts in vivo.

rRNA genes are present in multiple copies in the cell
and rDNA copy number is dynamic, partly depending on
the physiological state of the cell (Gaubatz et al. 1976;
Rustchenko et al. 1993). Since rDNA copy number may
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Table 1. Yeast strains used in this study

Name Parent Genotype Source

NOY505 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; can1-100 Nogi et al. 1993

NOY886 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; canl-100; rpal35A::LEU2; French et al. 2003
fobl1A::HIS3; pNOY117 [CEN, RPA135, TRP1]

NOY1071 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; canl-100 Cioci et al. 2003

CG379 mata; ade5; his7-2; leu2-112; trp1-289; ura3-52 Cadwell et al. 1997

YCC95 mata; ade5; his7-2; leu2-112; trp1-289; ura3-52; rrn3-8 Cadwell et al. 1997

y617 NOY505 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; canl1-100; This study
HTB2-MNase-3xHA :: KanMX6

y618 NOY505 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; canl1-100; This study
UAF30-MNase-3xHA :: KanMX6

y619 NOY505 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; canl1-100; This study
RRN10-MNase-3xHA ::KanMX6

y620 NOY505 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; can1-100; This study
HHT1-MNase-3xHA ::KanMX6

y621 NOY505 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; canl1-100; This study
HMO1-MNase-3xHA :: KanMX6

y622 NOY505 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; can1-100; This study
RPA43-MNase-3xHA :: KanMX6

y624 NOY505 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; can1-100; This study
RPA190-MNase-3xHA :: KanMX6

y625 NOY886 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; canl-100; rpal35A::LEU2; This study
foblA::HIS3; HTB2-MNase-3xHA :: KanMX6; pNOY117 [CEN, RPA135,
TRP1]

y628 NOY886 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; canl1-100; rpal35A::LEU2; This study
fobl1A::HIS3; HHT1-MNase-3xHA ::KanMX6; pNOY117 [CEN, RPA135,
TRP1]

y879 NOY505 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; canl1-100; This study
HHF2-MNase-3xHA :: KanMX6

y881 NOY505 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; canl1-100; This study
RRN7-MNase-3xHA :: KanMX6

y882 NOY505 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; can1-100; This study
RPB4-MNase-3xHA :: KanMX6

y883 NOYS886 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; can1-100; rpal35A::LEU2; This study
foblA::HIS3; HHF2-MNase-3xHA :: KanMX6; pNOY117 [CEN, RPA135,
TRP1]

y885 NOYS886 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; canl-100; rpal35A::LEU2; This study
fobl1A::HIS3; RRN/-MNase-3xHA :: KanMX6; pNOY117 [CEN, RPA135,
TRP1]

y935 YCC95 mata; ade5; his7-2; leu2-112; trp1-289; ura3-52; 1rn3-8; This study
HMO1-MNase-3xHA :: KanMX6

y936 YCC95 mata; ade5; his7-2; leu2-112; trp1-289; ura3-52; rrn3-8; This study
RPA43-MNase-3xHA :: KanMX6

y942 CG397 mata; ade5; his7-2; leu2-112; trp1-289; ura3-52; HMO1-MNase-3xHA :: KanMX6 This study

y943 CG397 mata; ade5; his7-2; leu2-112; trp1-289; ura3-52; RPA43-MNase-3xHA :: KanMX6 This study

y1157 y618 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; can1-100; hmolA::kl URA3; This study
UAF30-MNase-3xHA :: Kan MX6

y1159 y881 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; canl-100; hmolA::kl URAS3; This study
RRN7-MNase-3xHA :: Kan MX6

y1173 y622 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; can1-100; uaf30A::kl URA3; This study
RPA43-MNase-3xHA :: Kan MX6

y1185 NOY505 mata; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; can1-102; This study
SPT15-MNase-3xHA ::Kan MX6

y1224 NOY1071  mato; ade2-1; ura3-1; trpl-1; leu2-3,112; his3-11; can1-100; fob1A::HIS3; This study

HHF2-MNase-3xHA :: KanMX6

have an impact on the ratio of actively transcribed and
transcriptionally inactive rRNA genes, we determined
the average number of rRNA genes in each of the above
strains by quantitative PCR (qPCR) and/or Southern
blotting (see Fig. 6C, below, as an example). We did not

observe significant differences (i.e., >10%-20%, which is results (see below).
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in the range of the measurement error) between the copy
number in our MNase fusion protein-expressing strains
and the copy number in the respective wild-type strains.
However, already slight changes in rDNA repeat number
may influence the proper interpretation of experimental
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ChEC patterns suggest a loop structure at the rDNA
promoter

To validate the ChEC technique as a suitable tool for
investigating rDNA chromatin, we first localized MNase
fusion proteins of various RNA Pol I transcription fac-
tors on the 35S rDNA sequence. These analyses revealed
two classes of binding: (1) single-site binding, producing
distinct cleavage events at specific locations; and (2)
spread binding, with multiple cleavage events along the
entire transcribed rDNA sequence. Proteins belonging to
the first class were Rrm10 and Uaf30, components of the
UAF (Fig. 2A,B [top panels], F); Rin7, a CF component
(Fig. 2F); and Sptl5, the yeast TBP (Fig. 2F).

Cleavage by UAF components fused to MNase oc-
curred at their known binding site, the UE (Fig. 2F). Cuts
mediated by Uaf30-MNase flank Rrn10-MNase cleavage
sites (Fig. 2F). A MNase fusion protein of the CF compo-
nent Rrn7 cleaves at the 5’ end of the CP (Fig. 2F), but
also produces a well-defined cut at the 5’ end of the UE
(Fig. 2F). The same was observed for another CF compo-
nent, Rrnl1 (data not shown). This distinct cleavage pat-
tern accorded well with a suggested model that tDNA
promoter DNA loops around UAF (Keener et al. 1997),
thus making the DNA sequence at the 5’ end of the UE
available for cutting CF-MNase fusion proteins bound to
CP (see Discussion).

TBP-MNase produced a clear cut in the spacer be-
tween the UE and CP (Fig. 2F), indicating that the pro-
tein is in direct contact with DNA. This location fit a
model derived from protein-protein interaction studies
in vitro, with TBP bridging between the UAF and CF
(Steffan et al. 1996).

All of the above factors showed weak and diffuse
cleavage in the rDNA ENH region, as exemplified for
Rrnl0 and Uaf30 in the middle panel of Figure 2, A and
B (black bar). None of the UAF-MNase or CF-MNase
fusion proteins cut within the rDNA-unrelated RPS23A
or RPS22B gene loci (data not shown).

Proteins spreading along the transcribed rDNA re-
gion were components of the Pol I enzymes Rpal90
and Rpa43 (Figs. 2C [top and middle panels]|, 6A,D [be-
low]), and the HMG protein Hmol (Figs. 2D, [top and
middle panels], 6A [below]). The cleavage pattern
produced by these factors was very similar. Pol I and
Hmol-MNase cutting was restricted to the transcribed
region, ending at the ENH element (Fig. 2C,D, middle
panels).

Hmol association with the 35S rDNA locus has been
observed in ChIP experiments (Hall et al. 2006; Berger et
al. 2007; Kasahara et al. 2007). In these studies, Hmol
interaction with the promoters of many ribosomal pro-
tein genes (RPs), transcribed by RNA Pol II, was also
reported. We detected strong cleavage within the pro-
moter region of one Hmol target gene, RPS23A, in ChEC
experiments (Fig. 2D, bottom panel). In contrast to the
spreading observed along rDNA, Hmol-mediated cleav-
age was restricted to the RPS23A promoter. No signifi-
cant cleavage was observed at another ribosomal gene
locus, RPS22B (data not shown), in agreement with the

Chromatin of active ribosomal DNA genes
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Figure 2. ChEC analyses suggest DNA looping at the yeast
rDNA promoter. ChEC was performed with nuclei isolated
from yeast strains expressing the MNase fusion protein indi-
cated at the top of each panel. Isolated nuclei were incubated in
calcium-containing buffer at 30°C (24°C for Rpb4-MN) for the
times depicted above each lane (A-E), or for 30 min (F). (A-F)
DNA was isolated, digested with Xcml, separated in a 1% aga-
rose gel, and analyzed in a Southern blot by indirect end-label-
ing with probes visualizing either a 4.9-kb fragment of the pro-
moter and coding region of the 35S rRNA gene (top panels), a
4.3-kb fragment of IGS1 and IGS2 flanking the 5S rRNA gene,
and the 3’ end of the 35S rRNA gene (middle panels), or a 4.2-kb
fragment encompassing the RPS23A gene locus (bottom pan-
els). Cartoons of the genomic regions including positions and
names of the respective genes with their corresponding tran-
scription start sites, and of probes used for indirect end-labeling,
are depicted on the right. Arrowheads point to the uncut Xcml
fragment of the corresponding genomic DNA region. (Top pan-
els) (CP) Core promoter; (UE) upstream element; (ENH) en-
hancer of the 35S rDNA. (Middle panels) Black bars indicate
cleavage by promoter-bound factors within the ENH region, and
black dots show two hypersensitive sites (C-E). (F) An enlarged
view of cleavage events within the rDNA promoter region is
presented. In the input lanes of A-C (0) only one-tenth of the
DNA was applied to the gel.

published data (Hall et al. 2006; Berger et al. 2007; Kasa-
hara et al. 2007).

As a control, the Pol II subunit Rpb4 fused to MNase
did not cut within the transcribed rDNA sequence (Fig.
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2E, top panel). However, cuts were observed in the in-
tergenic spacer 1 (IGS1) (Fig. 2E, middle panel, black
dots) and the ENH region (Fig. 2E, middle panel, black
bar). The latter cleavage is presumably unspecific since it
occurs even in the absence of MNase activity (Fig. 2E,
middle panel, cf. lanes “0” and “30”). The two distinct
cuts in IGS1 correspond to hypersensitive sites, detected
in ChEC experiments with most of the MNase fusion
proteins (Fig. 2, cf. middle panels) and after digestion of
yeast chromatin with exogenously added MNase (Fig.
3B, lane E, black dots). These sites match sequences
identified previously as a bidirectional Pol II promoter
(Ganley et al. 2005; Kobayashi and Ganley 2005). As ex-
pected, Rpb4-MNase cleaved at the promoter and within

the coding sequence of the highly transcribed RPS23A
gene (Fig. 2E, bottom panel).

Thus, ChEC analysis is an appropriate method to char-
acterize rtDNA chromatin. Besides the accurate localiza-
tion of factors on the rDNA sequence, the occurrence of
cleavage events mediated by MNase fusion proteins far
from their known DNA-binding site provides some
structural information.

Actively transcribed rDNA is largely devoid of histone
molecules

As outlined above, the nucleosomal nature of rDNA
chromatin is discussed controversially in the literature.
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Figure 3. Histone protein association with the 35S rDNA region depends on the transcriptional state of the locus. ChEC was
performed with nuclei isolated from yeast strains carrying either a wild-type rtDNA locus (~150) or a locus with a reduced rDNA repeat
copy number (~40) and expressing the MNase fusion protein indicated at the top of the panel. Isolated nuclei were incubated in
calcium-containing buffer at 30°C for the minutes depicted above each lane. (Lane E) As a control, nuclei of a wild-type strain were
treated with exogeneously added MNase. DNA was analyzed as described in the legend for Figure 2 with probes visualizing either a
4.9-kb fragment of the promoter and coding region of the 35S rRNA gene (A), a 4.3-kb fragment of IGS1 and IGS2 flanking the 5S rRNA
gene and the 3’ end of the 35S rRNA gene (B), a 4.2-kb fragment encompassing the RPS23A gene locus (C), or a 6.8-kb fragment
containing the GAL gene locus (D). Cartoons of the genomic regions are depicted on the right as described in the legend for Figure 2.
Arrowheads on the Ieft point to the uncut Xcml fragment of the corresponding genomic DNA region. (A) Specific cleavage events
within the UE occurring selectively in the H3-MNase- and H4-MNase-expressing strains are indicated by black dots on the right. (B)
A black bar on the right indicates cleavage within the 3’ region of the 35S rRNA gene, and black dots on the right show two
hypersensitive sites at a bidirectional Pol II promoter element (Ganley et al. 2005). (D) An asterisk on the right indicates a background
signal from the hybridization with the probe used in B, still detectable after probe removal and rehybridization.
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Whereas early analyses based on psoralen accessibilities
in rDNA led to the conclusion that actively transcribed
rRNA genes are devoid of nucleosomes (Dammann et al.
1993), more recent data suggest that active rDNA has
nucleosomal structure (Jones et al. 2007). We reasoned
that ChEC could give more insights into the association
of histone molecules with Pol I-transcribed loci.

ChEC experiments were carried out in yeast strains
expressing MNase fusion proteins of either one of the
yeast histones H2B (Htb2), H3 (Hhtl), or H4 (Hhf2) in
two different genetic backgrounds: NOY505 (Nogi et al.
1993), a yeast strain carrying a wild-type copy number of
rDNA repeats (~150 in Fig. 3); and NOY886, a yeast
strain carrying only ~40 rRNA genes (hereafter called
“40-copy strain”) (~40 in Fig. 3). In this strain, most of
the 35S transcription units are actively transcribed
(French et al. 2003). As a control for nonspecific cleavage
at hypersensitive sites, we analyzed DNA isolated from
nuclei of a wild-type yeast strain treated with exog-
enously added MNase (Fig. 3, lanes E).

In all strains carrying a wild-type rDNA copy number,
cleavage was observed in the rDNA promoter region and
throughout the entire coding region (Fig. 3A, lanes ~150).
The overall cleavage patterns were similar, but not iden-
tical, to that obtained in DNA isolated from nuclei after
incubation with exogenously added MNase (Fig. 3A, lane
E). In the 40-copy strains, cleavage events within the 35S
rDNA coding sequence were reduced (Fig. 3A, cf. lanes
~150 and ~40). In addition, full-length 35S rDNA Xcml
fragments were degraded more slowly in the 40-copy
strains than in the corresponding strains carrying a wild-
type copy number of rDNA repeats (Fig. 3A, cf. signal
intensities of the band labeled by an arrow in ~40 and
~150 strains). The observed differences between wild-
type and 40-copy strains were strongest in the strains
expressing yeast histone H2B-MNase (Fig. 3A, lanes
H2B-MN). We conclude that histone molecules can as-
sociate with rDNA in general, but that the histone den-
sity on actively transcribed rDNA regions is low.

Closer inspection of the specific cleavage events
within the rDNA promoter region revealed cuts within
the UE sequence, which were observed only in strains
expressing either histone H3-MNase or H4-MNase (Fig.
3A, dots in lanes H3-MN and H4-MN). This specific
cleavage was stronger in the 40-copy strains, and did not
correlate with hypersensitive sites detected when chro-
matin was digested with exogenously added MNase (Fig.
3A, lane E). The result is in accordance with histones H3
and H4 being part of the UAF, as suggested previously by
biochemical fractionation (Keener et al. 1997).

The same membrane used for analysis in Figure 3A
was hybridized with a probe detecting the 3’ end of the
35S rDNA, the 5S rDNA, and parts of the noncoding
intergenic spacer regions (Fig. 3B). We again observed
that cleavage events within the 3’ region of the 35S
rDNA transcription unit (Fig. 3B, cf. lanes ~40 and ~150,
black bar) and degradation of the full-length Xcml frag-
ment (Fig. 3B, cf. signal intensities of the band labeled by
an arrow in ~40 and ~150 strains) were reduced in the
40-copy strains. We observed a very similar cleavage pat-
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tern within the intergenic spacer regions in all strains
analyzed (Fig. 3B). These distinct cuts could be mediated
by positioned nucleosomes, whose presence has been
suggested by psoralen analyses and MNase mapping ex-
periments (Dammann et al. 1993; Vogelauer et al. 1998).
We note that there was an apparent reduction in the
relative amounts of fragments produced by the histone-
MNases (reflected in the different signal intensities in
the Southern blot) when a 40-copy strain was compared
with the respective wild-type strain. Again, this became
most obvious in the strains expressing a MNase fusion
protein of H2B (Fig. 3B, lanes H2B-MN).

Xceml fragments bearing rDNA sequences were still
detected at all time points of ChEC (Fig. 3A,B, bands
labeled by an arrow). This was in sharp contrast to XcmlI
fragments generated from Pol II-dependent loci, encom-
passing either the actively transcribed RPS23A gene or
the GAL1, GAL10, and GAL7 genes being repressed and,
presumably, fully assembled into nucleosomes in the
growth conditions chosen: At these loci, most of the full-
length DNA was rapidly degraded (Fig. 3C,D, bands la-
beled by an arrow). This indicates that association of
histone molecules with rDNA is reduced compared with
histone association with DNA from Pol II-dependent
loci.

We wanted to measure histone density more quanti-
tatively at the rDNA locus. Extended ChEC time-course
experiments using nuclei from strains carrying a wild-
type rDNA copy number and expressing either histone
H2B-MNase, H3-MNase, or H4-MNase were performed.
We also included two 40-copy strains expressing either
H2B-MNase or H4-MNase, and a strain expressing H2B-
MNase but carrying only 25 rDNA repeats on average
(25-copy strain) (~25 in Fig. 4).

Histones belong to the most abundant proteins in the
nucleus. Thus, histone-MNases released from the chro-
mosomes in the course of ChEC will digest DNA ran-
domly to some extent. For an accurate quantitative
analysis, it is therefore important to assess the contribu-
tion of random digestion to the overall degradation. To
determine the extent of random digestion of DNA not
associated with histone molecules, nuclei were mixed
with a purified plasmid containing yeast-unrelated DNA
sequences before commencing ChEC (Fig. 4A).

After ChEC, the DNA was isolated and digested with
EcoRI. EcoRI digestion of rDNA yielded three character-
istic fragments: a 1.9-kb fragment, containing most of
the 18S rDNA sequence; a 2.8-kb fragment, including
5.8S rDNA and large parts of 255 rDNA; and finally a
2.4-kb segment bearing the intergenic spacer regions and
the 5S tDNA (Fig. 4B). Since rDNA represents ~10% of
the total genomic DNA in wild-type yeasts (and ~2.5%
in the strains with a low copy number), the fragments
could be detected in an agarose gel stained with SYBR
Safe (Fig. 4C). Degradation of these three regions of
rDNA by histone MNase fusion proteins followed differ-
ent kinetics. Whereas the 2.4-kb fragment encompassing
the intergenic spacers was rapidly digested, the 18S and
25S rDNA-containing fragments (1.9 kb; 2.8 kb) were
more resistant to degradation (Fig. 4C). This resistance is
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Figure 4. Actively transcribed rRNA genes are largely devoid of histone molecules. (A) Schematic representation of the experimental
layout. (B) A cartoon of the yeast rDNA locus is presented. The coding sequences for the ribosomal RNAs (5S, 18S, 5.8S, 25S) and the
positions of the two rDNA probes used in the Southern blot analyses (IGS2, ETS1) are indicated. EcoRI restriction sites (E) and
positions of the 2.4-kb, 1.9-kb, and 2.8-kb rDNA fragments are depicted. (C-G) ChEC was performed with nuclei isolated from yeast
strains carrying either a wild-type rDNA locus (~150), or a locus with a reduced rDNA repeat copy number (~40 or ~25) and expressing
the MNase fusion protein indicated at the top of the panel. Before ChEC, purified, linearized plasmid DNA was added to the reaction.
Isolated nuclei were incubated in calcium-containing buffer at 30°C for the minutes depicted above each lane. DNA was isolated,
digested with EcoRI, and separated in a 1% agarose gel. (C) Analysis by staining with SYBR Safe. Positions and size of three EcoRI
fragments originating from the rDNA locus are indicated on the right. (D-G) The DNA was transferred to a nylon membrane and
analyzed in a Southern blot with probes indicated on the left, visualizing either a 3.4-kb fragment of plasmid DNA (D), a 1.9-kb
fragment containing the GAL gene locus (E), the 1.9-kb fragment containing the 18S rDNA sequence (F), or the 2.4-kb fragment
containing the intergenic spacer rDNA region (G). (E,G) Asterisks on the right in lane “~40 H2B” mark DNA fragments presumably
resulting from incomplete EcoRI digestion. Signal intensities of the respective uncut restriction fragments were determined using the
FLA-5000 imaging system and MultiGauge software (FujiFilm). The ratios relative to the input value were calculated and plotted
against the time of incubation in calcium-containing buffer. A graphical representation of the results is depicted on the right of
each row.

a special feature of the transcribed rDNA regions be-
cause we observed almost complete degradation of the
bulk genomic DNA (visible as a high-molecular-weight
smear in the untreated samples in Fig. 4C) at the earliest
time point of ChEC by histone-MNases.

For quantitative Southern blot analysis, the DNA in
the gel was transferred to a membrane and subsequently
hybridized with various probes. We first measured the
extent of nonspecific, random DNA degradation of na-
ked plasmid DNA by MNase fusion proteins liberated
from the chromosome in the course of ChEC. At the
earliest time point, only weak degradation was observed
(Fig. 4D, 1 min). After 15 min of incubation, most of the
full-length plasmid DNA was digested (Fig. 4D, 15 min).
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In contrast, digestion of an EcoRI fragment of a Pol
II-dependent gene locus was very fast in all strains ana-
lyzed, being almost complete already after 3 min of
ChEC (Fig. 4E, 3 min). This was in accordance with our
above observations (Fig. 3C,D). Taken together, these re-
sults demonstrate that the kinetics of nonspecific, ran-
dom degradation of DNA by histone-MNase fusion pro-
teins liberated in the course of ChEC and the specific
degradation by histone-MNase fusion proteins cova-
lently linked to the DNA differ significantly, and allow
us to differentiate between these two processes.

We next analyzed the kinetics of degradation of the
1.9-kb DNA fragment, spanning the 18S rRNA coding
sequence (Fig. 4F). For all strains encompassing a wild-
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type number of tDNA repeats, we observe biphasic ki-
netics with an initial rapid digestion followed by slow
degradation of the remainder of the rDNA fragments
(Fig. 4F, lanes ~150). The kinetics of the latter reaction
were slower than the kinetics of degradation of the ex-
ogenously added plasmid (Fig. 4D, lanes ~150). Presum-
ably, the naked plasmid was a better substrate for the
free MNase than the cross-linked chromosomal DNA.
After 3 min of ChEC—a time point when the majority of
DNA fragments from the RNA Pol II-dependent refer-
ence locus were digested (Fig. 4E, lanes ~150)—38% (H4-
MNase) to 51% (H3-MNase) of the original 18S rDNA
input was still detected (Fig. 4F). Importantly, in the 40-
copy and 25-copy strains expressing histone H2B-
MNase, >90% of the original 18S rDNA input could be
recovered after 3 min of ChEC (Fig. 4F, lanes ~40 H2B
and ~25 H2B). Degradation of tDNA by H4-MNase ex-
pressed in a 40-copy strain followed slightly faster kinet-
ics (Fig. 4F, lanes ~40 H4). Still, close to 80% of the input
rDNA was recovered from the 40-copy strain after 3 min
of ChEC (Fig. 4F, lanes ~40 H4). Taken together, the
numbers derived for “ChEC-resistant” DNA fragments
correlated well with the numbers obtained for the psor-
alen-accessible fraction of 35S rRNA genes (typically
35%-50% in wild-type strains and >80% in 40-copy
strains) (Fig. 6B, below; Supplemental Fig. 1). These
quantitative analyses agreed also with the qualitative
statement of a low histone density correlating with ac-
tive transcription of rRNA genes, and led us to the con-
clusion that these regions are largely devoid of histone
molecules.

As mentioned above, the 2.4-kb rDNA fragment car-
rying the intergenic spacers was more susceptible to
early degradation (Fig. 4C). In fact, the degradation ki-
netics of the intergenic spacers in strains carrying a wild-
type rDNA locus were similar to those seen for the Pol
II-dependent gene locus (Fig. 4, cf. rows G and E). Inter-
estingly, in the 25- and 40-copy strains expressing H2B-
MNase, >50% of the input intergenic DNA was resistant
after 3 min of ChEC (Fig. 4G). Again, H4-MNase digested
this DNA sequence more efficiently, but to a consider-

s H3-MN Hmo1-MN Rpa190-MN
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ably lower extent than the DNA at the chromosomal
GALI1 locus (Fig. 4, cf. rows G and E). Thus, in yeast
strains with a wild-type rDNA locus, the majority of
intergenic regions was associated with histone mol-
ecules. However, in the genetic background with a low-
ered rDNA copy number, we observed a reduced histone
density on the same DNA sequence.

Kinetic analyses of the type presented in Figure 4 have
been repeated up to five times, but at least twice for each
of the strains expressing the respective MNase fusion
proteins (data not shown). The outcome of these experi-
ments was very similar (with 5%-15% deviation in
cleavage efficiencies). Most of the variability probably
resulted from differences in the extent of formaldehyde
cross-linking: Prolonged formaldehyde fixation will in-
terfere with efficient cutting of the MNase fusion pro-
teins, whereas low cross-linking efficiency will dramati-
cally increase the nonspecific random degradation of
chromosomal DNA.

ChEC-psoralen analysis determines protein
association with different rDNA chromatin states

To demonstrate the specific association of histones with
only one of the two different rIDNA chromatin states, we
combined a ChEC experiment with psoralen cross-link-
ing analysis. If a MNase fusion protein is associated with
either s-band or f-band chromatin, the corresponding
fragment will be selectively degraded and undetectable
in the subsequent Southern blot analysis (Fig. 5A).
When ChEC—psoralen analysis was carried out with a
strain expressing a histone H3-MNase fusion protein, we
observed selective degradation of the f-band, originating
from transcriptionally inactive rRNA genes. This is con-
sistent with our conclusion that actively transcribed
rDNA—represented by the nondegraded, highly psor-
alen-cross-linked s-band—is largely devoid of histone
molecules (Fig. 5B, lanes H3-MN, top panel). As men-
tioned above, the resistance to cleavage by H3-MNase is
specific for actively transcribed rRNA genes, since bulk

Figure 5. Hmol and Histone H3 associate with
different states of yeast tDNA chromatin. (A)
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Schematic representation of a combined ChEC-
psoralen cross-linking experiment. An example
of specific association of a MNase fusion protein
(square) with s-band chromatin is shown.
Nucleosomes as components of f-band chroma-
tin are depicted as ovals. Psoralen molecules are
represented by black dots, and specific restriction
sites used are represented as a pair of scissors. (B)
ChEC was performed with nuclei isolated from

E
4) Southern Blot I_} |
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ChEC -

4 =

yeast strains expressing the MNase fusion pro-

-
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tein indicated at the top of each panel. Isolated
nuclei were incubated in calcium-containing
buffer at 30°C for the minutes depicted above

each lane. After ChEC, nuclei were treated with psoralen and DNA was isolated. The genomic DNA was either separated in a 1%
agarose gel and analyzed by ethidium bromide staining (bottom panel), or digested with EcoRlI, separated in a 0.8% agarose gel, and
analyzed in a Southern blot with a probe detecting an EcoRI fragment within the coding region of the 35S rRNA gene (top panel). EcoRI
restriction sites (E) and the positions of the fragment and probe are indicated in the cartoon below the panels.
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genomic DNA is degraded instantly in such an experi-
ment (Fig. 5B, lanes H3-MN, bottom panel).

In addition, we examined two different strains express-
ing either Rpal90 or Hmol in fusion with MNase by
ChEC-psoralen analysis. Rpal90-MNase specifically de-
graded the s-band (Fig. 5B, top panel). Interestingly, the
same was observed in a Hmol-MNase-expressing strain
(Fig. 5B, top panel). Thus, our data demonstrate for the
first time the selective physical association of Pol I with
s-band chromatin. We further define Hmol as a specific
constituent of s-band chromatin.

Hmol is a structural component of active rRNA genes

Association of Hmol with rDNA has been described
(Hall et al. 2006; Berger et al. 2007; Kasahara et al. 2007),

Figure 6. Hmol is a structural constitu- A

ent of actively transcribed 35S rDNA chro- Hemo1-MH

but apart from the observation that it genetically inter-
acts with the Pol I subunit Rpa49 (Gadal et al. 2002),
little is known about its function.

In the study by Kasahara et al. (2007) it was shown that
Hmol associated with 35S rDNA in a Pol I-dependent
manner. To address the question of whether Hmol trav-
els with the polymerase or if it is a rDNA-associated
factor, Hmol-MNase and Rpa43-MNase fusion proteins
were expressed in two different genetic backgrounds: a
strain carrying a temperature-sensitive allele of the Pol
I-specific transcription initiation factor Rrn3 (Ycc95-
rrn3-8) (rrn3-ts in Fig. 6A) and the isogenic RRN3 wild-
type strain (CG379) (RRN3 in Fig. 6A; Cadwell et al.
1997). The rrn3-ts strain supports rDNA transcription at
24°C, while incubation at 37°C leads to transcriptional
shutdown, presumably because the initiation-competent
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rDNA in the absence of Pol I. ChEC was
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tial, Pol I-specific initiation factor Rrn3,
and expressing the MNase fusion protein
indicated at the top of the panel. Isolated H
nuclei were incubated in calcium-contain-
ing buffer at 30°C for the minutes depicted
above each lane. DNA was isolated, di-
gested with Xcml, and analyzed in a
Southern blot as described in the legend
for Figure 2. A cartoon of the genomic re- c
gion is depicted on the right as described
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the legend for Figure 5B. A profile analysis after quantification of the signal intensity by the FLA-5000 imaging system and MultiGauge
software (FujiFilm) is shown. The signal intensity in arbitrary units was plotted against the distance of migration in the gel. (C) IDNA
copy number is slightly increased in the HMO1 deletion strain. rDNA copy number was determined in genomic DNA isolated from
yeast strains carrying either a wild-type (HMO1, y881) or a complete deletion (A, y1159) of the HMO1 gene. The DNA was analyzed
by quantitative Southern blot analysis of Xeml restriction fragments detecting either a 4.9-kb fragment of the promoter and coding
region of the 35S rRNA gene (RDNp) or a 6.8-kb fragment containing the GAL gene locus (GAL1). Signal intensities of the respective
restriction fragments were determined using the FLA-5000 imaging system and MultiGauge software (FujiFilm). The same DNA was
analyzed by qPCR amplifying either a region of the 18S rDNA or a region of the single-gene PHOS5 locus. The primary data of the
Southern blot analysis is shown, with the name of the probes used for hybridization indicated on the left. The diagram is a graphical
representation of the results derived by the two kinds of analyses. The relative rDNA copy number was determined by normalizing
the ratio of the amount of rDNA to the ratio of the amount of the single-copy genes. (D) Deletion of Hmol does not affect transcription
factor binding at rDNA. ChEC was performed with nuclei isolated from yeast strains carrying either a wild-type (HMO1) or a complete
deletion (A) of the HMO1 gene and expressing the MNase fusion protein indicated at the top of the panel. Incubation in calcium-
containing buffer was performed for the minutes depicted above each lane. DNA was analyzed as described in the legend for Figure
2. A cartoon of the genomic region is depicted on the right as described in the legend for Figure 2. An arrow points to the uncut Xeml
fragment of the genomic DNA region.
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Rrn3-Pol I complex can no longer be formed. At the per-
missive temperature, Hmol-MNase and Rpa43-MNase
fusion proteins cleave rDNA to a similar extent in both
rrn3-ts and RRN3 strains (A. Philippi, R. Steinbauer, S.
Fath, K. Merz, P. Milkereit, J. Griesenbeck, and H.
Tschochner, in prep.). At the nonpermissive tempera-
ture, no cleavage by Rpa43-MNase could be detected,
while digestion was still observed in the RRN3 strain
(Fig. 6A). Cleavage by Hmol-MNase in both rrn3-ts and
RRNBS strains was not affected at the elevated tempera-
ture (Fig. 6A). Thus, Hmol is a structural component of
rDNA chromatin, remaining bound to rDNA even in the
absence of Pol L.

S-band chromatin is established in the absence of Hmol

We next asked if the presence of Hmol is required to
establish s-band chromatin. HMO1 wild-type and
HMO1 deletion cells were subjected to psoralen cross-
linking analysis (Fig. 6B). S-band chromatin was still es-
tablished in the absence of the HMO1 gene. However,
psoralen incorporation into rDNA was compromised in
the HMO1 knockout strain tested, as revealed by a re-
duced s-band formation (Fig. 6B). We note that the
HMO1 deletion strain used in this experiment had a
15% increase in rDNA copy number when compared
with its wild-type counterpart (Fig. 6C). It thus cannot be
excluded that the observed changes in psoralen accessi-
bility are a consequence of rDNA locus expansion, as
opposed to a structural change in rDNA chromatin in
the absence of HMO1.

We then examined if the absence of Hmol affected
recruitment of Pol I transcription factors to tDNA by
performing ChEC experiments in strains expressing
MNase fusion proteins of components of the CF (Rrn7)
and UAF (Uaf30) in HMO1 wild-type and HMO1 dele-
tion strains (Fig. 6D, first two panels). Neither cleavage
pattern nor cleavage efficiencies were affected signifi-
cantly in the deletion strains, indicating that chromatin
structure at the rDNA promoter does not change dra-
matically in the absence of Hmol. Furthermore, the
ChEC pattern observed in HMO1 wild-type and deletion
strains expressing MNase fusion proteins of a Pol I sub-
unit were almost identical (Fig. 6D, third panel).

Taken together, we demonstrate that Hmol is a con-
stituent of transcriptionally active rRNA genes. Its func-
tion within the specialized, histone-reduced rDNA chro-
matin awaits further analysis.

Discussion

Previous data have suggested that the coding regions of
35S rRNA genes exist in two different chromatin
states—one being nucleosomal and transcriptionally in-
active, and the other one devoid of nucleosomes and as-
sociated with the transcribing Pol I (Dammann et al.
1993). However, these results were based solely on the
interpretation of psoralen cross-linking patterns of
rDNA fragments—a rather indirect proof. In this study,
we show for the first time the physical association of Pol

Chromatin of active ribosomal DNA genes

I and histones with the different rtDNA chromatin states
(Fig. 5B). Our findings thus confirm the conclusions
drawn by Dammann et al. (1993).

Our results that actively transcribed rRNA genes are
virtually histone-free are in apparent conflict with the
interpretation of recent ChIP experiments and MNase
digestion analyses, suggesting that Pol I-transcribed
rDNA repeats have nucleosomal structure (Jones et al.
2007). The conclusions drawn in the latter study rely on
the observation that in a strain with a reduced rDNA
repeat copy number, all of the rRNA genes are transcrip-
tionally active (French et al. 2003). We used the same
genetic background in some of our analyses. Psoralen
cross-linking analyses in some of the 40-copy strains re-
vealed a minor f-band fraction (~10%-20% in the experi-
ment shown in Supplemental Fig. 1) corresponding to
nucleosomal nontranscribed rRNA genes (Fig. 5B). This
was corroborated by a low degree of rDNA degradation at
intermediate time points of ChEC in low-copy strains
expressing histone-MNase fusion proteins (e.g., ~20% af-
ter 3 min of ChEC for H4-MNase) (Fig. 4F). Since elec-
tron microscopy provides no evidence for the presence of
nontranscribed rRNA genes within the rDNA cluster
(French et al. 2003), it might be that within the 40-copy
strain cell population a fraction of cells does not tran-
scribe rDNA at all. Such cells would be dismissed in the
electron microscopy analyses, because the rDNA locus
could not be distinguished from the rest of the chroma-
tin. The presence of a subpopulation of transcriptionally
inactive rDNA repeats in the 40-copy strain offers a
simple explanation for both the detection of histone
molecules on 35S rDNA by ChIP and the occurrence of a
protected 150-bp rDNA fragment after degradation of
chromatin by exogenous MNase (Jones et al. 2007).

The histone density on the intergenic spacer DNA in
strains carrying a wild-type rDNA copy number was very
similar to the histone density observed on fully nucleo-
somal RNA Pol II-dependent loci (Fig. 4, cf. G and E).
Instead, we observed a reduced histone H2B and (to a
lesser extent) H4 density on the intergenic spacer re-
gion in yeast strains with a lower rDNA copy number
(Fig. 4G). In order to maintain a low copy number of
rDNA, yeast strains need to be deleted in the FOBI gene
(Kobayashi et al. 1998). FOB1 codes for a protein that
binds to DNA elements within the rDNA enhancer
region defining the so-called replication fork barrier
(Kobayashi and Horiuchi 1996). It has been shown that
FOBI is required for regional Pol II silencing in the in-
tergenic spacer region and thus seems to influence local
chromatin structure at this locus (Huang and Moazed
2003). Furthermore, it has been reported recently that
Pol II can transcribe intergenic spacer DNA from a bi-
directional promoter (E-pro) located within IGS1 (Ganley
et al. 2005; Kobayashi and Ganley 2005). Transcription
from this site drives repeat expansion to obtain a wild-
type rDNA copy number by displacing cohesin from this
region, thereby promoting unequal sister chromatid ex-
change (Kobayashi and Ganley 2005). Accordingly, E-pro-
dependent transcription is elevated in the low-copy
strains (Kobayashi and Ganley 2005), which could lead to
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nucleosome displacement from intergenic spacer se-
quences, resulting in reduced histone density. Addition-
ally, the RNA Pol IlI-dependent 5S rRNA gene is located
within the intergenic spacer region analyzed in Figure 4,
and enhanced transcription from this locus might influ-
ence histone density as well. Further analyses are re-
quired to explore these possibilities.

Recently, it has been reported that Pol II can transcribe
intergenic spacer DNA from a bidirectional promoter (E-
pro) located within IGS1 (Ganley et al. 2005; Kobayashi
and Ganley 2005). Transcription from this site presum-
ably drives repeat expansion to obtain a wild-type rDNA
copy number by displacing cohesin from this region,
thereby promoting unequal sister chromatid exchange
(Kobayashi and Ganley 2005). Accordingly, E-pro-depen-
dent transcription is elevated in the low-copy strains
(Kobayashi and Ganley 2005), which could lead to
nucleosome displacement from intergenic spacer se-
quences resulting in reduced histone density. Addition-
ally the RNA Pol III-dependent 5S rRNA gene is located
within the intergenic spacer region analyzed, and en-
hanced transcription from this locus might influence
histone density as well. Further analyses are required to
explore these possibilities.

The HMG protein Hmol binds to 35S rDNA in the
promoter region and throughout the entire coding region
(Fig. 2D). Thus, our analyses confirm previous ChIP data
(Hall et al. 2006; Kasahara et al. 2007), but add the im-
portant information that Hmol specifically associates
with actively transcribed 35S rRNA genes (Fig. 5B). We
define Hmol as a structural component of psoralen-ac-
cessible rtDNA chromatin, which remains bound to this
chromatin state even in the absence of Pol I (Fig. 6A).
Taken together with the observation that Hmol associ-
ates with 35S rDNA in a Pol I-dependent manner (Kasa-
hara et al. 2007), one can speculate that Pol I recruits
Hmol to this locus. Alternatively, Hmol may preferen-
tially recognize DNA structures transcribed by Pol I. Our
data further suggest that there may be a cellular mecha-
nism by which Hmol is removed from rDNA when Pol
I transcription ceases. One possibility is that Hmol dis-
placement occurs when the replication machinery enters
the gene followed by re-establishment of a nucleosomal
structure on the newly replicated rDNA coding regions
(Lucchini and Sogo 1995).

A MNase fusion protein of a CF component (Rrn7)
showed cleavage within sequences at the 5’ end of the
UE (Fig. 1F). This observation could be explained by the
existence of a local loop structure of rtDNA promoter
DNA around UAF in vivo, as proposed previously
(Keener et al. 1997). It was suggested that the presence of
histones H3 and H4 as part of the multiprotein complex
UAF could support such a structure (Keener et al. 1997).
Accordingly, we localize these proteins at the UE of ac-
tively transcribed 35S rRNA genes in vivo (Fig. 3A). An
alternative explanation for the ChEC pattern observed
would be the presence of two binding sites for this com-
plex at the rDNA promoter. The interaction of a CF com-
ponent with 5’ regulatory sequences provides a strong
argument for the functional equivalence of yeast CF and
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the selectivity factor (SL1) in higher eukaryotes, for
which such an interaction has been shown in in vitro
footprinting experiments (Bell et al. 1988, 1990).

In conclusion, we demonstrate that the combination
of ChEC and psoralen analyses is a powerful tool to
study rDNA chromatin composition and structure in
vivo. We provide insights into the organization of rDNA
promoter chromatin, suggesting that the process of tran-
scriptional initiation in yeast and higher eukaryotes,
with very little homology at the protein sequence level,
is structurally conserved. We find that actively tran-
scribed rRNA genes are largely devoid of histones and
insofar unique compared with other genomic loci inves-
tigated. Since the psoralen accessibility of actively Pol
I-transcribed rDNA chromatin is also conserved from
yeast to humans (Conconi et al. 1989; Dammann et al.
1993), it is reasonable to speculate that our observations
hold true in higher eukaryotes. Our future research aims
to further define the molecular nature of yeast tDNA
chromatin states and the mechanisms involved in their
establishment and maintenance.

Materials and methods
Plasmids and yeast strains

A complete list of oligonucleotides and yeast strains used in this
study is presented in Tables 1 and 2.

Plasmid K643 was generated by inserting the DNA sequence
for a 3xHA epitope amplified by PCR from pYM1 (Knop et al.
1999) into Bbsl- and BssHIl-restricted pFA6a-MN-KanMX6
(Schmid et al. 2004). K643 served as a template in PCRs using
the primers listed in Table 2 to amplify MN-3HA ::KanMX6
cassettes. The amplified fragments were framed by 35-50 bp of
DNA sequence homologous with the 3’ end excluding the stop
codon (in-frame with the MNase coding sequence at the 3’ end),
and 35-50 bp of sequence homologous with the DNA down-
stream from the stop codon of the respective target gene. The
DNA in the PCR reactions was precipitated with ethanol and
used for transformation of yeast cells, as described (Knop et al.
1999). After selection, proper integration was confirmed by PCR
and/or Southern blot analysis. Expression of the MNase fusion
proteins was verified by Western blot analysis using the 3F10
antibody, recognizing the HA epitope (Roche).

To establish HMO1 deletion strains, the URA3 gene from
Kluyveromyces lactis (kI URA3) was amplified with primers 1354
and 1355 from plasmid pBS1539 (Puig et al. 2001). The amplified
fragment was framed by 50 bp of DNA sequence homologous with
the 5’ sequence upstream of the ATG, and 50 bp of sequence
homologous with the DNA downstream from the stop codon of
HMO1. The amplicon was directly used for transformation as
described above. HMO1 deletion was confirmed by PCR.

Plasmid pM49.2 (Griesenbeck et al. 2004) was used to amplify
a 200-bp sequence by PCR containing a binding site for R re-
combinase (RS) and binding cluster for the bacterial Lex A pro-
tein (LEX A). The amplicon served as a template for Southern
probe preparation to detect a 3.4-kb NotlI fragment from plasmid
pM53.1, encompassing this sequence, which was added to the
ChEC reaction in the experiment presented in Figure 4.

Yeast cultures, fixation, and isolation of nuclei

Yeast cells were grown in YPD at 30°C, unless otherwise noted.
When the cultures reached an ODyq, of 0.5, formaldehyde was
added to a final concentration of 1% and incubation was con-
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Table 2. Oligonucleotides used in this study

Name Sequence Purpose Gene/locus

1154 GATGGTACCTATGCTTTGAAGAGACAAGG Primer to obtain amplicon of K643 for genomic HHF2
TAGAACCTTATATGGTTTCGGTGGTTCG integration of MNase-3xHA :: KanMX6
TACGCTGCAGGTCGAC

1155 CTACCGCGGGGCATGAAAATAATTTCAAAC Primer to obtain amplicon of K643 for genomic HHF2
ACCGATTGTTTAACCACCGATTGTATCGA integration of MNase-3xHA :: KanMX6
TGAATTCGAGCTCG

797 TCAAGTTGGCTAGAAGATTAAGAGGTGAAA Primer to obtain amplicon of K643 for genomic HHT1
GATCACGGATCCCCGGGTTAATTAA integration of MNase-3xHA :: KanMX6

847 CTACCGCGGTGTGTTTTTGTTCGTTTTTTACT Primer to obtain amplicon of K643 for genomic HHT1
AAAACTGATGACAATCAACAAAATCGATGAA integration of MNase-3xHA :: KanMX6
TTCGAGCTCG

935 GATGGTACCAAGAAGAAGAAGGATAAGAA Primer to obtain amplicon of K643 for genomic HMO1
GAAGGACAAATCCAACTCTTCTATTTCGTA integration of MNase-3xHA :: KanMX6
CGCTGCAGGTCGAC

936 CTACCGCGGATTTTAGAAAGACAGTAGAGTAA  Primer to obtain amplicon of K643 for genomic HMO1
TAGTAACGAGTTTGTCCGTCCAATCGATG integration of MNase-3xHA :: KanMX6
AATTCGAGCTCG

1354 GATGGTACCCTTATACTCTAGGATGTACATCC  Primer to obtain amplicon from pBS1539 for HMO1
TACCACACACAACAAGCCTGTCACACCTAC gene replacement with kIl URA3
GACTCACTATAGGG

1355 CTACCGCGGTATTTATTTTAGAAAGACAGTA Primer to obtain amplicon from pBS1539 for HMO1
GAGTAATAGTAACGAGTTTGTCCGTCCATCC gene replacement with k1 URA3
ATGGAAAAGAGAAG

1016 GATGGTACCGAAGGTACTAGGGCTGTTACC Primer to obtain amplicon of K643 for genomic HTB2
AAATACTCCTCCTCTACTCAAGCCTCGTACG integration of MNase-3xHA ::KanMX6
CTGCAGGTCGAC

1017 CTACCGCGGTAATAAAAAGAAAACATGACT Primer to obtain amplicon of K643 for genomic HTB2
AAATCACAATACCTAGTGAGTGACATCGAT integration of MNase-3xHA ::KanMX6
GAATTCGAGCTCG

941 GATGGTACCGGTACGGGTTCATTTGATGTGTT  Primer to obtain amplicon of K643 for genomic RPA190
AGCAAAGGTTCCAAATGCGGCTTCGTACGC integration of MNase-3xHA :: KanMX6
TGCAGGTCGAC

942, CTACCGCGGAAACTAATATTAAATCGTAATAA  Primer to obtain amplicon of K643 for genomic RPA190
TTATGGGACCTTTTGCCTGCTTATCGATGA integration of MNase-3xHA :: KanMX6
ATTCGAGCTCG

937 GATGGTACCGAAAACACCAGTGAAAGCAATG Primer to obtain amplicon of K643 for genomic RPA43
ATGGTGAATCGAGTGATAGTGATTCGTACGC integration of MNase-3xHA :: KanMX6
TGCAGGTCGAC

938 CTACCGCGGAACGTATATCTTTATTTGTTTT Primer to obtain amplicon of K643 for genomic RPA43
GATTTTTTCTCATTTTTCCCGTCATCGAT integration of MNase-3xHA :: KanMX6
GAATTCGAGCTCG

1159 GATGGTACCTTGGAAAGGATACTAAAGGAATT  Primer to obtain amplicon of K643 for genomic RPB4
GTCAAACCTAGAAACACTCTATTCGTACGCT integration of MNase-3xHA :: KanMX6
GCAGGTCGAC

1160 CTACCGCGGGGGTGAAAATTCATTACTAGTTA  Primer to obtain amplicon of K643 for genomic RPB4
CACACACGTATACATACAGTTAATCGATGAA integration of MNase-3xHA :: KanMX6
TTCGAGCTCG

799 AACATATTGATTATAGGCATGCGCCAGGTAA Primer to obtain amplicon of K643 for genomic RRN10
TATCCGGATCCCCGGGTTAATTAA integration of MNase-3xHA :: KanMX6

845 CTACCGCGGAGCCTTCCATCCTCCCCAGCC Primer to obtain amplicon of K643 for genomic RRN10
GCAAAAGCCAGGTTTTTGCTACATATCG integration of MNase-3xHA :: KanMX6
ATGAATTCGAGCTCG

1157 GATGGTACCGACTGCATTTCAAGGATCAAAAA  Primer to obtain amplicon of K643 for genomic RRN7
TGCCTGTCTGCATAGGATGAATTCGTACGC integration of MNase-3xHA :: KanMX6
TGCAGGTCGAC

1158 CTACCGCGGAGTATGCATAGAAATAGCAATCC  Primer to obtain amplicon of K643 for genomic RRN7
AGCGAGAATAATTTAAAAGGAGATCGATGAA integration of MNase-3xHA :: KanMX6
TTCGAGCTCG

1342 GATGGTACCCCAAGCTTTTGAAGCTATATA Primer to obtain amplicon of K643 for genomic SPT15

CCCTGTGCTAAGTGAATTTAGAAAAAT
GTCGTACGCTGCAGGTCGAC

integration of MNase-3xHA :: KanMX6

continued on next page
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Table 2. (continued)
Name Sequence Purpose Gene/locus
1343 CTACCGCGGAAATGGAACAAATAGAAAACC Primer to obtain amplicon of K643 for genomic SPT15
TTTTTTTCTTTTCGTCTACTCCTTCCCCAAT integration of MNase-3xHA :: KanMX6
CGATGAATTCGAGCTCG
843 GATGGTACCCATCGTTTCAGATTCCGAGCAA Primer to obtain amplicon of K643 for genomic UAF30
TCAGATACAAAGGGCATTTCGTACGCTG integration of MNase-3xHA :: KanMX6
CAGGTCGAC
844 CTACCGCGGACAACACAAATTTCAACGCCTTG  Primer to obtain amplicon of K643 for genomic UAF30
AAATTTTCATGATATCCTTGATATCGATG integration of MNase-3xHA :: KanMX6
AATTCGAGCTCG
1354 GATGGTACCCTTATACTCTAGGATGTACAT Primer to obtain amplicon from pBS1539 for HMO1
CCTACCACACACAACAAGCCTGTCACACC deletion of the HMO1 gene
TACGACTCACTATAGGG
1355 CTACCGCGGTATTTATTTTAGAAAGACAGT Primer to obtain amplicon from pBS1539 for HMOL1
AGAGTAATAGTAACGAGTTTGTCCGT deletion of the HMO1 gene
CCATCCATGGAAAAGAGAAG
1163 TGTTGCTAGATCGCCTGGTA Primer to obtain template for Southern probe GAL1
preparation from genomic DNA
1164 TTTCCGGTGCAAGTTTCTTT Primer to obtain template for Southern probe GAL1
preparation from genomic DNA
1167 TGGATCTAATTTACAGCAGCA Primer to obtain template for Southern probe NUP57
preparation from genomic DNA
1168 CCTGATCCCACTCTTCTTGA Primer to obtain template for Southern probe NUP57
preparation from genomic DNA
626 CCATTCCGTGAAACACC Primer to obtain template for Southern probe rDNA
preparation from genomic DNA
627 AAGAAAGAAACCGAAATCTC Primer to obtain template for Southern probe rDNA
preparation from genomic DNA
817 GAGGGACGGTTGAAAGTG Primer to obtain template for Southern probe rDNA
preparation from genomic DNA
818 ATACGCTTCAGAGACCCTAA Primer to obtain template for Southern probe rDNA
preparation from genomic DNA
1161 CAGGTTATGAAGATATGGTGCAA Primer to obtain template for Southern probe rDNA
preparation from genomic DNA
1162 AAAATGGCCTATCGGAATACA Primer to obtain template for Southern probe rDNA
preparation from genomic DNA
597 GAAACAGCTATGACCATG Primer to obtain template for Southern probe RS_LEXA
preparation from plasmid pM49.2
598 GCCTGACTGCAGAACGTACTACTGTAC Primer to obtain template for Southern probe RS_LEXA
ATATAAC preparation from plasmid pM49.2
688 TCATCTTATGTGCGCTGCTT Primer used for qPCR amplifying a region in PHO5
the PHO5 promoter together with primer 689
689 CAGTTGCGTTCTATGCGAAA Primer used for gPCR amplifying a region in PHO5
the PHO5 promoter together with primer 688
712 GAGTCCTTGTGGCTCTTGGC Primer used for gPCR amplifying a region in rDNA
18S rDNA together with primer 713
713 AATACTGATGCCCCCGACC Primer used for gPCR amplifying a region in rDNA

18S rDNA together with primer 712

tinued for 15 min at growth temperature. Excess formaldehyde
was removed by the addition of glycine to a final concentration
of 0.125 M. Cells were harvested and nuclei were isolated as
described (Schmid et al. 2004), except that a VXR basic IKA
Vibrax orbital shaker was used for cell lysis, and that a Protease
inhibitor cocktail (PI) containing 330 png/mL Benzamidin, 170
pg/mL PMSF, 1.37 pg/mL Pepstatin A, 0.284 pg/mL Leupeptin,
and 2 pg/mL Chymostatin was added to all buffers.

MNase digestion of yeast nuclei

Nuclei isolated from formaldehyde-cross-linked yeast cells
(strain NOY505) were digested as described previously (Boeger
et al. 2003). For the experiment presented in Figure 4, nuclei from
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~85 mg of cells (wet weight) were incubated in 200 pL of reaction
buffer containing 5 U/mL MNase (Sigma) for 20 min at 37°C.

ChEC

ChEC was carried out using nuclei from formaldehyde-cross-
linked yeast cells as described (Schmid et al. 2004) with slight
modifications. Where indicated in the figure legends, purified,
Notl-restricted pM53.1 plasmid DNA was added to reach a final
concentration of 30 pM in the ChEC reaction. The reactions
were stopped by addition of an equal volume of IRN buffer (50
mM Tris-HCI at pH 8, 20 mM EDTA, 0.5 M NaCl). RNase A
was added to a final concentration of 100 pg/mL, and the reac-
tions were incubated for 1 h at 37°C. After addition of 1/40 vol
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Table 3. Description of Southern blot probes and targets

Name Synthesis Locus Restriction enzyme Fragment size
ETS1 PCR from genomic DNA using primers 626, 627 rDNA EcoRI 1.9 kb
GAL1 PCR from genomic DNA using primers 1163, 1164 GAL1-10 Xeml 6.8 kb
GAL1 PCR from genomic DNA using primers 1163, 1164 GAL1-10 EcoRI 1.9 kb
IGS2 PCR from genomic DNA using primers 1161, 1162 rDNA Xeml 4.3 kb
IGS2 PCR from genomic DNA using primers 1161, 1162 rDNA EcoRI 2.8 kb
NUP57 PCR from genomic DNA using primers 1167, 1168 RPS23A Xceml 4.2 kb
Plasmid PCR from pM49.2 using primers 597, 598 pM53.1 Notl 3.4 kb
RDNp PCR from genomic DNA using primers 817, 818 rDNA Xceml 4.9 kb

of 20% SDS and Proteinase K to a final concentration of 100
pg/mL, incubation was continued for 1 h at 56°C. Formaldehyde
cross-links were removed overnight (or at least 6 h) at 65°C.
DNA was extracted with phenol-chloroform-isoamyl alcohol
(25:24:1), precipitated with ethanol, and suspended in TE. One-
third of the DNA was digested with the appropriate restriction
enzyme and separated in a 1% agarose gel in Tris-borate-EDTA
with 4 V/cm.

ChEC-psoralen cross-linking analyses

Nuclei suspensions prepared as described above were either sub-
jected to ChEC or directly mixed with IRN buffer. Two-hundred
microliters of the suspension were transferred to a 24-multiwell
plate, and 4,5',8-trimethylpsoralen (Sigma) in ethanol was
added to a final concentration of 10 pg/mL. After incubation for
5 min on ice in the dark, samples were irradiated with UV light
(288 nm) at a distance of 2-3 c¢cm for 15 min on ice. Addition of
psoralen and UV irradiation were repeated twice. DNA was iso-
lated as described above. One-tenth of the DNA was digested
with the appropriate restriction enzyme and separated in a 0.8%
agarose gel in Tris-borate-EDTA with 3 V/ecm. To reverse the
psoralen cross-link, the gel was irradiated with UV light (254
nm) for 2 min on each side before transfer of the DNA to a
membrane for Southern blot analysis.

Blot analysis and quantitation

A list of probes used for blot hybridization is presented
in Table 3.

Nucleic acids from agarose gels were blotted onto nylon
membranes (Positive Membrane, Qbiogen) by capillary transfer
in 1 M ammonium acetate as described previously (Allefs et al.
1990). DNA probes for hybridization were generated using the
RadPrime DNA labeling system (Invitrogen) with incorporation
of [«-32P]dATP (GE Healthcare) according to the instructions of
the manufacturer. All probes used in this study were in the size
range of 200-300 bp. Imaging and quantitation were performed
using the FLA-5000 imaging system and MultiGauge software
(FujiFilm).

For some blots (Figs. 2A-C [top and middle panel], D [top
panel], 3A), probes were prepared using the PCR DIG Labeling
Mix (Roche). Hybridization and detection were performed ac-
cording to the DIG Application Manual (Roche). Images were
collected using the LAS-3000 imaging system (FujiFilm).

Before rehybridization of a membrane, probe removal was
achieved by adding boiling 0.1x SSPE buffer (18 mM sodium
chloride, 1 mM sodium phosphate at pH 7.7, 0.1 mM EDTA)
containing 0.5% SDS to the membrane and incubation for 15
min at 80°C. The procedure was repeated twice.

gPCR analysis

Yeast cells were grown in YPD to an ODy of 0.5, and genomic
DNA was prepared according to a standard protocol (Philippsen

et al. 1991). The DNA was diluted in water to a final concen-
tration of 5 M, and 4 pL were used to inoculate a PCR reaction
resulting in a final volume of 20 pL. All reactions were per-
formed in triplicate using either primers 688 and 689 specific for
the PHOS5 single-gene locus, or primers 712 and 713 to amplify
a region within the 18S rDNA. Detection was performed via
fluorescence measurement of the DNA-intercalating dye SYBR
Green (Roche) using a Rotor-Gene 3000 system (Corbett Life
Science). Data were evaluated using the comparative quantita-
tion analysis tool included in the Rotor-Gene software.
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