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The N-terminal tail domains of the core histones play important roles in gene regulation, but the exact
mechanisms through which they act are not known. Recent studies suggest that the tail domains may influence
the ability of RNA polymerase to elongate through the nucleosomal DNA and, thus, that posttranslational
modification of the tail domains may provide a control point for gene regulation through effects on the
elongation rate. We take advantage of an experimental system that uses bacteriophage T7 RNA polymerase as
a probe for aspects of nucleosome transcription that are dominated by the properties of nucleosomes them-
selves. With this system, experiments can analyze the synchronous, real-time, single-passage transcription on
the nucleosomal template. Here, we use this system to directly test the hypothesis that the tail domains may
influence the “elongatability” of nucleosomal DNA and to identify which of the tail domains may contribute to
this. The results show that the tail domains strongly influence the rate of elongation and suggest that the effect
is dominated by the N-terminal domains of the (H3-H4), tetramer. They further imply that tail-mediated
octamer transfer is not essential for elongation through the nucleosome. Acetylation of the tail domains leads

to effects on elongation that are similar to those arising from complete removal of the tail domains.

Each of the four core histones of the nucleosome has a ~15-
to 45-amino-acid highly positively charged N-terminal tail do-
main. These tail domains are of particular significance because
they are the sites for posttranslational modifications that are
linked to chromosome function. In particular, histone acetyla-
tion has been the subject of recent interest because it estab-
lishes a link between tail domain function and gene regulation.
Each of the core histone proteins can be acetylated in vivo on
multiple lysines within the N-terminal domains. Many gene-
regulatory proteins have been found to encode histone acety-
lases or deacetylases, or to act in combination with other pro-
teins that themselves are histone acetylases or deacetylases (14,
18, 39, 40, 45, 52, 54, 55).

Remarkably, despite their evolutionary conservation, indi-
vidual tail domains can be deleted with little effect on the
viability or even the growth rate of yeast (17, 36, 50). In addi-
tion, nucleosomes from which the N-terminal tails have been
entirely removed are essentially unchanged in overall structure
and stability (2, 8, 9, 24). Subtle phenotypes that are observed
in yeast mutants lacking one or another of these conserved tail
domains are mimicked by point mutations that simulate lysine
acetylation (e.g., lysine to glutamine). This suggests that at
least some aspects of tail domain function in gene activation
(or derepression) can be achieved, equivalently, either by elim-
inating the distinctive positive charge of lysine residues (by
natural acetylation or by lysine to glutamine mutation) or by
deleting the tail domains altogether.

The exact mechanisms through which the tail domains con-
tribute to gene regulation are not known. They may be in-
volved in stabilizing higher-order chromatin folding by binding
to DNA (or histones) on nucleosomes neighboring in three-
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dimensional space within the folded chromatin fiber (12, 23,
52). Alternatively, they may recruit non-histone regulatory pro-
teins that establish repressive chromatin regions (for reviews,
see references 14, 18, 39, 40, 45, 52, 54, and 55). The tail
domains may also play important roles in controlling the dy-
namics and accessibility of DNA within individual nucleosomes
(notwithstanding the absence of significant effects on bulk nu-
cleosome stability when the tail domains are deleted) (13, 16,
19, 46-49). In a recent study we examined this hypothesis
quantitatively and found that deletion of the tail domains led
to a 1.5- to 14-fold increase in the equilibrium accessibility of
DNA target sites buried inside nucleosomes (32).

Other studies have suggested that the histone tail domains
may play roles in transcriptional elongation. Earlier studies
suggested that histone tail domains may hold the histones to
the DNA while the DNA is being traversed by RNA polymer-
ase (RNAP) (10, 29), allowing the polymerase free access to
the DNA while maintaining the relationship between particu-
lar histone molecules and the underlying DNA. The observa-
tion that the histone octamer can apparently step over an
elongating RNAP without dissociating from the DNA (41)
points to a possible role for the tail domains in this intramo-
lecular transfer. These and other recent studies (4, 6, 44, 45,
53) raise the possibility that the tail domains may contribute to
regulating the elongation process.

In earlier work we and others (see references 4, 20, 21, 33,
34, and 41 and references therein) have used bacteriophage
RNA polymerases as simple probes for aspects of nucleosome
transcription that are dominated by the properties of nucleo-
somes themselves. The bacteriophage polymerase system of-
fers many advantages for such a study. The polymerase elon-
gation rate can be tuned from much faster to much slower than
the natural rate for eukaryotic RNA polymerase II (~23 nu-
cleotides [nt] s~ ' [37]), and experiments can be constructed to
analyze synchronous, real-time, single-passage transcription on
a nucleosomal template (33, 34). This approach allows effects
on the elongation process to be clearly distinguished from
alternative effects such as changes in initiation efficiency. Using
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conditions in which the elongation rate on naked DNA is
comparable to that of eukaryotic RNAP II, we found that
transcription on nucleosomal templates is slowed relative to
that on naked DNA, because the polymerase exhibits longer
residence times at pause sites specified by the DNA sequence
itself (33).

It seems likely that such slowing down may be a consequence
of effects of the tail domains on the dynamic equilibrium ac-
cessibility of the nucleosomal DNA discussed above (32). In
the present study we take advantage of this experimental sys-
tem to directly test the hypothesis that the tail domains may
influence the “elongatability” of nucleosomal DNA and to
identify which of the tail domains may contribute to this.

MATERIALS AND METHODS

Preparation of DNA and histones. The DNA used in these studies is identical
to the 216-bp T7 transcription template described earlier (33, 34) and is synthe-
sized by preparative-scale PCR and purified by anion-exchange high-perfor-
mance liquid chromatography. For the transcription reactions, the DNA was
labeled at both 5’ ends with [y->’PJATP and polynucleotide kinase. For the
exonuclease IIT and DNase I experiments, the DNA was singly labeled at the left
(T7 promoter) or right (nucleosome positioning sequence) 5’ end during PCR
synthesis by inclusion of an appropriately radiolabeled primer and was subse-
quently gel purified. Tracer quantities of radiolabeled DNA were mixed with
optical quantities of unlabeled DNA. The amount of cold DNA used depended
on the reconstitution scale and the number of reconstitutes to be prepared; a
typical ratio used was 0.5 pg of labeled DNA per 50 pg of cold DNA. The DNA
pool was then divided into several aliquots for reconstitution with various sets of
histone octamer or kept for use as naked DNA.

Long chicken erythrocyte chromatin (22, 51) and native histone octamer (11)
were prepared from chicken erythrocytes as described. Long chicken erythrocyte
chromatin was depleted of histone H1 (and HS5) by chromatography on a 45-by-
5-cm Sephacryl S-200 sizing column in 0.65 M NaCl-1X TE (TE is 10 mM Tris,
1 mM EDTA) with a flow rate of 1 ml min~!. Fractions that contained core
histones but were free of detectable H1 and HS5 were identified by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then
pooled and concentrated with Centriprep-10 concentrators (Amicon). The re-
sulting (H1- and H5-) stripped chromatin was then dialyzed into 25 mM Tris-HCl
(pH 7.5)-0.1 mM EDTA and stored at 4°C.

Stripped chromatin was digested with different amounts of clostripain to se-
lectively remove the amino-terminal tails of the (H3-H4), tetramer (tet-no-tails)
or the amino-terminal tails of all the histones (oct-no-tails) (8, 9). For clostripain
digestion, the purified chromatin was dialyzed overnight into diethanolamine-
HCI (pH 7.5)-20 mM NaCl-7 mM B-mercaptoethanol at 4°C. A clostripain
solution was freshly activated prior to each digestion reaction. Clostripain (Sig-
ma) was weighed out and dissolved in 2.5 mM dithiothreitol (DTT) and 1 mM
calcium acetate at 0.02 U pl™! (the specific activity of clostripain was 100 U
mg ') and was activated at 4°C for 2 h. All digestions were carried out in 20 mM
DEA-HCI (pH 7.4)-7 mM B-mercaptoethanol-1 mM CaCl,-2.5 mM DTT-20
mM NaCl. To obtain (H3-H4), tetramers lacking their amino-terminal tails,
chromatin (1 mg ml~") was digested with clostripain (0.0002 U ul™") at 37°C for
60 min. To obtain octamers lacking their amino-terminal tails, chromatin (1 mg
ml~ ') was digested with clostripain (0.004 U pl™') at 37°C for 60 min. In both
cases, the reaction was quenched with 1 mM TLCK (Na-p-tosyl-L-lysine chlo-
romethyl ketone). The various histone and chromatin preparations were ana-
lyzed by SDS-PAGE as described earlier (33, 34), except that the running buffer
contained 0.05% instead of 1% SDS (9).

Stripped chromatin was separately digested with trypsin to yield fully tailless
histone octamer donor. The preparation and characterization of the material
used in the present study is described elsewhere (32).

HelLa core histones and hyperacetylated HeLa core histones were prepared
and purified as described (3) with minor modifications (J. D. Anderson, P. T.
Lowary, and J. Widom, unpublished data) using HeLa cells and butyrate-treated
HeLa cells produced at the National Cell Culture Center (Minneapolis, Minn.).

Reconstitution of native, tailless, and hyperacetylated nucleosomes. Native
nucleosomes were prepared either by gradual salt dialysis or by exchange reac-
tions using long, stripped chromatin as the histone donor. Gradual salt dialysis
was performed as described (34). Exchange reactions were initiated by mixing
DNA pool (0.25 pg n ') and long, stripped chromatin (5 mg ml~') in 1 M NaCl.
Following a 30-min incubation at 37°C, the salt concentration was progressively
lowered by dilution with addition buffer I (0.5X TE, 5 mM NaCl, 50 mM
phenylmethylsulfonyl fluoride [PMSF], 1 mM benzamidine hydrochloride
[BZA]) to 0.8, 0.6, 0.4, 0.2, and 0.1 M NaCl. Each dilution step was incubated at
37°C for 30 min. The volume of the solution was then reduced to 50 pl with a
Centricon-30 microconcentrator, washed with 1 ml of addition buffer I, and
collected in a final volume of approximately 200 pl.

Nucleosomes containing (H3-H4), tetramer without amino-terminal tails (tet-
no-tails nucleosomes) or histone octamer without amino-terminal tails (oct-no-
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tails nucleosomes) were prepared by exchange using clostripain-digested
stripped chromatin as the histone donor. Exchange reactions were performed
exactly as described above for nucleosomes with native histones.

Nucleosomes containing trypsinized octamer were prepared by exchange using
trypsinized chromatin as the histone donor. The exchange reaction was initiated
by mixing 40 pg of the DNA pool and 1 mg of trypsinized chromatin in 1 M NaCl
and soybean pancreatic trypsin inhibitor (0.01 mg ml™!) in a volume of 160 pl.
The reaction was incubated at 37°C for 30 min, after which the salt concentration
was progressively lowered by dilution with addition buffer II (0.5X TE, 5 mM
NaCl, 50 mM PMSF, 1 mM BZA, soybean pancreatic trypsin inhibitor [0.01 mg
ml~ 1)) to 0.8, 0.6, 0.4, 0.2, and 0.1 M NaCl, with each dilution step incubated at
37°C for 30 min. The volume of the solution was then reduced to 25 wl with a
Centricon-30 microconcentrator, washed with 1 ml of addition buffer II, and
collected in a final volume of 200 pl.

Native or hyperacetylated HeLa nucleosomes were prepared by gradual salt
dialysis from native or hyperacetylated HeLa histone octamer as described (34).

Purification of reconstituted nucleosomes and single positioning isomers.
Naked DNA, native reconstitutes, and reconstitutes containing proteolyzed
histones were purified by sucrose gradient ultracentrifugation as described (33,
34). Peak nucleosome-containing fractions were pooled and exchanged into 0.5%
TE-5 mM NacCl (for naked DNA), 0.5X TE-5 mM NaCl-0.5 mM PMSF-1 mM
BZA (for reconstituted nucleosomes containing native or clostripain-digested
histones), or 0.5X TE-5 mM NaCl-0.5 mM PMSF-1 mM BZA-SBTI (0.01 mg
ml~") (for reconstituted nucleosomes containing trypsinized histones) using
Centricon-30 microconcentrators. Final yields were typically 50 to 100 pl of nu-
cleosomes at 100 to 500 nM.

Individual nucleosome positioning isomers were purified by native acrylamide
gel electrophoresis. Native gels (5% acrylamide in 1/3X TBE [0.03 M Tris-
borate-0.67 nM EDTA]) were prerun for 3 hat 10 V cm ™! at room temperature
before use. The native and proteolyzed reconstitutes were mixed with sucrose
loading buffer (10% sucrose in 0.5X TE-5 mM NaCl), loaded, and run at 10 V
cm ™! at 4°C. After electrophoresis for 6 h, the wet gel was wrapped in plastic and
exposed to X-ray film to locate the desired bands. Desired bands were excised
and then eluted overnight in 0.5X TE-5 mM NaCl-bovine serum albumin (BSA)
(150 pg ml™") in silanized tubes using a shaking platform. In all cases the most
abundant positioning isomer was purified, and the material that remained was
checked to confirm that the proper isomer had in fact been taken. Eluates were
separated from gel pieces with brief, low-speed centrifugation and then were
concentrated using Centricon-30 microconcentrators. Final volumes were typi-
cally 50 pl. Samples then underwent scintillation counting, allowing a determi-
nation of the approximate concentration by comparison to the known specific
activity of the starting naked DNA pool.

Characterization of reconstituted nucleosomes. Purified reconstituted nucleo-
somes were analyzed by native acrylamide gel electrophoresis essentially as
described (33, 34), except that the loading buffer contained 10% sucrose instead
of 3% Ficoll. After prerunning a 5% native acrylamide-1/3X TBE gel at 10 V
cm™! for 1 h, naked DNA or nucleosomes were loaded onto the gel in 10%
sucrose and electrophoresed for 3 to 4 h at room temperature. The gel was then
dried and exposed to a phosphorimager plate for quantitative analysis.

For mapping nucleosome positions using exonuclease III, the template DNA
was singly labeled on either the left or right 5 end as described above. The
exonuclease III digestions were carried out in 50 mM Tris-HCI (pH 8.0)-5 mM
MgCl,, with 50 nM nucleosomes and exonuclease 111 (0.5 U pl~') at 37°C.
Aliquots were removed after 0.25, 0.5, and 1 min and quenched with an equal
volume of formamide mix. The aliquots, together with undigested controls also
mixed with formamide, were digested with proteinase K (50 wg ml~!) for 1 h at
37°C. Samples were then electrophoresed on a sequencing-size denaturing 6%
polyacrylamide gel. The gel was then dried and exposed to a phosphorimager
plate for quantitative analysis.

For DNase I analysis, approximately 50 nM template DNA (as naked DNA or
native or trypsinized nucleosomes) was digested with DNase I (0.025 U ul™!) in
1X T7 transcription buffer (40 mM Tris [pH 8.0], 50 g ml~! BSA, 5.0 mM DTT)
and 10 mM MgCl, at room temperature. Aliquots were withdrawn after 0.5 and
1.0 min, quenched with an equal volume of formamide mix, and digested with
proteinase K (50 pg ml™!) as described above. Samples were separated by
electrophoresis and underwent phosphorimager analysis.

Transcription reactions. A master mixture consisting of transcription buffer,
nucleoside triphosphates (NTPs), RNasin, [a-*?P]ATP, and MgCl, was distrib-
uted among the different transcription templates (naked DNA and various re-
constituted nucleosomes) and kept on ice. T7 RNAP was then separately added
to each reaction mixture to initiate transcription. The final concentrations were
50 nM template, 40 mM Tris (pH 8.0), 50-pg ml~* BSA, 5.0 mM DTT, 5 uM
ATP, 25 uM CTP, 200 uM GTP, 1-U ul™! RNasin (Promega), 0.5 M
[«-*2PJATP (3,000 Ci mmol~!; Amersham), 5 mM MgCl, and 1-U pl~! T7 RNA
polymerase (U.S. Biochemical). After incubation at 37°C for 5 min, an aliquot
was taken for analysis of stalled complexes while the rest of the mixture was
cooled to 0°C. The remaining solution was kept at 0°C for 1 min and was then
mixed with an equal volume of a prechilled (0°C) solution that contained buffer
and all four NTPs to restart elongation. After mixing, the final conditions were
2mM ATP, 100 pM CTP, 200 M GTP, and 100 uM UTP. For the reactions on
nucleosomes containing clostripain-digested histones, aliquots were taken at 10,
20, and 40 s and 1, 4, and 16 min. For the reactions on nucleosomes containing
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FIG. 1. Protease cleavage of the core histone tail domains. (A) Amino acid sequences of the four chicken erythrocyte core histones showing the locations of the
cleavage sites for limited or more-extensive clostripain digestion (see reference 8) and trypsin digestion (see reference 5). The locations of the clostripain cleavage sites
shown are those determined in past studies on rat histones (8), which, based on the high degree of amino acid sequence conservation between the two organisms and
the close similarity of SDS-PAGE analyses of the time courses of digestion for the two cases, are presumed to be identical. The tet-no-tails sample obtained by limited
clostripain digestion (at points indicated by thin arrows, with prime designations on the histones) contains slightly shortened H2A" (lacking 3 residues from the N
terminus), undigested H2B, tailless H3’ (cleaved after residues 26), and tailless H4' (cleaved after residue 17). The oct-no-tails sample obtained by more-extensive
clostripain digestion (at points indicated by bold arrows, with prime or double-prime designations on the histones) contains H2A” (which differs from H2A' by the loss
of an additional 8 residues), fully digested H2B’ (cleaved after residue 20), H3', and H4” (which differs from H4' by the loss of an additional two residues). Trypsin
digestion (at points indicated by open arrows [histones designated with a T]) yields fully tailless histones. Trypsin also removes short stretches from the C termini of
H2A and H3 (5). (B) SDS-PAGE analysis of histone octamer donor chromatin. Lane U, native histone octamer donor (i.e., HI- and H5-stripped but undigested
chromatin); lane 1, histone donor for the tet-no-tails sample obtained by limited clostripain digestion; lane 2, histone donor for the oct-no-tails sample obtained by
more-extensive clostripain digestion. H2B', H2A”, and H3' run together as a single, unresolved broad band (8, 9). Trace amounts of an overdigested product are evident
(asterisk). For a similar analysis of the fully tailless histone donor obtained by trypsin digestion, see reference 32. (C) Diagram of the nucleosomal template (see
reference 34 for details). Numbers below the drawing represent positions (nucleotide number) of key points in the template; numbers above the drawing represent
points along the RNA, including the position of the first U (residue +20) and the runoff product (nt 199). The sequence derives from the 5S RNA gene nucleosome
positioning sequence (38) with changes to incorporate a promoter for T7 RNAP (nt 1 to 17) and transcription start site and U-less cassette (nt 18 to 37). The
predominant nucleosome position is indicated by the ellipse.

trypsinized histones, aliquots were taken at 10, 20, and 40 s and 1, 2, 4, 8, and 16
min. Aliquots of stalled complexes or of elongation reaction mixtures at desired
time points were immediately mixed with an ice-cold formamide stop solution
(94% deionized formamide, 30 mM EDTA, xylene cyanol [125 pug ml~']), heated
to 90°C for 10 min, and run on a sequencing-size denaturing 6% polyacrylamide
gel. Gels were dried and analyzed by phosphorimager. The great excess of
unlabeled ATP added to the chase solution strongly suppresses but does not
suffice to completely prevent the additional incorporation of radiolabel after
elongation is restarted. Thus, instead of comparing full-length transcript counts
at each time point to the corresponding stalled complex counts that are initially
produced from each template, completion efficiencies for the nucleosomal tem-
plates are measured relative to naked DNA. For the naked DNA template,
transcription is effectively over by 1 min (see Fig. 5A). Completion efficiencies for
the nucleosomal templates are therefore measured by quantifying the counts in
the full-length transcript at each time point and comparing them to the number
of counts in the full-length transcripts produced from the naked DNA template
after 1 min of elongation time.

RESULTS AND DISCUSSION

Preparation and purification of native and tailless nucleo-
somes. The proteases clostripain and trypsin allow controlled
removal of the core histone N-terminal tail domains (5, 8) (Fig.
1A). Limited digestion with clostripain yields histones lacking
the tail domains of the (H3-H4), tetramer (tet-no-tails), while
more extensive digestion with clostripain cleaves off the tail
domains from all four histones (oct-no-tails) (Fig. 1B). We
wished also to prepare nucleosomes lacking only the tail do-
mains of H2A and H2B. While methods for preparing such
species have been reported (2), numerous attempts to im-
plement this procedure in our laboratory have proven un-
successful; evidently there are critical variables that remain
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FIG. 2. Sucrose gradient purification of the various tailless nucleosomes uti-
lized in this study. Tailless nucleosomes were reconstituted by exchange using
chromatin digested with trypsin or clostripain as histone donors. After undergo-
ing stepwise dilution from high (1 M NaCl in 1X TE) to low (5 mM NaCl in 0.5X
TE) salt conditions, the particles were analyzed on 5 to 30% (wt/vol) linear
sucrose gradients having the same salt and buffer conditions. Following fraction-
ation into 0.5-ml fractions, the reconstitutes were located by scintillation count-
ing. Relative counts per minute (CPM) are plotted against fraction number for
nucleosomes containing tailless tetramers prepared with clostripain (O), nucleo-
somes containing tailless octamers prepared with clostripain (®), and nucleo-
somes containing tailless octamers prepared with trypsin (+). The mobility of
nucleosomes reconstituted with native histone octamer (which comigrate with
isolated natural nucleosomes) is indicated.

unrecognized. Trypsin digestion yields histone octamers that
are similar to histones extensively digested with clostripain,
except that slightly greater portions of the tail domains are
removed for three of the four histones, referred to subse-
quently as fully tailless histones. The preparation and charac-
terization of the fully tailless histones used for the present
studies are described elsewhere (32).

The nucleosomal DNA (Fig. 1C) was designed to allow
synchronous, real-time, single-passage studies of nucleosome
transcription by T7 RNAP and is described in an earlier study
(34). It incorporates a natural nucleosome positioning se-
quence at one end and a promoter recognition sequence for T7
RNAP followed by a U-less cassette (which allows production
of stalled complexes and subsequent synchronous elongation)
at the other. The U-less cassette is separated from the nucleo-
some positioning DNA sequence by a short stretch of addi-
tional DNA to provide increased access of the polymerase to
the promoter despite the presence of the histone octamer
nearby.

Nucleosomes were reconstituted with native histone octa-
mer, tet-no-tails histones, oct-no-tails histones, and fully tail-
less histones (see Materials and Methods). Reconstituted
nucleosomes were purified by sucrose gradient ultracentrifu-
gation. Examples of typical separations for each of the three
different reconstituted tailless nucleosomes are shown in Fig. 2.
The profiles of the different nucleosome preparations reveal
small differences in mobility on the gradients. The tet-no-tail
nucleosomes sediment with a velocity similar to that of native
nucleosomes, while the oct-no-tail and fully-tailess nucleo-
somes sediment more slowly. These differences in sedimenta-
tion velocity correlate with the progressive loss of the tail
domains and could reflect either the increasing reduction in
overall molecular weight or changes in the time-averaged com-
pactness of the different tailless nucleosomes, or both.

Native gel analysis of the different nucleosome samples fol-
lowing sucrose gradient purification demonstrated the expect-
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ed mobility shifts relative to naked DNA, but also revealed the
presence of multiple positioning isomers as previously noted
for nucleosomes reconstituted on this template DNA (data not
shown, but see references 33, and 34). We therefore used pre-
parative native gel electrophoresis to enrich for the most pre-
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FIG. 3. (A) Native gel analysis of native and tailless nucleosomes. Native
histones (N), histones digested with clostripain to generate tailless tetramers
(-tet) or tailless octamers (-oct) and histones digested with trypsin to generate
fully tailless octamers (tryp) were reconstituted with the T7 transcription tem-
plate DNA and purified by sucrose gradient ultracentrifugation. Individual po-
sitioning isomers were isolated by native gel purification. The resulting samples
were analyzed by native gel electrophoresis. Approximately 100 ng of naked
DNA or the different nucleosome preparations in sucrose loading buffer (10%
sucrose in 5 mM NaCl and 0.5X TE) was run on a 5% acrylamide gel in 1/3X
TBE at 10 V cm ™! and exposed to a phosphorimager plate for analysis. Naked
DNA (D) was included as a mobility reference. (B) Native gel analysis of native
and trypsinized nucleosomes singly end labeled on the left or right 5" end. Native
and trypsinized histones were reconstituted with template DNA labeled on the
left or right 5" end for studies with exonuclease III and DNase I and were
analyzed on a 5% polyacrylamide—1/3X TBE gel. Lanes contain naked DNA (D),
native nucleosomes (N) and trypsinized nucleosomes (T); the end containing the
label is designated below the lane labels.
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dominant species. Following native gel purification, reanalysis
on a second native gel shows each sample to now consist of a
single predominant band representing a single discretely posi-
tioned species (Fig. 3). As found for the sucrose gradients (Fig.
2), the mobilities exhibited by the different nucleosome prep-
arations correlate with the number and extent of tail domains
removed by proteolysis (although in the opposite direction, as
expected).

Nucleosome mapping using exonuclease III and DNase I.
The exact location of native histone octamer on this particular
DNA construct has been determined on two separate occa-
sions using two different methods (33, 34). These studies indi-
cated that a single positional isomer predominates. After iso-
lation of this predominant single isomer by preparative native
gel electrophoresis, mapping experiments revealed that the
histone octamer occupies the nucleosome positioning se-
quence on the right end of the DNA construct, as desired. In
particular, the histone-protected region ends 4 bp from the
right end of the template DNA, leaving the left, T7 promoter-
containing region free for the polymerase to engage. Removal
of the tail domains is not expected to alter this positioning
preference (7, 15). Nevertheless, because positioning is impor-
tant for the present studies, additional experiments were car-
ried out to directly determine the positioning on the purified
isomers.

We used exonuclease III (30) and DNase I (27) to map the
positioning of the predominant, isolated isomer of native and
fully tailless nucleosomes by reconstituting the appropriate
histones with DNA labeled on only one end (Fig. 3B). Exonu-
clease III digestion experiments carried out on nucleosomes
labeled on their right end, which analyze the left or promoter-
containing end, proved difficult to interpret even for native
nucleosomes (data not shown). Presumably, the long distance
from the left end to the histone-protected region (which is
expected to begin ~70 bp away) allows the exonuclease
molecules to become too desynchronized, blurring the finite
protection provided by nucleosomal organization of this
modest-affinity DNA sequence (1). Exonuclease III digestion
experiments carried out on nucleosomes labeled on their left
end, which analyze the right end of the template, were more
revealing. Digestion time courses monitoring the right end of
naked DNA and of the purified, singly positioned isomers of
native and of fully tailless nucleosomes are shown in Fig. 4A.
After 30 s of digestion, exonuclease III has digested almost all
of the full-length naked DNA substrate to a set of intermedi-
ates mainly ~200 bp in length, and these intermediates are
further degraded by the 60-s time point. In contrast, at the 30-s
time point, the majority of the native nucleosomal DNA is only
slightly shortened to a strong pause site (the right-hand end of
the nucleosome core particle) that persists during further di-
gestion. The fully tailless nucleosomes behave similarly to the
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native ones, implying that the positioning of the two samples is
the same.

Interestingly, more extensive digestion (Fig. 4A, lanes 8 and
12) reveals that the enzyme can invade the histone-protected
region, “nibbling” at the ends of the strongly protected core
particle intermediate by an additional few nucleotides, with
slightly more nucleotides digested from the tailless nucleo-
somes. The protection provided by nucleosomal organization
against exonuclease invasion is finite, being decreased relative
to naked DNA by the equilibrium constant for site exposure
(uncoiling) of the DNA (1, 33). In another recent study we find
that the equilibrium constants for site exposure are slightly
increased by removal of the tail domains (32).

DNase I footprinting was also used to determine whether
complete removal of the tail domains alters nucleosome posi-
tioning. DNase I footprinting is a particularly sensitive indica-
tor of rotational positioning, or changes in positioning of one
or a few base pairs (and possibly additional integral multiples
of 10 bp) (28, 38). Native and fully tailless nucleosomes singly
labeled at either the left or right ends (Fig. 3B) were digested
with DNase I for increasing amounts of time, and the products
analyzed by gel electrophoresis. Results from such an experi-
ment are shown in Fig. 4B. For the native nucleosomes, anal-
ysis of results from particles labeled on the right and left ends
reveals the expected 10-bp ladder of cleavage sites. For the
nucleosomes labeled on the right end, the periodic pattern
begins from the bottom of the gel and extends approximately
150 bp into the gel. For the nucleosomes labeled on the left
end, the converse is true—the periodic pattern of cleavage sites
begins from the top of the gel and extends ~150 bp into the
gel. Both sets of data are consistent with the previously deter-
mined position of the nucleosome on the template.

For the trypsinized nucleosomes, the periodic pattern char-
acteristic of nucleosomes is also apparent. The maintenance of
the cleavage pattern implies that the rotational positioning of
the DNA relative to the octamer surface is unaffected by the
removal of the tail domains. However, the region where pro-
tection is detected is reduced in size. For fully tailless nucleo-
somes labeled on the right end, the periodic pattern begins
from the bottom of the gel and extends only ~100 bp into the
gel. For the fully-tailless nucleosomes labeled on the left end,
a corresponding smaller protected area is detected—the peri-
odic pattern begins from the top of the gel and extends only
100 bp into the gel. Thus, both sets of results indicate that the
first 40 to 50 bp into the core particle (from the left promoter
end) is more accessible to DNase I. This is consistent with a
slightly increased equilibrium constant for site exposure caused
by removal of the tail domains (see above and reference 32).

Taken together, these mapping studies using exonuclease I1I
and DNase I reveal that the majority of the gel-purified posi-
tioned nucleosomes are located over the positioning sequence,

FIG. 4. Nucleosome mapping with exonuclease IIT and DNase I. (A) Exonuclease III. Naked DNA (lanes 1 to 4), native nucleosomes (lanes 5 to 8) and fully tailless
(trypsinized) nucleosomes (lanes 9 to 12) labeled at the 5" T7 promoter (left) end were digested with exonuclease III for 0 min (lanes 1, 5, and 9), 0.25 min (lanes 2,
6, and 10), 0.5 min (lanes 3, 7, and 11), or 1 min (lanes 4, 8, and 12) and analyzed on a 6% denaturing sequencing size gel. The numbers to the left of the figure refer
to the mobilities of MspI-digested pBR322 fragments used as markers. The band corresponding to the histone-protected core particle boundary (which runs slightly
faster than the initial full-length 216-nt band) is identified by an arrow. Exonuclease III nibbles at the end of the protected core fragment over the time course of
digestion illustrated here, slightly increasing the mobility of the protected fragment, whereas naked DNA is extensively digested over the same period. The rate of this
nibbling is reproducibly increased in the tailless nucleosomes. With increased digestion time or concentration of exonuclease III even the protected nucleosomal DNA
is extensively degraded (32, 33; data not shown). (B) DNase I. Naked DNA (lanes 1 to 3 and 10 to 12), native nucleosomes (lanes 4 to 6 and 13 to 15), and tailless
(trypsinized) nucleosomes (lanes 7 to 9 and 16 to 18) labeled on the 5’ phasing sequence (right) end (lanes 1 to 9) or the 5’ T7 promoter (left) end (lanes 10 to 18)
were digested with DNase I for 0 min (lanes 1, 4, 7, 10, 13, and 16), 0.5 min (lanes 2, 5, 8, 11, 14, and 17) or 1 min (lanes 3, 6, 9, 12, 15, and 18) and analyzed on a
6% denaturing sequencing size gel. Brackets delineate regions protected by the core particle; dashed lines in the brackets for the tailless nucleosomes indicate regions
that are hypersensitive to DNase I relative to the corresponding regions in the native nucleosomes. The asterisks mark the approximate position of the nucleosome’s

dyad axis of symmetry.
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FIG. 5. Transcription elongation on the tailless nucleosomes. (A) Clostripain-digested histones. Transcription reactions on naked DNA (lanes 1 to 5), native
nucleosomes (lanes 6 to 12), nucleosomes containing tailless tetramers (lanes 13 to 19), and nucleosomes containing tailless octamers (lanes 20 to 26) were run on a
6% denaturing sequencing-size gel and exposed to a phosphorimager plate for analysis. Aliquots were taken after stalled complex formation (lanes 1, 6, 13, and 20)
and after 10 s (lanes 2, 7, 14, and 21), 20 s (lanes 3, 8, 15, and 22), 40 s (lanes 4, 9, 16, and 23), 1 min (lanes 5, 10, 17, and 24), 4 min (lanes 11, 18, and 25), and 16
min (lanes 12, 19, and 26) of elongation. The lane labeled M contains RNA markers obtained by transcribing the DNA in the presence of the RNA chain terminator
dATP and represents an A ladder. The open oval represents the approximate location of the nucleosome on the template; the dashed line identifies the dyad axis of
symmetry. Major polymerase pause sites are labeled (pA to pL). The band corresponding to the major pause site immediately promoter proximal to the dyad axis (pG)
is indicated also with an arrow. (B) Trypsin-digested histones. Transcription reactions on native nucleosomes (lanes 1 to 9) and trypsinized nucleosomes (lanes 10 to
18) were run on a 6% denaturing sequencing-size gel and exposed to a phosphorimager plate for analysis. Aliquots were taken after stalled complex formation (lanes
1 and 10) and after 10 s (lanes 2 and 11), 20 s (lanes 3 and 12), 40 s (lanes 4 and 13), 1 min (lanes 5 and 14), 2 min (lanes 6 and 15), 4 min (lanes 7 and 16), 8 min
(lanes 8 and 17), and 16 min (lanes 9 and 18) of elongation. (C) Quantitative analysis of pause site residence times for sites pC, pD, pE, and pF from panel B. Open
bars, native nucleosomes; shaded bars, fully tailless (trypsinized) histones. Counts present in the bands corresponding to the indicated paused species at each time point
are shown (note: all graphs are shown on the same scale for direct comparison). Pause sites pC and pE are essentially unpopulated after removal of the histone tails;
sites pD and pF do become well populated but decay (i.e., allow release and continued elongation) much more quickly for the tailless nucleosomes.
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toward the right-hand end of the template DNA, as desired. In RNAP. We investigated the effects of removing the histone tail

addition, removal of the tail domains does not alter this pre- domains on the elongation process by taking advantage of our
ferred positioning, consistent with earlier reports (7, 15). ability to tune the transcription elongation rate (33, 34). We
Transcription reactions. The different nucleosome prepara- chose a rate that is fast enough to reveal nucleosome-induced

tions were used as templates in transcription reactions with T7 rate attenuation characteristic of transcription at the natural



VoL. 20, 2000

ROLES OF CORE HISTONE TAILS IN TRANSCRIPTION

‘p)'k - =
pJ
pl S RERET i
pH = ' -
pG
‘ .'é'!:s

pF ’: ig..
pE - .e
pD - 8 & : -

s B
pc'isi;:.;-f
BEEFessss
PAR & & 8 & & s .

s s 3
.

222223 -
’2?9e°'- ’*‘
' hd
12 3 456 7 8 9 M101112131415161718
0 / 0/

Native Trypsinized

FIG. 5—Continued.

in vivo rate (~23 nt s~ [37]) but also slow enough to allow
convenient sampling of the reaction kinetics by manual pipet-
ing. T7 RNAP is incubated with naked or nucleosomal DNA
template under optimal transcription conditions but in the
absence of UTP. This allows the polymerase to efficiently ini-
tiate and synthesize a 19-nt transcript; the polymerase stalls
when the first template A residue is encountered at residue 20.
Initiation is carried out in the presence of [a*?P]ATP to allow
phosphorimager analysis of radiolabeled transcripts after elec-
trophoretic separation on a high-resolution, denaturing gel.
When the initiation phase of the reaction has been completed,
the samples are shifted to 0°C so that subsequent elongation
will be slowed down to ~3 to 5 nt s~ ! (for naked DNA).
Synchronous elongation is restarted by addition of a chase
solution (also at 0°C) containing all four NTPs and with a great
excess of cold ATP such that radiolabeling is largely limited to
the stalling phase of the reactions. Thus, comparison of counts
in the stalled complex to counts in the full-length transcripts
allows the measurement of elongation rates and completion
efficiencies on the different templates.

Examples of such transcription reactions on naked DNA,
native nucleosomes and nucleosomes containing clostripain-
digested histones are shown in Fig. SA and are summarized
quantitatively in Table 1. Initiation, chase out, and completion
efficiencies are measured as detailed in our earlier studies (33,
34). Briefly, transcripts are analyzed by phosphorimager anal-
ysis, and efficiencies are determined relative to initiation on
naked DNA, which was separately determined to be ~100%.

Quantitation reveals that stalled complexes are formed just
as efficiently on the native and tailless nucleosomes. Removal
of some or all of the tail domains has no effect on the efficiency
of initiation. This is not surprising, since the use of gel-purified
positioned nucleosomes in this system ensures that the histone
octamers are positioned on the right end of the template,
leaving the T7 promoter histone free and accessible to the
polymerase. Similarly, chase out efficiencies for each of the
four templates are approximately equivalent (75 to 80%). The
stalled complex counts that do not elongate after UTP addition
likely represent polymerase complexes that initiated but pre-
maturely dissociated from their templates, perhaps due to the
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incorporation of incorrect NTPs (33). In any case, the constant
level of chase out efficiency between the different templates
suggests that the processivity of the polymerase molecules at
this stage of the elongation process is not affected by the
histones located downstream, whether native or lacking some
or all of the tail domains.

Effects of the tail domains on transcription elongation. In
contrast to the initiation and chase out steps, the absence of
the tail domains has substantial effects on the elongation phase
of the reaction. These effects are significant even when the tail
domains of H2A and H2B remain present. Under the condi-
tions used for the elongation phase of the present experiments,
transcription on naked DNA is essentially complete between
20 and 40 s. In contrast, for native nucleosomal templates, only
0.5% of the complexes have reached full-length after 40 s of
elongation time. However, the remaining large majority of the
elongation complexes are not permanently stuck. Rather, they
are held up at a set of distinct pause sites (a subset of which are
highlighted in Fig. 5 and designated as pA-pL), and given
sufficient time, they chase out to yield full-length transcripts.
We previously showed that these pause sites at which nucleo-
some transcription is transiently held up are coincident with
those found for transcription on naked DNA; the only differ-
ence is that the average residence time at these pause sites is

greatly increased by the organization of DNA in nucleosomes
(33, 34).

Removal of the tail domains from the (H3-H4), tetramer
(tet-no-tails sample) increases the average rate of transcription
elongation and reduces the average residence times at partic-
ular pause sites. The increased overall rate of transcription
elongation is seen most clearly from the fraction of transcripts
that reach full length at earlier times (Table 1). For example,
at the 40 s and 1-min time points (for which transcription is
complete on naked DNA at both times), transcription has been
completed on only ~0.5 and 3% of native nucleosomal tem-
plates, respectively, whereas on the tet-no-tails sample tran-
scription has been completed on ~9 and 19% of the templates,
respectively. The decreased residence times at sequence-spec-
ified pause sites are most obvious for pause sites located short
distances inside the nucleosome (e.g., site D; see the discussion
of fully tailless nucleosomes, below). Events at later pause sites
are “blurred out” over time by the increasing asynchrony of the
population as more and more pause sites are encountered,
making it difficult to judge unequivocally whether the resi-
dence times at these sites are similarly affected. Modest de-
creases in residence times, integrated over multiple pause sites,
cause the overall elongation rate to increase. Additional in-
creases in the overall elongation rate may arise from general
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TABLE 1. Initiation and elongation on nucleosomes lacking the
histone tetramer or octamer tail domains

Efficiency (%)*

Time point
DNA Native Tet-no-tails Oct-no-tails

Initiation 100 92 121 92
Chase out 75 80 75 77
40 s* 0.5 9 12
60 s 3 19 24
4 min® 35 57 68
16 min® 65 74 99

“ Efficiencies of stalled transcript synthesis and chase-out for the experiment
shown in Fig. 5A. Nucleosomes were prepared with native or with clostripain-
digested histones lacking the tail domains of the (H3-H4), tetramer (tet-no-tails)
or of all core histones (oct-no-tails). Previous studies demonstrate that the
absolute efficiency of utilization of the naked DNA template in this system is
approximately 100% (33). Thus, the efficiency of initiation for naked DNA is
defined here as 100%, and initiation efficiencies on the different nucleosomal
templates were determined by measuring the number of counts in the stalled
transcripts (19 nt and longer) relative to the counts from naked DNA. Chase out
was calculated by comparing the number of counts in the original stalled product
to the number of stalled product counts remaining in the restarted reactions.
These results are typical for multiple replicates of the experiments. We do not
present averages and standard deviations because of run-to-run variability, which
is enhanced by the rapid rates and closely spaced sampling times. However, all
major conclusions of this paper hold for every instance of each experiment.
Importantly, note that the present paper reports (and shows) similar results
obtained from four different experimental systems compared to native (chicken
erythrocyte or HeLa) nucleosomes: tet-no-tails, oct-no-tails, fully tailless, and
hyperacetylated nucleosomes. Thus, all major results are consistent between runs
for the same sample type and also for four different types of sample.

> Completion efficiencies for the nucleosomal templates are measured by
quantifying the counts in the full-length transcript at each time point and com-
paring them to the number of counts in the full-length transcripts produced from
the naked DNA template after 1 min of elongation time (see Materials and
Methods).

effects of removing the (H3-H4), tail domains that are not
attributable to any particular pause sites.

Additional removal of the tail domains of H2A and H2B by
clostripain (oct-no-tails sample) leads to only small additional
increases in the average velocity of elongation (and corre-
spondingly, in the fraction of templates completing transcrip-
tion at each time point). The simplest interpretation of this
finding is that the (H3-H4), tetramer dominates the ability of
the tail domains to suppress the rate of transcriptional elon-
gation through the nucleosome. Because we were unable to
prepare the reciprocal particles (containing intact H3 and H4
tails but lacking the tails of H2A and H2B), we cannot rule out
the alternative possibility that the effects on elongation rate
might instead depend only on the number of tail domains
remaining intact. However, the recent finding from another

T7
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group (49) that the tail domains of the (H3-H4), tetramer—
and not those of H2A and H2B—control the ability of a gene
regulatory protein to gain access to a nucleosomal DNA target
site lends indirect support for the simpler interpretation of the
present study.

The effects seen with removal of the tail domains by clostri-
pain are observed even more strongly in experiments on the
fully tailless (trypsin-digested) nucleosomes. Results from such
an experiment are illustrated in Fig. 5B and are summarized
quantitatively in Table 2. Several aspects of these results are
noteworthy. As can be seen quantitatively by analysis of the
counts present in particular paused species as a function of
time (Fig. 5C), removal of the entirety of the tail domains by
trypsin decreases the residence times at particular major pause
sites (e.g., sites D and F) or essentially eliminates other pause
sites altogether (e.g., sites C and E), leading to substantial
increases in the fraction of templates completing transcription
at each time point (Table 2), as well as resulting in a greater
population of the more distal pause sites (sites G to L).

The locations of these sites mapped onto the positioned
nucleosome are illustrated in Fig. 6. Of the pause sites exhib-
iting significant decreases in residence time with removal of the
tail domains, sites D, E, and F are located in the region that
concomitantly exhibit increased accessibility to DNase I, while
site C is not even in the nucleosomal region. Site C is located
a few base pairs away from the edge of the nucleosome, sug-
gesting that the tails also interact with linker DNA or consti-
tute steric obstacles for transcription in the linker regions.

Effects of histone hyperacetylation. The tailless nucleosomes
investigated in the reactions in Fig. 5 are widely used as a
model system for the possible effects of histone hyperacetyla-
tion. But it is important to determine whether the striking ef-
fects of the tail domains on transcriptional elongation through
nucleosomes are in fact also obtained with hyperacetylated
nucleosomes. We therefore reconstituted transcription tem-
plate DNA into nucleosomes using native or hyperacetylated
(butyrate-treated) HeLa histones and carried out single-pas-
sage transcription experiments. The results from a typical ex-
periment are illustrated in Fig. 7 and are summarized quanti-
tatively in Table 3. Remarkably, histone hyperacetylation leads
to a dramatic increase in the rate of elongation through the
nucleosome and a corresponding decrease in pause site resi-
dence times. This is again seen most clearly from the fraction
of transcripts that reach full length at earlier times (Table 3).
For example, at the 40-s and 1-min timepoints, transcription
has been completed on only ~3 and 11% of native HeLa nu-
cleosomal templates, respectively, whereas on the hyperacety-
lated HeLa nucleosomes transcription has been completed on

20 40 60 80 100

120 140 160 180 200

FIG. 6. Locations of T7 RNAP pause sites mapped onto the nucleosomal templates. The open oval represents the region occupied by the nucleosome core particle
as determined in the exonuclease III and DNase I mapping experiments. The dashed line indicates the nucleosomal dyad axis of symmetry. Arrows above the oval
identify major pause sites of T7 RNAP (here designated A to L), as identified in Fig. 5A and B. All of the identified pause sites are detectable on all the samples, but
their lifetimes (residence times) and prominence (which reflects both the residence time at that pause site and the flux of reactant into that pause site) depend strongly
on nucleosomal organization (33, 34) and, as shown here, on the histone tail domains. Long arrows with filled heads indicate pause sites that persist but with diminished
intensity for the tailless nucleosomes (A and B), or exhibit decreased lifetime for the tailless nucleosomes (D, F, and G). Open arrowheads indicate pause sites (C and
E) that are essentially no longer detectable on the tailless nucleosomes. Short arrows indicate the faint pause sites detected on the second half of the nucleosome.
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FIG. 7. Transcription elongation on native and hyperacetylated nucleosomes. Transcription reactions on naked DNA (lanes 3 to 8), nucleosomes prepared with
native HeLa histones (lanes 9 to 14), and nucleosomes prepared with hyperacetylated HeLa histones (lanes 15 to 20) were run on a 6% denaturing sequencing-size
gel and exposed to a phosphorimager plate for analysis. Aliquots were taken after stalled complex formation (lanes 3, 9, and 15) and after 10 s (lanes 4, 10, and 16),
20 s (lanes 5, 11, and 17), 40 s (lanes 6, 12, and 18), 1 min (lanes 7, 13, and 19), and 4 min (lanes 8, 14, and 20). Lanes 1 and 2 contain size standards (lane 1, 10-bp
ladder; lane 2, A ladder [see Fig. 5 legend]). The open oval represents the approximate location of the nucleosome on the template; the dashed line identifies the dyad
axis of symmetry. The band corresponding to the major pause site immediately promoter proximal to the dyad axis is indicated with a long arrow. Pause sites present
near the promoter-proximal end of the nucleosome, whose residence times are decreased by histone hyperacetylation, are indicated by short arrows.

~36 and 67% of the templates, respectively. The decreased
residence times at sequence-specified pause sites are particu-
larly apparent for pause sites located a short distance inside the
nucleosome (Fig. 7).

Looping during transcription. A striking aspect of the data
in Fig. SA and B and 7 is the presence of a strong pause site
immediately proximal to the nucleosome dyad, together with
greatly diminished pausing in the promoter-distal half of the
nucleosome, even at later time points when most of the tem-
plates have reached completion. These properties have been
noticed previously (4, 41-43) and have been attributed to the
ability of DNA behind the polymerase to loop around and get
captured by the histone octamer. Loop formation then allows
the histone octamer to step around the elongating polymerase,
producing a nucleosome at a new location that is displaced
backwards toward the promoter. This behavior is essentially
unchanged with the deletion of the tail domains of the (H3-
H4), tetramer or the entire octamer by clostripain (Fig. SA), in

TABLE 2. Initiation and elongation on fully tailless nucleosomes

Efficiency (%)"

Time point
DNA Native Fully tailless

Initiation 100 75 47
Chase out 83 83 72
40 s 1.2 22
60 s 10 51
2 min 21 103
4 min 30 129
8 min 40 101

¢ Efficiencies of stalled transcript synthesis and chase out for the experiment
shown in Fig. 5B. Nucleosomes were prepared with native or with trypsin-
digested histones (yielding fully tailless nucleosomes). Efficiencies of initiation,
chase-out, and relative completion are calculated as described in the footnotes to
Table 1.
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TABLE 3. Initiation and elongation with native and
hyperacetylated HeLa histones

Efficiency (%)“

Time point
DNA Native HeLa Hyperacetylated HeLa

Initiation 100 107 83
Chase out 87 86 92
10s 0 0
20's 0 1
40 s 3 36
60 s 11 66
4 min 104 188

¢ Efficiencies of stalled transcript synthesis and chase out for the experiment
shown in Fig. 7. Nucleosomes were prepared with native or with hyperacetylated
HelLa histones. Efficiencies of initiation, chase out, and relative completion are
calculated as described in the footnotes to Table 1.

the fully tailless nucleosomes produced with trypsin (Fig. 5B
and 6) and in the hyperacetylated nucleosomes (Fig. 7). As-
suming that this distinctive pattern of pause site intensities is
indeed attributable to the histone octamer stepping around the
elongating polymerase (4, 41-43), these data imply that the tail
domains are not responsible for this ability of the histone
octamer to undergo such a translocation, suggesting instead
that such a translocation occurs via interactions between naked
DNA behind the polymerase and unoccupied DNA-binding
surface of the histone octamer’s globular domains.

Conclusions. The present study points to three chief conclu-
sions. First, histone acetylation, or partial or complete removal
of the tail domains, significantly increases the average rate of
transcription elongation through the nucleosome. Evidently,
the core histone tail domains contribute significantly to a nu-
cleosome-dependent reduction of the average transcription
elongation rate, and posttranslational modification of the tail
domains provides the possibility for regulation of the elonga-
tion rate in vivo. We showed earlier that native (and unacety-
lated) nucleosomes decrease the rate of transcriptional elon-
gation compared to the rate on naked DNA by increasing the
residence times spent by the polymerase at pause sites that are
specified by the DNA sequence itself (33, 34). We find in the
present study that acetylation or removal of the tail domains
reduces this nucleosome-dependent pausing at particular
pause sites. These findings extend the results of a previous
study (6), which showed that the tail domains contribute to a
decreased transcription rate on oligonucleosomal templates
but did not investigate how this was accomplished, which tail
domains contributed to the effect, or the effects of histone
acetylation. Our new findings also complement our recent ob-
servation that removal of the tail domains leads to 1.5- to
14-fold increases in the equilibrium accessibility of DNA target
sites that (in the time average) are buried within the nucleo-
some (32).

Second, the effects observed here appear primarily attribut-
able to the tail domains of the (H3-H4), tetramer. While we
cannot exclude any role for H2A-H2B heterodimers, we find
that given nucleosomes already lacking the tail domains of the
(H3-H4), tetramer, additional removal of the tail domains of
H2A-H2B heterodimers leads to only small additional de-
creases in pausing (i.e., to only small additional increases in
average elongation rate).

Finally, assuming that the distinctive pattern of pause site
intensities (strong pausing just proximal to the dyad, relatively
weaker pausing at distal sites) reflects—and is attributable
to—the histone octamer stepping around the elongating poly-
merase, the present results establish that this ability of the
octamer to step around the polymerase is inherent to the
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globular histone fold domains of the octamer. This finding is
significant in part because it implies that eukaryotes and his-
tone-containing archaebacteria (which conserve many aspects
of the eukaryotic transcription apparatus but have histones
lacking tail domains [25, 26, 31, 35]) may utilize similar mech-
anisms for transcriptional elongation through their natural
chromatin substrate.
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