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ABSTRACT

The effect of histone Hi on transcription by bacterio-
phage T7 RNA polymerase was examined using
reconstituted chromatin templates. A 3.8 kb linear DNA
template consisting of a specific transcription
promoter for T7 RNA polymerase placed upstream of
18 tandem repeats of a 207 bp nucleosome positioning
sequence derived from the 5S rRNA gene of Lytechinus
variegatus was used as a template for chromatin
reconstitution. Regularly spaced arrays of nucleo-
some cores were assembled onto this DNA template
from donor histone octamers by salt step dialysis.
Histone Hi was incorporated onto free DNA or recon-
stituted chromatin templates and double label tran-
scription assays were performed. The experiments
indicated that histone Hi has a strong inhibitory effect
on both transcription initiation and elongation. These
effects are especially pronounced on chromatin
templates, where both transcription initiation and
elongation are virtually halted. The inhibition of tran-
scription elongation appears to result from a dramatic
increase in premature termination of transcripts.
These experiments indicate that assembly of histone
Hi into chromatin can result in structures which are
completely repressed with respect to transcription.

INTRODUCTION

A thorough understanding of the mechanisms involved in
eukaryotic gene expression must be predicated on a complete
knowledge of the complex interplay between the transcription
apparatus and chromatin structure. Virtually all of the DNA in the
eukaryotic nucleus is packaged into nucleosomes, consisting of
an octamer of core histones, a linker histone, such as histone HI,
168 bp of DNA and 10-50 bp of linker DNA. It has been
established that histones are general repressors of transcription
(reviewed in 1). Histone HI, which is necessary for the stability
of condensed higher order chromatin structure (2,3), is strongly
implicated in the repression of gene expression (for review see

4,5) and appears to be involved in the formation of repressed
chromatin superstructures (6). Nearly stoichiometric amounts
have been found in nucleosomes containing 5-methylcytosine,
which is concentrated in transcriptionally quiescent chromatin
(7). It has been shown that the DNA of inactive genes is arranged
into canonical histone HI-containing nucleosome arrays (8). In
contrast, there is evidence to suggest that histone HI is depleted
in active chromatin (9,10). Chemical cross-linking data indicate
that histone HI in repressed chromatin interacts through contacts
with its globular regions and basic C- and N-terminal domains,
whereas histone HI in active chromatin interacts only through C-
and N-terminal contacts ( 1i). The implication of these observa-
tions is that alterations in the mode of histone HI binding to
chromatin may mediate changes in chromatin structure which
lead to the more open structure characteristic of active chromatin.
However, precise knowledge of the mechanistic roles of histone
HI in these structural and functional alterations is currently
lacking.

In vitro transcription systems provide a useful approach to
studies of the relationship between chromatin structure and
transcription efficiency ofreconstituted chromatin templates. The
inhibitory effects of the core histones on in vitro transcription
have been clearly demonstrated in a number of studies. Nucleo-
some cores inhibit transcription initiation by blocking access of
promoter sites to RNA polymerases (12-16). It has been shown
that bacteriophage RNA polymerases and eukaryotic RNA
polymerases II and III can elongate through nucleosomes
(13-15,17,18). However, the transcription elongation process is
partially inhibited by nucleosome cores, which apparently
enhance the use of transcription pause or termination sites
intrinsic to the transcribed DNA template (18-20).
The effects of histone HI on in vitro transcription have been

much less extensively studied. Histone HI is a general repressor
of RNA polymerase II transcription in vitro (21). Laybourn and
Kadonaga (22) have shown that this histone HI-specific inhibi-
tion is increased when histone HI is incorporated into DNA
templates containing reconstituted nucleosome cores. These
studies have focused only on the effects of histone HI on
transcription initiation. To date, nothing is known concerning the
effects of histone HI on transcript elongation.
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In this study a linear DNA template derived from the construct
pT207-18 (18) is used to examine quantitatively the effects of
regularly spaced positioned histone HI-containing nucleosomes
on transcript initiation and elongation by T7 RNA polymerase.
The specific initiation of transcripts with a GTP residue by this
RNA polymerase (23) allows the measurement of transcription
initiation and elongation simultaneously in in vitro transcription
assays. We demonstrate that incorporation ofhistone HI onto free
DNA templates results in relatively little inhibition of transcrip-
tion elongation, whereas incorporation of histone HI into
nucleosomal arrays results in chromatin templates which are
essentially inactive with respect to both transcription elongation
and initiation.

MATERIALS AND METHODS

Preparation of DNA templates, core histones and
histone Hlab

A 3.8 kb DNA fragment containing 18 tandem repeats of a 207
bp nucleosome positioning sequence from Lytechinus variegatus
downstream from a T7 transcription promoter was excised from
pT207-18 (18) by digestion with HaeIII and DdeI (New England
Biolabs), and was separated from smaller vector fragments by
anion exchange chromatography on a Mono Q fast protein liquid
chromatography column (FPLC, Pharmacia).
Core histone octamers were prepared from HeLa nuclei as

described previously (18). Linker histones were stripped from
long chicken erythrocyte chromatin by sucrose gradient centri-
fugation in 600mM NaCl, 0.2mM EDTA, 10mM Tris (pH 7.4).
Top fractions ofthe gradient were further purified by loading onto
a hydroxyapatite (HAP) FPLC column and eluting with a sodium
phosphate gradient, according to the method of Breneman (24),
yielding pure histone H1ab.

Reconstitution procedures

Nucleosomes were reconstituted by salt step dialysis as described
previously (25). Histone octamers and DNA substrate were
mixed at a ratio of 0.9:1 (w/w) to a final A260 between 4 and 6 in
2M NaCl, 0.2mM EDTA, 10mM Tris-HCl (pH 7.4), at 7-10°C.
Small volumes were dialyzed to decreasing NaCl concentrations
in 1-2 h steps [2, 1.5, 1, 0.75, 0.5M NaCl, each including 0.2mM
EDTA, 0.1% NP-40, 10 mM Tris-HCl (pH 7.4)], and a final
overnight step to 10 mM NaCl in the same buffer. For
reconstitution of histone Hiab onto chromatin or DNA the step
dialysis was interrupted at the 500 mM NaCl step, histone Hlab
was added at the pr6per ratios, the samples were applied into the
wells of a microdialyzer, and the procedure was continued as
described above.

Micrococcal nuclease digestions

Reconstituted chromatin was digested at 37°C, at an A260
between 1.0 and 0.5, and with 3 and 0.3 U/ml enzyme, in 10 mM
NaCl, 0.2 mM EDTA, 0.1% NP-40, 10 mM Tris-HCl (pH 7.4)
and 0.5 mM CaCl2. Nucleoproteins were deproteinized with
phenol/chloroform, followed by extraction with ether and
precipitation of the DNA with 0.1 vol of 4 M LiCl and 2 vol of
ethanol at -20°C overnight. Micrococcal nuclease digested DNA
was radiolabeled using phage T4 polynucleotide kinase (New
England Biolabs) and [y-32P]ATP (ICN), then analyzed by

electrophoresis in 5% polyacrylamide gels in 1 x TBE, followed
by autoradiography at room temperature without intensifying
screens.

Transcription reactions

Transcription assays were performed in 25 1 reactions contain-
ing 200 ng of DNA or chromatin (final A260 of 0.16), 40 mM
Tris-HCl, pH 7.5, 6 mM MgCl2, 0.2 mM EDTA, 2 mM
spermidine, 0.01% NP-40, 20-125mMNaCl, 0.5mM ATP, CTP,
GTP and UTP, 1 U/,ul RNasin (Promega), 10 pCi [y-32P]GTP and
1 pCi of [3H]UTP (final concentrations). Reactions were
pre-incubated at 37°C for 15 min, followed by addition of 200U
T7 RNA polymerase (New England Biolabs) and subsequent
incubation for an additional 20 min. Reactions were terminated
by addition of EDTA to 25 mM on ice and analyzed by DE-81
filter binding assays (26).

RESULTS

Reconstitution of nucleosome cores onto the sea urchin derived
207 bp tandem repeat sequences has been well characterized
(25,27-29). Nucleosome cores form in a dominant translational
position flanked by several minor positions within each 207 bp
repeat, each of which are offset from the major position by
multiples of 10 bp. Based on discrete positioning sites within the
individual 207 bp repeats, nucleosome cores reconstituted onto
these sequences form relatively homogeneous arrays. In the
current study, a 3.8 kb linear DNA fragment containing 18
tandem repeats of a 207 bp nucleosome positioning sequence
from the 5S rRNA gene of Lytechinus variegatus downstream
from aT7 bacteriophage transcription promoterwas reconstituted
with HeLa histone octamers and chicken erytbryte histone
Hlab using a salt step dialysis method as described previously
(25). Micrococcal nuclease digestion analysis ofthe reconstituted
chromatin indicates that core nucleosomes are reconstituted onto
the 207 bp tandem repeat sequence with a 207 bp periodicity (25),
which appears as a faint ladder of bands under light digestion
conditions (Fig. 1, OH1). More extensive digestion results in the
appearance of a core particle band with length of -147 bp.
Micrococcal nuclease digests of chromatin reconstituted with
increasing amounts of histone HI also show discrete bands with
207 bp periodicity under light digestion conditions. Extensive
digestion of these samples also gives a core particle band of-147
bp. Digestion ofchromatin samples reconstituted with histone HI
also gives 168 bp bands, which are characteristic of the
chromatosome stop of histone HI-containing chromatin. This
168 bp pause is quite weak in reconstitutions without histone HI,
but shows a strong increase in intensity as the amount of histone
HI is increased in the reconstitutions. These results show that
regularly spaced nucleosomes are reconstituted onto the DNA
fragment used in this study. Further, the strong correlation
between the amount ofhistone HI included in reconstitutions and
the strength of the 168 bp chromatosome pause strongly suggests
the successful reconstitution of chromatosomes on these tandem
repeat sequences. The linear 207 bp repeat DNA (207-18)
construct used in transcription experiments is identical to that
used in previous chromatin reconstitution studies (25,29), except
for the addition of -50 bp at the 5' end containing the
bacteriophage T7 transcription promoter. Nuclease digestion
analyses of the reconstituted chromatin template (T7 207-18) in
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Figure 1. Micrococcal nuclease digestion of reconstituted linear T7-207-18
chromatin. Polyacrylamide gel (5%) showing core particle and chromatosome
stops (autoradiogram). Lanes 1 and 2, naked DNA, digested for 1 and 2 min (0.3
U/ml); lanes 3-5, reconstituted chromatin without histone HI; lanes 5-7,
reconstituted chromatin containing 0.3 HI/nucleosome; lanes 8-10, reconstituted
chromatin containing 0.6 HI/nucleosome; lanes 11-13, reconstituted chromatin
containing 1.2 HI/nucleosome, all digested for 1, 3 and 9 min (3 U/ml) and lanes
15 and 16, naked DNA containing 1.2 Hlt207 bp repeat, digested for 3 and 9 min
(0.3 U/ml). Marker (M) is an MspI digest of pBR322 DNA.

the current study were indistinguishable from those those
obtained previously with the similar 207-18 DNA template (25).

Transcription of reconstituted chromatin

We have previously determined the effects of arrays of reconsti-
tuted nucleosome cores on in vitro transcription of the plasmid
construct pT207-18 by T7 RNA polymerase (18). It was

demonstrated in this study that nucleosome cores inhibit both
transcription initiation and elongation. However, nucleosome
cores apparently exert only a partial inhibitory effect on

transcription elongation, allowing passage of T7 RNA polymer-
ase through continuous arrays of up to at least 10 nucleosome
cores.

In the current study, we use a 3.8 kb fragment excised from the
pT207-18 construct as a template for nucleosome reconstitution
and transcription. T7 RNA polymerase transcript initiation begins
with the specific incorporation of a GTP residue, resulting in a

y-phosphate at its 5'-end (23). Hence, in vitro transcription in the
presence of [y-32P]GTP will result in transcripts with y-32p label
incorporated only at their 5'-end and only once per transcript. This
property can be exploited in double label transcription assays
which include both [y-32P]GTP and a second labeled nucleotide,
in this case [3H]UTP, which will be incorporated throughout the
length of the transcript. The level of incorporation of the 32p label
into transcripts is proportional to the number of transcripts
synthesized in a given reaction, whereas the incorporation of the
3H label is proportional to the total number of nucleotides

incorporated into transcripts. The amount of 3H incorporated
divided by the amount of 32p incorporated is proportional to the
average length of the transcripts produced in a given reaction.
Using this assay, we have examined the separate effects of
reconstitution histone H1 onto free DNA or arrays of nucleosome
cores on transcription initiation and elongation by bacteriophage
T7 RNA polymerase. The effect of histone HI on total nucleotide
incorporation by T7 RNA polymerase is shown in Figure 2A.
Total transcription from both free DNA and reconstituted
templates decreases as increasing amounts of histone HI are
reconstituted onto transcription templates. However, the total
nucleotide incorporation from reconstituted chromatin, which is
initially about 35% of that obtained from an equal amount of free
DNA, drops at a much greater rate than that obtained from free
DNA as increasing amounts of histone HI are reconstituted.
Almost no change in nucleotide incorporation into transcripts is
found for DNA templates reconstituted with up to 0.75 histone H I
molecules per 207 bp repeat. However, nucleotide incorporation
from chromatin templates decreases 75-80% at this level of
histone HI reconstitution. An apparent 10-fold reduction in total
nucleotide incorporation is obtained from chromatin templates at
one molecule of histone HI reconstituted per 207 bp repeat,
whereas the corresponding DNA template shows a reduction of
only about 20% at this ratio.
The effect of histone HI reconstitution on transcript initiation

in this system is shown in Figure 2B. The number of transcripts
initiated from free DNA and reconstituted chromatin without
histone HI are quite similar. This probably reflects the absence of
nucleosomes from the T7 transcription promoter region of this
reconstituted DNA fragment, which contains only about a 50 bp
extension upstream from the first 207 bp repeat, which is too short
to form a complete nucleosome. We have observed greater
inhibition of transcript initiation by nucleosome core reconstitu-
tion in transcription studies of the intact pT207- 18 plasmid (18),
presumably because the availability of vector DNA sequences
adjacent to the T7 promoter region allows the reconstitution of a
nucleosome which obstructs the binding of T7 RNA polymerase.
Relatively little effect on transcript initiation is seen as histone H I
is reconstituted onto free DNA up to one histone HI molecule per
207 bp repeat, whereas much greater inhibition is seen at the same
level of histone HI reconstitution on chromatin templates.
Transcript initiation from chromatin templates is essentially shut
down at 1.5 histone Hi molecules per 207 bp repeat.
The effect of histone HI on transcription elongation is shown

in Figure 2C. Transcripts from templates reconstituted with
nucleosome cores are approximately one-third the length of those
obtained from free DNA templates. This reflects the inhibitory
effects of arrays of nucleosome cores observed in our previous
study (18). As increasing amounts of histone HI are reconstituted
onto DNA or chromatin, transcript length steadily decreases. The
rate of decrease of transcript length due to histone HI appears to
be the same for DNA and chromatin templates. However,
transcript elongation is essentially abolished at a ratio of 1.5
histone HI molecules per 207 bp. The corresponding free DNA
template shows only about 15% inhibition of transcript initiation
at this level of histone HI reconstitution. Thus, the combined
effects of nucleosome cores and histone HI results in almost
complete inhibition of transcription elongation and initiation.

Analysis of the transcripts produced from the DNA templates
used in this study by urea-polyacrylamide gel electrophoresis are
shown in Figure 3. The loading of approximately equal numbers
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Figure 2. Effects of histone HI on transcription of reconstituted chromatin by
17 RNA polymerase. In these assays, the incorporation of [3H]UTP label was
used to calculate the total nucleotide incorporation into transcripts (A), and 32p
incorporation into transcripts was used to calculate the number of transcripts
produced perDNA template during the assay period (B). Transcript length was
derived from the ratio of 3H to 32p incorporated into transcripts (C).

M B 1 234 56789 10

W..q" eVw_ m ON o

i .1
.. XI

123-

110- ,

Figure 3. Electrophoretic analysis of transcripts produced from reconstituted
chromatin templates. Reconstituted linear T7-207-18 DNA was used in
transcription assays with T7 RNA polymerase and the transcripts were analyzed
by electrophoresis in 8% polyacrylamide gels containing 8.3 M urea, followed
by autoradiography. Lanes 1-3, naked DNA containing 0, 0.8 and 1.2 H1/207
bp repeat; lanes 4-10, chromatin reconstituted with 0.9 core histone-DNA
(w/w) containing 0, 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 histone HI/nucleosome. A
blank reaction containing no DNA was loaded in lane B. An MspI digest of
pBR322 DNA was used as a marker.

of transcripts in each lane of this gel allows for a direct
comparison of the relative lengths of the transcripts produced for
each template. Transcripts produced from the free DNA tem-
plates approach the full length of the 3.8 kb DNA template, as
judged by agarose gel electrophoresis (not shown). Addition of
histone HI to freeDNA templates (lanes 2 and 3) results in shorter
RNA bands, although the effect appears to be rather slight. The
transcripts obtained from the templates reconstituted with
nucleosome cores (lane 4) are markedly shorter than those
obtained from the free DNA template, in agreement with the
results of the double label transcription experiment shown in
Figure 2C. Note the appearance of a number of bands of discrete
lengths, which appear to result from specific transcription 'stops'
along the DNA. As histone HI is reconstituted on to the
chromatin templates, (lanes 5-10) the resulting transcripts
become shorter and the specific 'stops' become more pro-
nounced. The banding pattern is consistent with the idea that
transcripts become shorter through the use of specific transcrip-
tion stops, which do not appear to be specifically induced by
histone HI. The results clearly demonstrate that transcripts are
dramatically shortened by core nucleosomes, and are further
shortened by the presence of histone Hi.

Time course of transcription

The rates of transcription from DNA and chromatin templates
reconstituted with increasing amounts of histone HI<were
examined in time course experiments (Fig. 4). The overall rate of










