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Eukaryotic ribosomal gene promoters are preceded
by a terminator element which is recognized by the
transcription termination factor TTF-l. We have
studied the function of this promoter-proximal termin-
ator and show that binding of TTF-I is the key event
which leads to ATP-dependent nucleosome remodeling
and transcriptional activation of mouse rDNA pre-
assembled into chromatin. We have analyzed TTF-I
mutants for their ability to bind to free or nucleosomal
DNA, and show that the DNA binding domain of TTF-

I on its own is not sufficient for interaction with
chromatin, indicating that specific protein features
exist that endow a transcription factor with chromatin
binding and remodeling properties. This first analysis
of RNA polymerase | transcription in chromatin pro-
vides a clue for the function of the upstream terminator
and establishes a dual role for TTF-I both as a
termination factor and a chromatin-specific transcrip-
tion activator.
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Introduction
The genes that code for eukaryotic ribosomal RNA (rDNA)

terminated at the promoter-proximal terminator, termed
To iIn mammals (Grummet al, 1986a). In mouse, the
sequence of theglelement is almost identical to the 18 bp
downstream terminator motif, pragmatically called ‘Sal
box’, which is repeated several times{T, o) downstream

of the 3 end of the pre-rRNA coding region and has been
shown to mediate transcription terminatiam vivo and

in vitro (Grummtet al, 1985; Bartsclet al, 1988; Kuhn
and Grummt, 1990). The ‘Sal box’ terminator elements
are recognized by a nucleolar protein, the transcription
termination factor TTF-I. Alterations in the ‘Sal box’ that
reduce TTF-I binding also impair transcription termination
(Grummtet al,, 1986b).

The functional relevance of the promoter-proximal ter-
minator has been elusive. In mouse, rat, hunm¥amopus
laevis and X.borealis this terminator is located 150—
200 bp upstream of the transcription initiation site. The
conservation of a terminator-related element at a precise
position just upstream of the gene promoter suggests
that this element serves an important function in rDNA
transcription initiation. Indeed, gThas been shown to
stimulate transcription initiation vivo (Grummtet al,
1986a; Henderson and Sollner-Webb, 1986; McStay and
Reeder, 1986). The positive effect on transcription has
been interpreted to result from shielding the promoter
from polymerases that read through from spacer promoters,
thereby inactivating or ‘occluding’ assembled initiation
complexes (Henderson and Sollner-Webb, 1986; Bateman
and Paule, 1988). On the other hand, the presence of the
upstream terminator increases the competition strength of
an adjacent gene promoter, and the terminator must be
in its natural position to exert a stimulatory effect on
transcription initiation. Changing the spacing between the
upstream terminator and the promoter severely impaired

are arranged in large clusters of tandem repeats in whichtranscriptional activity (McStay and Reeder, 1986).

the pre-rRNA coding region alternates with an intergenic

The positive effect of the upstream terminator is difficult

spacer region. The intergenic spacer contains all of the to reveal inin vitro assays. In nuclear extracts or purified
elements that regulate transcription by RNA polymerase reconstituted transcription systems, binding of TTF-I to
| (pol 1). Even though the sequence and location of To has no effect on the efficiency of transcription. Since
regulatory elements that govern efficient transcription vary chromatin is the physiological templaite vivo, we won-
considerably between species (for review, see Paule, 1994)dered whether TTF-I bound tq,Thay stimulate transcrip-
the overall structural organization of the rDNA repeats is tion on chromatin templates. Little is known about the
very similar. Several types of regulatory elements have implications of chromatin structure for ribosomal gene
been identified in the intergenic spacer, including (i) the transcription by pol I. In yeast, where the chromatin
gene promoter at the 8nd of the pre-rRNA coding region,  structure of the flanking spacer was analyzed in some
(i) a transcription terminator immediately upstream of detail, about half of the ribosomal genes are transcrip-
the gene promoter, (i) enhancer elements that stimulatetionally active and devoid of nucleosomes (Dammann
transcription, (iv) one or more spacer promoters and et al, 1993). On the other hand, the inactive genes as
(v) terminator elements at the’ &nd of the pre-rRNA  well as their 3-flanking spacers are characterized by a
coding region. Specific transcription factors bind directly regular chromatin structure. Significantly, the chromatin
or via protein—protein interactions to these regions and structure characterisic for active and inactive transcription
thus promote the synthesis of faithfully initiated and units is not inherited directly by the newly synthesized
terminated ribosomal precursor RNA. daughter strands during chromosome duplication, but the
Spacer transcripts are co-directional with rRNA and are replication machinery entering upstream of a transcrip-
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tionally active rRNA gene generates two newly replicated
coding regions regularly packaged into nucleosomal arrays TTF-I(mg) — 5
(Lucchini and Sogo, 1995). Apparently, post-replicative
processes regenerate an exposed chromatin conformatiol
on newly replicated rRNA gene promoters shortly after
the passage of the replication fork.

To study pol | transcription on chromatin templates, we
reconstituted chromatin on rDNA templatiesvitro using
extracts from earlyDrosophila embryos, which contain
large amounts of chromatin precursors (Becker and Wu,
1992). Chromatin reconstituted in this system is complex
and contains activities that are responsible for dynamic
properties of chromatin which allow DNA binding proteins Qg niczfétﬁgicl[:gx?ﬁé i%t'e\g“t%?n‘)fl Eﬁgfomf&lf};ﬁgﬁ'zfsegqug 'Or
to gain access tQ their sites of action (Tsukiyaetal, the C|rch|)ar template erﬂ'(Ianesp13 12) Reactions contained 20 ng
1994; Varga-Weiszet al, 1995). Here we show that of free DNA (lanes 1 and 2), 60 ng (lanes 3, 5, 7, 9 and 11) or 140 ng
binding of TTF-I to the upstream terminator activates (lanes 4, 6, 8, 10 and 12) of linear or 20 ng of circular nucleosomal
transcription from chromatin templates. This transcrip- template (lanes 13-15). Increasing amounts of TTF-I were added at
tional activation is accompanied by ATP-dependent the onset (lanes 3-12 and 14) or after completion of nucleosome
nucleosome repositioning. Significantly, stable interaction assembly (lane 15).
of TTF-1 with chromatin requires, in addition to the DNA
binding domain, the part of TTF-I which is essential for
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acts nucleosomal repression from pre-assembled chromatin

transcription termination. This finding demonstrates that
DNA binding of TTF-I is separable from chromatin

remodeling and termination functions. We conclude that
in addition to its well-documented role as a transcription
termination factor, TTF-I also plays an important role as

templatesn vitro.

On the linear template used, TTF-I had to be added at
the onset of the chromatin assembly reaction to activate
transcription. On circular templates, however, transcription
stimulation was also observed when TTF-1 was added

after chromatin reconstitution was complete (lanes 13—
15). For this experiment, we chose the template pMrT
which contains a pol | terminator §J derived from the

3’ end of the rDNA transcription unit inserted downstream
of the coding region of pMrWT. Termination at the
downstream terminator results in transcripts of defined
size, and therefore allows monitoring of specific transcrip-
tion on circular templates (Grumrat al, 1986b). The
DNA was assembled into soluble chromatin either in the

a chromatin-specific transcription activator.

Results

TTF-I relieves chromatin-mediated repression of

rDNA transcription

In order to assess the effect of chromatin on pol |
transcription, we used a cell-free chromatin reconstitution
system derived fromDrosophila embryos (Becker and  absence of TTF-I (lane 13) or in the presence of TTF-|
Wu, 1992; Sandaltzopoule al., 1994). A linear plasmid  which was added either at the onset (lane 14) or after
containing the murine ribosomal gene promoter (bMrWT) completion (lane 15) of chromatin assembly. An aliquot
was immobilized on paramagnetic beads and reconstitutedof the assembly reaction was then used as template in
into nucleosomes in the absence or presence of differentthe murine transcription system. In this soluble system,
amounts of TTF-I. The chromatin was purified in the transcriptional repression by chromatin was overcome
magnetic field, and used as template in a transcription whether TTF-l was added before or after chromatin
assay containing a fractionated mouse nuclear extractassembly. This result demonstrates that TTF-I interacts
(DEAE-280 fraction). This transcription system contains with chromatin and can activate transcription from pre-
all proteins required for rDNA transcription initiation assembled chromatin templatiesvitro.

(Schnapp and Grummt, 1991) and promotes several rounds

of transcription during a standard 50 min incubation. TTF-I interacts with chromatin and remodels

On naked DNA templates, the amounts of transcripts nucleosome structures in an energy-dependent
synthesized were not affected by the presence or absencenanner

of TTF-I (Figure 1, lanes 1 and 2). On pre-assembled To assess whether transcriptional activation by TTF-
chromatin templates, on the other hand, TTF-l had a | involves chromatin rearrangements, we analyzed the
pronounced effect on transcriptional activity. In the nucleosome positions on the promoter with micrococcal
absence of TTF-I, no transcripts were synthesized, indicat- nuclease (MNase), a nuclease known for its preference
ing that the promoter was repressed (lanes 3 and 4).for nucleosomal linker DNA. Plasmid DNA was assembled
However, if increasing amounts of recombinant TTF-1 into chromatin as before, partially digested with MNase,
were added to the chromatin assembly reaction, a dose-and the cleavage sites were mapped by indirect end
dependent activation of transcription was observed (laneslabeling (Wu, 1980). Digestion of protein-free plasmid
5-12). The amount of transcripts from the chromatin DNA revealed the sequence preference of the nuclease
templates was ~30% of that observed with naked DNA, (Figure 2A, lanes 1 and 2). The MNase digestion pattern
which indicates that a major fraction of the chromatin of chromatin assembled in the absence of TTF-I resembled
templates was transcribed. The strong transcriptional that of naked DNA (lanes 3 and 4). Clearly, the interaction
activation brought about by TTF-I suggests that TTF-I of TTF-l with chromatin led to a repositioning of nucleo-
interacts with chromatin and that this interaction counter- somes, from more or less random positions to defined
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Fig. 2. Energy-dependent nucleosome remodeling by TTR).Nlapping of MNase cleavage sites on naked pMrWT DNA (lanes 1 and 2) or on
reconstituted chromatin templates (lanes 3-8) by indirect end labeling. Each reaction was digested with 10 U of MNase for 20 or 60 s. Lanes 3 and

4 show the MNase pattern of chromatin assembled in the absence of TTF-I. In the reactions represented in lanes 7 and 8, the reconstituted chromatin
was treated with apyrase before TTF-I addition. Predominant nucleosome positions at the rDNA promoter region are indicated by open ellipses;
hypersensitive sites due to TTF-I binding are marked by filled triangles. The TTF-1 binding site is indicated byB) bagh(resolution mapping

of nucleosome boundaries. Chromatin assembled on pMrWT in the absence (lanes 1 and 3) and presence (lanes 2 and 4) of TTF-I was digested with
MNase. Mononucleosome-sized fragments were gel purified and the ends mapped by extension of internal oligonucleotide primers. Probe —90/-71
anneals to the lower strand of rDNA and maps théd8undaries. Oligonucleotide —105/-87 anneals to the upper strand and mapdtumdaries.

The borders of the nucleosomes are marked by numbers which correspond to nucleotide positions upstream and downstream of the transcription start
site. The TTF-I binding site is indicated by a bar; the arrow marks the transcription start site.

positions flanking the TTF-I recognition site. Two hyper- by multiple extensions of internal primers. In the absence
sensitive sites flanking the;Bequence were induced and of TTF-I, the nucleosomes gave rise to a series of fragment
strongly preferred MNase cleavage sites were protected endpoints distributed over the entire promoter area on
in adjacent regions (lanes 5 and 6). The protected regionboth strands (Figure 2B, lanes 1 and 3). Fragment endpoints
extended from position —146 to10. An identical cleavage on either site tentatively can be matched to yield fragments
pattern was observed whether TTF-I was added during or of nucleosomal size. Significantly, if TTF-1 was included
after chromatin assembly. Importantly, this nucleosome in the assembly reaction, the nucleosomes that occupied
remodeling required energy. Addition of apyrase which the T,sequence (bar in Figure 2B) were shifted towards
depletes the assembly reaction of ATP prevented TTF- the transcription initiation site (lanes 2 and 4). This result
induced remodeling and, therefore, yielded an MNase demonstrates that TTF-l induces the positioning of a
digestion pattern that is indistinguishable from naked DNA nucleosome in the vicinity of the transcription start site.
or regularly spaced chromatin (lanes 7 and 8). Thus, TTF-
I mediates ATP-dependent nucleosome remodeling at the Chromatin remodeling and DNA binding functions
rDNA promoter. of TTF-I are separable

To map the 3 and 5 borders of nucleosomes at the Next we examined whether the DNA binding domain of
nucleotide level, chromatin was assembled in the presenceT TF-1 is sufficient to counteract nucleosomal repression
or absence of TTF-I and digested with MNase to yield or whether additional regions of TTF-1 are involved in
predominantly mononucleosomes. The DNA was purified, transcription stimulation from chromatin templates. For
separated on an agarose gel and nucleosome-sized frag- this, we tested the ability of several N-terminally truncated
ments (146 bp) were isolated. The ends of these fragments,TTF-I  derivatives (TTRAN185, TTFAN323 and
which define the nucleosome positions, were visualized ANZ45) to rearrange the chromatin structure and to
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Fig. 3. TTF-I domains involved in nucleosome rearrangement and
chromatin-specific transcriptional activatiod)(Indirect end labeling

of MNase cleavage sites of chromatin assembled on pMrWT in the
absence of TTF-I (lanes 5 and 6) or in the presence of different N-
terminal TTF-1 deletion mutants indicated above the lanes. The
nucleosome positions flankingy"bound TTF-I are indicated by open
ellipses; hypersensitive sites induced by TTF-I binding are marked by
filled triangles. The TTF-1 binding site is indicated by a bar, the
transcription start site is marked by an open arrd®y. Transcriptional
analysis of TTF-I deletion mutants on chromatin templates. Chromatin
that was assembled on the immobilized linear template pMrWT/Narl
(lanes 1-4) or on circular pMgl(lanes 5-8) either in the absence
(lanes 1 and 5) or presence of different TTF-I mutants (lanes 2—-4 and
6-8) was assayed for transcriptional activity. The arrows mark the
positions of specific run-off and terminated transcripts, respectively.

activate transcription. These TTF-I mutants differ in their
DNA binding and transcription termination properties
(Everset al, 1995). Briefly, deletion of the N-terminal
part of TTF-I (TTFAN185, TTFAN323) affects neither
DNA binding nor the termination function of TTF-I.
Mutant TTRAN445 still binds specifically and efficiently
to its target site on naked DNA but its termination activity
is strongly impaired.

As shown in Figure 3A, the two termination-competent
mutants TTAN185 and TTRN323 efficiently reposi-

TTF-I activates pol | transcription in chromatin

tioned nucleosomes (lanes 7-10). By contrast, AN#45,
whose DNA binding affinity compares with that of
TTFAN185 and TTIAN323, was unable to induce changes
in chromatin structure (lanes 11 and 12). Thus, the ability
of TTF-I to reorganize nucleosomal structures does not
only depend on its DNA binding function, but requires
protein features located between amino acids 323 and
445. These sequences also harbor the termination function
of TTF-I (Everset al., 1995).

Figure 3B shows the activity of the TTF-I mutants in
the reconstituted transcription system on a linear and
circular template, respectively. Consistent with the notion
that chromatin remodeling is necessary for transcriptional
activation, both TTBN185 and TTRN323 were capable
of directing transcription on the chromatin template,
whereas TTBN445 failed to do so. However, significant
differences in the activation efficiency of TBN323 were
observed depending on whether a linear or a circular
chromatin template was used. On the linear chromatin
template, TTBN323 activated transcription much less
efficiently than TTRAN185 (lanes 2 and 3). On the circular
template, however, the activation properties of TRB23
and TTFAN185 were similar (lanes 6 and 7).

TTF-1 domains required for stable interaction with
chromatin

The failure of the mutant TT&N445 to remodel chromatin
may be due to its inability either to stably bind chromatin
or to influence the structure or position of nucleosomes.
To decide between these two possibilities, TTF-I binding
to chromatin was monitored by DNase | footprinting.
Naked DNA (pMr600) or DNA assembled into chromatin
in the absence or presence of TTF-I was partially digested
with DNase |, and the purified DNA was analyzed by
primer extension. As shown in Figure 4, TTF-I strongly
binds to the upstream terminator to yield a footprint which
extends from nucleotides —175 to —148, and is flanked by
a marked hypersensitive site at —147. Both "N285
(panel 2) and TTBN445 (panel 3) bound with the same
affinity to naked DNA and protected both the upstream
terminator and adjacent nucleotides. A different result was
obtained on chromatin templates. When either of the two
proteins were included in a chromatin assembly reaction,
only TTFAN185 efficiently bound to chromatin and pro-
tected the same sequences as those observed on naked
DNA (lanes 5). The DNase | digestion pattern of
TTFANA445, on the other hand, was indistinguishable from
that of chromatin assembled in the absence of TTF-I
(panel 4), indicating that this TTF-I derivative was not
able to stably bind to chromatin (panel 6). Thus, consistent
with the low resolution nucleosome mapping (see Figure
3A), TTFAN185, but not TTRAN445, interacts with its
target site in chromatin. We conclude that the DNA
binding region of TTF-I on its own is not sufficient
for binding to its target sequence in chromatin. Stable
interactions with chromatin which lead to nucleosome
remodeling and subsequent chromatin-specific transactiv-
ation appear to require additional sequences located
between amino acids 323 and 445.

Chromatin perturbations occur on transcriptionally
active rDNA templates

To find out whether TTF-1 binding affects the regularity
of the nucleosomal array in the promoter region, we
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Fig. 4. The DNA binding domain of TTF-I is not sufficient for

binding to chromatin. pMr600 was assembled into chromatin in the
absence of TTF-I (lanes 4), or in the presence of ANES5 (lanes 5)
and TTRAN445 (lanes 6), partially digested with DNase | and DNA
was analyzed by primer extension with the labeled oligonucleotide
—232/-214. Lanes 1-3 show the DNase | footprint on free DNA. The
numbers refer to nucleotides which are protected by TTF-I. The
transcription start site is marked by an arrow. The bar marks the
positioned nucleosome at the promoter.

became much more sensitive towards MNase digestion.
At intermediate stages of MNase digestion, the oligo-
nucleosomal DNA ladder was lost, indicating that the
nucleosomal array around the promoter was perturbed
(lanes 13-16). This increased accessibility in the presence
of both TTF-I and DEAE-280 was also observed in the
transcribed region (probe 111/4+130), but not in vector
sequences (Figure 5C). This region of the template is not
transcribed because the downstream terminator in pMrT
stops elongating pol I. Consistent with the idea that the
perturbation of nucleosomes is dependent on transcription,
the chromatin perturbation spread into the vector sequences
if a plasmid was used that lacks the terminator (data not
shown). The presence of regularly spaced nucleosomal
arrays in the non-transcribed region, on one hand, and
the increased MNase sensitivity of the promoter and
transcribed regions in the presence of both TTF-I and
DEAE-280, on the other hand, strongly suggest that
perturbations in chromatin structure are correlated directly
with ongoing transcription. Moreover, the fact that these
perturbations were observed with bulk chromatin confirms
our earlier notion that a major fraction of the templates is
transcribed.

Nucleosome remodeling is a prerequisite for

efficient initiation

The experiments shown above suggest that TTF-I-directed
transcriptional activation involves movement of a nucleo-
some over the gene promoter. This was an unexpected
result which raises the question of whether a nucleosomal
configuration is compatible with the assembly of initiation
complexes or whether additional remodeling steps occur
under transcription conditions. To assess whether the
nucleosomal state of the promoter would be altered by
assembly of the initiation complex and transcription, we
mapped MNase cleavages by indirect end labeling as
before, but in the presence of TTF-I, the DEAE-280
fraction and nucleotides to allow transcription to occur.
As shown in Figure 6, the DEAE-280 fraction did not
alter the pattern of MNase-sensitive sites of chromatin

employed an assay that has been used previously to defindcompare lanes 1 and 2 with 5 and 6). Also the TTF-I-
nucleosome positions dirosophilaheat shock promoters mediated protection over the promoter region remained
(Tsukiyamaet al,, 1994; Varga-Weiset al,, 1995). Chro- essentially unchanged both in the absence and presence
matin was first assembled on circular pMrThen com- of the DEAE-280 fraction. However, the relative intensity
binations of TTF-1 and the DEAE-280 fraction were added of the hypersensitive site at the transcription start site
and the assays were incubated for 15 min at 30°C in the markedly decreased under transcription conditions (lanes
presence of nucleotides to allow transcription to occur. 7 and 8). The extent of protection of this hypersensitive

The chromatin was partially digested with MNase and the site correlates with the estimated fraction of active tem-
resulting oligonucleosomal DNA ladders were visualized plates (25—-30%). On the basis of this finding, we postulate

by sequential hybridization to probes that correspond that the primary nucleosome rearrangement by TTF-I is
either to sequences upstream of the transcription start sitefollowed by an additional remodeling step which presum-
(Figure 5A), to transcribed sequences (Figure 5B) or non- ably acts in concert with transcription complex assembly
transcribed vector DNA (Figure 5C). In the absence of and transcription initiation.

specific transcription factors, periodic nucleosomal arrays

were observed in the rDNA promoter region (probe —90/ n: .

—71; lanes 1-4). Also the presence of pol | transcription Discussion

factors per se(DEAE-280) did not affect the regularity = Reconstitution of faithful initiation, elongation and

of the nucleosomal array (lanes 9-12). In the presence of termination of pol I transcription on chromatin

TTF-I, a new fragment appeared between the mono- and templates

the dinucleosome (arrow, lanes 5-8) which results from Activation of gene transcription is accompanied by per-
binding of TTF-I right next to a nucleosome. Significantly, turbations of the regular nucleosome structure in promoters
under transcription conditions, i.e. when both TTF-l and and other regulatory elements (for reviews, see Elgin,

the DEAE-280 fraction were present, the chromatin 1988; Becker, 1994; Wedirath 1994; Wolffe, 1994).
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Up to now, all chromatin remodeling studies have been
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gene promoters (Lucchini and Sogo, 1995). The active

performed on genes transcribed by RNA polymerase Il state of aribosomal gene is transiently erased at replication,

and RNA polymerase lll. Therefore, very little is known

when the two newly synthesized daughter strands are

about the mechanisms of transcriptional activation of assembled rapidly into regular nucleosomal arrays. The

class | genes in chromatin. Studies in yeast suggest that

staggered appearance of open promoters and coding

chromatin remodeling precedes the activation of ribosomal regions following the passage of the replication fork
suggested that a local disruption of chromatin over the
rRNA gene promoter precedes the assembly of a functional

promoter (-90/-71)
A i TTF-1
TTF-1 DEAE-280 DEAE-280
MMNase ——mm ] e =] ]

AR

transcription initiation complex. Lucchini and Sogo (1995)
suggested that the perturbation of chromatin at the pro-
moter might be mediated by pReblp, the yeast homolog
of TTF-I, which has a strong binding site located 200 bp
upstream of the transcription initiation site (Fedatral,
1988; Morrowet al,, 1989).

Our results strongly support this hypothesis. We have
shown that binding of TTF-I to the terminator element
upstream of the mouse rDNA transcription unit mediates
nucleosome rearrangements in pre-assembled chromatin.
This remodeling correlates with transcriptional activation
on otherwise repressed nucleosomal rDNA templates.

Since TTF-I does not stimulate transcription on naked

0 00 tay 'l

1234567 8910111213141516

DNA templates,
repressive chromatin structures.
multifunctional protein that, in addition to its established
role as a pol I-specific termination factor (Bartsehal,

1988; Smidet al,

this factor appears to counteract
Thus, TTF-l is a

1992; Everset al, 1995), is also

able to trigger nucleosome remodeling and to antagonize

transcribed region (+111/+130)

B 5 & TTF-1
TTF-1 DEAE-280 DEAE-280

MNase -—ﬁ.—-ﬁ.—-:ﬂ..—ﬁ
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'll'hr*

1234567 8910111213141516

repression of ribosomal gene transcription on chromatin
templates. Once initiated, pol | is able to elongate
through nucleosomes and to terminate faithfully. This
finding opens up a new experimental avenue for studying
the fate of nucleosomes during transcription by pol |
in chromatin.

DNA binding and nucleosome remodeling are

separable functions

When added to rDNA templates covered in regular arrays
of randomly positioned nucleosomes, TTF-I interacts with
its binding site in chromatin and directs nucleosomes to
adjacent, more defined positions. Both the ATP dependence
of this process and the alteration of MNase digestion
patterns are reminiscent of ‘nucleosome remodeling’ by
GAGA factor (GAF) and heat shock factor (HSF) on
Drosophilaheat shock promoters (Tsukiyaratal., 1994;
Varga-Weiszet al.,

1995). Nucleosome remodeling by

these transcription factors requires the presence of a co-

vector
TTF-1
C . TTF-1 DEAE-280 o o (o e

MNase ..-ﬁ —] e ]
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.. ..R
‘o 4o tay

1234567 8910111213141516

L
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factor, termed nucleosome remodeling factor (NURF), a
complex of four polypeptides, which is abundant in the
extracts used for chromatin reconstitution (Tsukiyama and
Wu, 1995). Although we are still ignorant of the protein(s)
and the mechanisms that govern TTF-I-directed nucleo-

Fig. 5. Changes in chromatin structure under transcription conditions.
Visualization of the nucleosome pattern at the promoter (n the
transcribed regionR) and on vector DNA ). 40 ng of pMrT, and

160 ng of phage. DNA were reconstituted into chromatin in the
absence of additional proteins (lanes 1-4), in the presence of TTF-I
(lanes 5-8), in the presence of fractionated mouse cell extract (DEAE-
280, lanes 9-12) and in the presence of both DEAE-280 and TTF-I
(lanes 13-16). The chromatin was digested with MNase and DNA
fragments were resolved by electrophoresis, blotted and hybridized
sequencially to probes from the rDNA promoter region (-90/-71, A),
the transcribed region(111+130, B) or to a vector fragment (pUC9
sequences from 1582 to 2274, C) to visualize the respective
nucleosomal pattern.
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Fig. 6. Changes in chromatin structure of transcriptionally active
rDNA templates. MNase cleavage sites were mapped by indirect end
labeling as in Figure 2. Chromatin (lanes 1 and 2) was incubated
under transcription conditions with TTF-I (lanes 3 and 4), with DEAE-
280 (lanes 5 and 6) and with TTF-1 plus DEAE-280 (lanes 7 and 8).
The nucleosome positions flanking-found TTF-I are indicated by
open ellipses; hypersensitive sites induced by TTF-I binding are
marked by filled triangles. The TTF-I binding site is indicated by a
bar, the transcription start site is marked by an open arrow. The
hypersensitive site downstream of the initiation site which is
specifically protected by the mouse factors is marked by an arrow.

chromatin-specific functions may provide a surface for
interactions with dedicated ‘nucleosome remodeling
machines’.

Moreover, the tight correlation between transcription
termination, chromatin remodeling and transcription
activation, which all reside between amino acids 323 and
445, suggests that these different activities are functionally
interrelated. It will be interesting to find out whether the
diverse functions of TTF-I rely on overlapping or separable
structural features. Similarly, a recent analysis ofkBF
activity in reconstituted chromatin demonstrated that
nucleosome remodeling and chromatin-specific transcrip-
tional activation can be separated (Peziial., 1996). The
p50 subunit, which lacks a transactivation domain, was
able to bind chromatin and to remodel nucleosomes
around the promoter even more efficiently than the active
p65 subunit.

Chromatin remodeling and activation of ribosomal

gene transcription

Previous studies have demonstrated that gene induction is
often accompanied by alterations in chromatin structure.
Our results suggest that this is also true for class | gene
transcription. However, in contrast to pol I promoters
where transcription is strongly repressed when the tran-
scription start site and the binding sites for general
transcription factors are occluded by a nucleosome (for

some rearrangement, the ATP requirement suggests thateview, see Owen-Hughes and Workman, 1994), the inter-

NURF or a related activity present in the fly extracts plays

action of TTF-I witlheSults in a relocation of nucleo-

a central role in perturbation of the nucleosomal structure somes such that the promoter and the transcription start

at the rDNA promoter.
A molecular dissection of TTF-I revealed that the DNA
binding domain on its own was unable to interact with

site are in a nucleosomal configuration. The obvious
guestion that arises is whether the DNA molecules with
the promoter-bound nucleosome are indeed the transcrip-

chromatin and to promote nucleosome remodeling. Thus, tionally active templates. Quantitative S1 nuclease map-

additional protein features located between amino acids
323 and 445 are required for chromatin-specific functions.
This is an important result because, by separating the

ability of TTF-I to interact productively with chromatin
from its DNA binding function, we provide the first
example of a distinct domain of a transcription factor in
facilitating binding to chromatin. On the other hand, we
are aware of the possibility that the inability of TAR445
to bind to chromatin may be due to an artificial property
of truncation of the protein, and therefore would not
necessarily reflect the function of this region of TTF-
| in vivo.

Previous studies have shown that the DNA binding
domain of the GAL4 protein can interact with its binding

sites and disrupts the nucleosome to which it binds (Taylor

et al, 1991; Axelrodet al, 1993; Morse 1993; Pazin
etal, 1994), while its activation domains lead to disruption
of an adjacent nucleosome on tB&L1promoter (Adams
and Workman, 1995). Similarly, activation of tfHO5

ping revealed that several transcripts were synthesized per
DNA template h a 5 min reaction (data not shown). On
the nucleosomal template, TTF-l-activated transcription
reached 20-30% of the levels obtained with nucleosome-
free DNA, which suggests that a major fraction of the
chromatin templates was transcribed. Consistent with this
interpretation, we found a specific perturbation of the
regular nucleosome pattern both in the rDNA promoter
region and in transcribed sequences. This result indicates
that the initial nucleosome rearrangement is not only
compatible with, but rather is a prerequisite for, transcrip-
tional activation. In this scenario, the presence of the
promoter-bound nucleosome would facilitate assembly of
the transcription initiation complex. We postulate that a
second, perhaps transient, remodeling step perturbs the
nucleosome at the promoter by either loosening histone—
DNA contacts or displacing histone dimers or tetramers.
This second remodeling step could be the mechanism
which facilitates binding of the transcription machinery

promoter requires disruption of adjacent nucleosomes. Forto the promoter.

disruption to occur, the activation domain of PHO4 or a
heterologous activation domain is required (Svaseal.,
1994). Our finding that TT&445, the deletion mutant
which binds efficiently to its target site on naked DNA

and is almost inactive in transcription termination, does

not bind to nucleosomal DNA points to an active role for
other parts of TTF-I, in addition to the DNA binding

domain, in the interaction with chromatin templates. It is
tempting to speculate that the part of TTF-I required for
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Previous experiments in yeast strongly support the
in vivo relevance of our results. The yeast homolog of
TTF-I, Reblp, is supposed to play a much more general
role in the cell than solely in termination of yeast rDNA
transcription. Reblp is is an essential protein for growth
of yeast and is postulated to have a function in both the
expression and organization of the DNA in the nucleus
and nucleolus. Interestingly, Reblp exerts its effect on
transcription by influencing the chromatin structure and



creating a nucleosome-free region surrounding its binding
site (Fedoret al,, 1988). Moreover, by analysis of tagged
integrated rDNA transcription units in which either one
or both of the Reblp binding sites have been inactivated,
Planta and collegues found that mutation of the promoter-
proximal Reblp binding site diminished transcription by
~50% (Kulkenset al, 1992). When both binding sites

were removed, the effects were even more drastic. Thus,

Reblp is essential for rIDNA transcription in the chromo-
somal context, and for efficient transcription both binding
sites need to be intact.

Recent work has uncovered a surprising and provocative

connection between chromatin structure and transcriptional
activation. A pol Il holoenzyme has been described which
contains stoichiometric amounts of the SWI-SNF complex
which in turn endows the holoenzyme with the ability to
disrupt nucleosomes (Wilsoet al., 1996). The presence
of SWI-SNF proteins in the pol Il holoenzyme could
answer the question of how nucleosomes covering a
transcription start site adjacent to bound activators are
displaced. Whether or not an analogous pol | holoenzyme
complex exists is still a matter for speculation. Further
studies with the biochemical approach described here
should help to clarify the role of TTF-I in transcriptional
activation from chromatin templates and to find out
whether nucleosome-destabilizing activities are also
associated with RNA polymerase |.

Materials and methods

Plasmids and probes
pMrWT contains mouse rDNA sequences from —1706-t65 including
the upstream terminatorgTat position —170. pMr600 contains a 600 bp
Pvul fragment covering nucleotides from —326 4292 cloned into the
Smad site of pUC9. pMrT, is a minigene construct containing an 83 bp
3'-terminal rDNA fragment (from+603 to +686 with respect to the’'3
end of 28S RNA) downstream of the coding region of pMrWT. For run-
off transcription, pMrWT was linearized witNdd, 5’-protruding ends
were filled in with biotin-16-dUTP, then cleaved witharl and bound
to Dynabeads—strepatavidin M 280 (Dynal). In the immobilized template,
the rDNA promoter is spaced ~2.6 kb from the beads and produces a
332 bp run-off transcript.

The designation of oligonucleotides used in the various assay/$1(
+130, -90/-71, —105/-87, —232/-214) indicates the position of rDNA

sequences relative to the transcription start site. The probe used for

indirect end labeling of pMrWT assembled into chromatin was an
EcoRI-Ndd fragment derived from pUC9. The vector-specific probe
used for hybridization of oligonucleosomes contained pUC9 sequences
from 1582 to 2274.

Expression and purification of recombinant TTF-I

TTF-I activates pol | transcription in chromatin

Chromatin assembly

Preparation of assembly extracts and chromatin reconstitution were
performed as described (Becker and Wu, 1992; Beeéiteal, 1994).

40 pl reactions which contained 200 ng of DNA and {illof Drosophila
extract were complemented with TTF-I either at the onset of chromatin
assembly (0 h) or after 5.5 h. To remove ATP, 1 U of apyrase was added
after 5.5 h of assembly and incubated for 20 min. Then TTF-l was
added and incubated for a further 30 min. Immobilized chromatin was
washed with 100 mM salt before being used ifowitro transcription.

Analysis of chromatin structure

For indirect end labeling, chromatin was digested with 10 U of
micrococcal nuclease for 20 and 60 s in a total volume of (1106 the
presence of 3 mM Cagl The reactions were stopped by the addition
of 0.2 volumes of 4% SDS-0.1 M EDTA. Proteins were digested with
10 pg of proteinase K for 1 h at 50°C. Isolated DNA was cleaved with
Ndd, separated on 1.3% agarose gels, blotted and hybridized with a
207 bpEcdRI-Ndd fragment from pUC9.

To map the nucleosome boundaries by linear PCR, chromatin was
digested for 3 min with 150 U of MNase to yield mainly mononucleo-
somal DNA. DNA was purified by treatment with RNase A and
proteinase K. DNA fragments of 146 bp were isolated and linearly
amplified by extension of?P-labeled oligonucleotide primers. Each
reaction contained, in a volume of 0, 0.2 pmol of primer, 2 ng of
in vitro assembled core DNA, 2.5 mM dNTPs and 2.5 UTafj DNA
polymerase (Boehringer). Cycling involved 4 min at 95°C, then 30
cycles of 1 min at 94°C, 1 min at 56°C and 1 min at 72°C. Fragments
were resolved on 8% sequencing gels and mapped with respect to labeled
size markers.

For mapping the nucleosomal structure, 40 ng of ppaifd 160 ng
of phagex DNA were assembled into chromatin. Transcription conditions
were established by adding 660 nucleotides, 4Qul of DEAE-280
fraction and 10 ng of TTF-I in a volume of 120. After 15 and 50 min
incubation at 30°C, 1@l aliquots of the reactions were used to estimate
the overall transcription rate by quantitative S1 mapping. MNase
digestions were performed in a volume of 1QDin the presence of
3 mM CaC). Reactions without the DEAE-280 fractions were incubated
for 10, 40, 160 and 600 s with 45 U of MNase. Reactions containing
DEAE-280 were incubated for the same times with 500 U of MNase.
DNA was isolated and blotted as described above. The Southern blot
was hybridized sequentially with tHéP-labeled rDNA oligonucleotides
—90/-71 and+ 111130, and then with the vector probe. For rehybridiza-
tion, membranes were stripped by boiling with 0.5% SDS for 10 min.

DNase I footprinting

Circular pMr600 (100 ng) was reconstituted into chromatin in the
absence or presence of TTF-I, and 50 ng aliquots were digested at room
temperature in a total volume of 36 with 5 U of DNase | (Worthington)

for 10, 30 and 90 s. Protein-free DNA was digested with 0.002 U of
DNase I. The reaction was stopped by addition of 0.2 volumes of 4%
SDS-0.1 M EDTA. Purified DNA was denatured ing8 of 0.125 M
NaOH for 5 min at 68°C. After addition of 1l of 560 mM TES,

240 mM HCI and 100 mM MgGl 0.2 pmol (%10 c.p.m.) of labeled
primer (-232/-214) were annealed and primer extension was performed
for 10 min at 70°C wih 1 U of Taq DNA polymerase (Boehringer) and
0.2 mM dNTPs. DNA was purified and analyzed on a 6% sequencing gel.

In vitro transcription assays
The 25pl assays contain 12 mM Tris—HCI (pH 7.9), 0.1 mM EDTA,

cDNAs encoding histidine-tagged TTF-I mutants were inserted into the 5 M dithiothreitol. 5 mM MgGJ), 80 mM KCI, 10 mM creatine
baculovirus expression vector pBacPAK9 (Clontech) and were expressedphosphate 12% glycérol 0.66 mM éach of ATP C’TP and GTP. 0.01 mM

in Sf9 cells. Forty eight hours after infection, extracts were prepared by
sonicating the cells for 10 s in lysis buffer [300 mM KCI, 20 mM
Tris—HCI (pH 8.0), 1% NP-40, 1 mM3-mercaptoethanol, 0.5 mM
phenylmethylsulfonyl fluoride (PMSF)]. Extracts were centrifuged at
10 000g and incubated with Ni*-NTA-agarose (Qiagen) at 4°C for
30 min. The resin was washed with lysis buffer containing 0.5% NP-40
and 1 mM imidazole and lysis buffer containing 0.5% NP-40 and 10 mM
imidazole. TTF-I was released from the 2NiNTA—-agarose resin by
elution with lysis buffer containing 200 mM imidazole. The eluted
proteins were dialyzed against buffer BC-100 [100 mM KCI, 5 mM
MgCl,, 20 mM Tris—HCI (pH 7.9), 0.2 mM EDTA and 20% glycerol].
TTF-1 activity was measured by electrophoretic mobility shift assays
(Smid et al, 1992). Unless otherwise stated, all experiments were
performed with mutant TTAN185 because full-length recombinant
TTF-l is hard to express in sufficient amounts and exhibits low DNA
binding activity (Sandeet al., 1996).

UTP and 1-2uCi of [a-32P]JUTP, 20-200 ng of either naked template
DNA or reconstituted chromatin, and |8 of murine nuclear extract
proteins that have been partially purified by chromatography on DEAE—
Sepharose CL-6B (DEAE-280 fraction). Chromatin assembled on
immobilized templates was washed with buffer BC-100 before assaying
in the transcription system. Reactions were incubated for 1 h at 30°C
and stopped by the addition of 28 of 0.4 M ammonium acetate pH
5.5, 0.4% SDS and 0.2 mg/ml yeast tRNA, followed by organic extraction
and ethanol precipitation. Run-off transcripts were analyzed on 4.5%
polyacrylamide gels.
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