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We determined the effect of the N-terminal histone tails on
nucleosome traversal by yeast and human RNA polymerase II
(pol II). Removal of H2A/H2B tails, H3/H4 tails, or all tails
increased complete traversal of thenucleosomebyhumanpol II,
although the increase varied considerably depending on the
template and on which tails were removed. Human pol II
achieved >80% traversal of one nucleosomal template lacking
the H2A/H2B tails, but even in those reactions, the transcript
elongation rate was lower than the rate on pure DNA templates.
For yeast pol II, transcription proceeded much farther into the
nucleosome in the absence of tails, but complete read-through
was not substantially increased by tail removal. Transcription
factor IIS provided roughly the same level of read-through stim-
ulation for transcript elongation in the presence or absence of
tails. FACT also stimulated elongation on nucleosomal tem-
plates, and this effect was similar regardless of the presence of
tails. For both polymerases, removal of the H2A/H2B tails
reduced pausing throughout the nucleosome, suggesting that
histone tails affect a common step atmost points during nucleo-
some traversal. We conclude that histone tails provide a signif-
icant part of the nucleosomal barrier to pol II transcript
elongation.

It has long been appreciated that nucleosomes form a strong
blockade to transcript elongation by pol II in vitro (1, 2). It has
not been establishedwhat role, if any, theN-terminal tails of the
histones play in this blockade. The core structure of the nucleo-
some does not depend on the tails (3–7). However, the tails are
strongly positively charged, and they could associate nonspe-
cifically with the DNA, thereby impeding polymerase access to
the template (8–10). The tails could influence traversal in other
ways, e.g. by affecting the ability of the H2A/H2B dimer to
exchange, which is likely to be involved in at least some tra-
versal events (2). The N-terminal tails could also affect more

complex unfolding transitions in the nucleosome, which would
facilitate traversal (11, 12). Higher order chromatin structure,
which could affect the efficiency of transcription through chro-
matin, can be influenced by theN-terminal tails (13–16). Cova-
lent modifications of the tails, especially of the H3 tail of pro-
moter-proximal nucleosomes, are well known to be correlated
with transcriptional activity in vivo (reviewed in Refs. 17–19). A
recent survey of transcriptionally active human genes revealed
thatmost of these genes contain a high level of RNApolymerase
II (pol II)3 immediately downstream of the transcription start
and a strongly positioned nucleosome with a promoter-proxi-
mal edge at about position �40 (20). This suggests that the
ability of pol II to cross the first nucleosome it encounters after
transcript initiation is a major and general control point for
gene expression. In light of all of these findings, we decided to
explore directly the effect of the histone tails on the ability of pol
II to traverse single nucleosomes. As an initial test of the effect
of the tails, we assembled nucleosomes that lack either subsets
of the tails or all of the tails. We found that the nucleosomal
barrier to transcript elongation by pol II is lowered but not
eliminated by tail removal.

EXPERIMENTAL PROCEDURES

Protein Purification—Yeast pol II with a hexahistidine-
tagged RPB3 subunit was purified as described (2). Full-length
recombinant hexahistidine-tagged yeast transcription factor
(TF) IIS was expressed and purified as described (21). For tran-
scription studies with yeast pol II, native core histones were
purified from chicken erythrocytes (22). Trypsinized chicken
core histones were obtained using a very similar protocol. In
brief, H1-stripped chromatin was treated with trypsin as
described (23), and trypsinized H2A/H2B dimers and H3/H4
tetramers were purified on a hydroxylapatite column (22).
Recombinant human FACT (a heterodimeric factor that facili-
tates chromatin transcription) was kindly provided by Dr. D.
Reinberg.
Human pol II and TFIIH were purified from HeLa cell

nuclear extracts, and recombinant human TATA box-binding
protein, TFIIB, TFIIE, TFIIF, and TFIIS were prepared as
described (24). Plasmids expressing native and N-terminally
deleted (tailless) Xenopus histones were kindly provided by Dr.
Karolin Luger. Tailless histones contained only the trypsin-re-
sistant globular domains, consisting of amino acids 13–118 for
H2A, amino acids 24–122 forH2B, amino acids 27–135 forH3,
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and amino acids 20–102 for H4 (25). Expression of recombi-
nant histones andpreparation of histone dimers, tetramers, and
octamers were performed as described (26, 27).
DNA Templates, Nucleosome Assembly, and Transcription

Complex Assembly—The 603 nucleosome positioning sequence
was originally identified by Lowary and Widom (28); the exact
sequence of the 603 segment used in these studies is given in
supplemental Fig. S1. Nucleosome assembly and transcription
by yeast pol II were conducted as described (24). In short,
mononucleosomes were reconstituted on DNA fragments
bearing the 603 or 603R elements by decreasing salt dialysis
using different combinations of intact or trypsinized chicken
core histones. (Note that 603 and 603R are identical sequences;
they were constructed to ligate to the transcription complex in
opposite orientations.) Yeast pol II elongation complexes were
assembled on a 50-bp DNA fragment from 9-nucleotide RNA
and separate template and non-template strands. These com-
plexes were immobilized on nickel-nitrilotriacetic acid-agarose
beads, washed, eluted from the beads, and ligated to nucleoso-
mal templates or the equivalent non-nucleosomal DNA. pol II
was advanced to position �45 using [�-32P]NTPs to label the
RNA. Transcription was resumed from position �45 by addi-
tion of a large excess of unlabeled NTPs in the presence of KCl
at the concentrations indicated in the figures and figure leg-
ends. FACT (�0.15 �M) or yeast TFIIS (0.1 �M) was added to
the �45 complexes as indicated in the figures; factor additions
were made along with the chase NTPs. Transcript elongation
reactions with yeast pol II were normally run for 10 min except
as indicated for the reactions in Fig. 5.
For studies with human pol II, 250-bp template fragments

containing the adenovirus major late promoter upstream and
either the 603 or 603R assembly element downstream were
used (24). These constructs had been cloned into pUC18, and
the working templates were amplified by PCR with the
upstream primer biotinylated. The 603 and 603R templates
were assembled into nucleosomes by salt dialysis, bound to
streptavidin beads, and then assembled into pol II preinitiation
complexes with purified pol II and TFIIH and recombinant
TATA box-binding protein, TFIIB, TFIIE, and TFIIF as
described (24). Human preinitiation complexes were
advanced to position �20 using labeled NTPs, washed, and
then chased for 5 min with excess NTPs as described (24).
Some reactions were supplemented with human TFIIS at 24
�g/ml during the chase as indicated in the figures. For the
kinetic experiments in Fig. 4 and supplemental Fig. S3, the
published protocol was slightly modified. Preinitiation com-
plexes were incubated with 0.25 mM CpA, 100 �M UTP, 0.7
�M [�-32P]CTP, and 50 �M dATP at 30 °C for only 1 min
(with no addition of unlabeled CTP) and washed only once.
This procedure yields complexes with 21-nucleotide RNAs
as well as complexes with shorter transcripts. These com-
plexes were chased for the times indicated in Fig. 4 and sup-
plemental Fig. S3. For both yeast and human transcription
reactions, labeled transcripts were resolved by electrophore-
sis on denaturing gels and quantified using a Storm Imager
and ImageQuant software.

RESULTS

Wemeasured the extent to which either yeast or human pol
II can cross one downstream nucleosome using an approach
based on our earlier study (24). Nucleosomes were reconsti-
tuted over sequence elements that direct nucleosome assembly
to single, precise locations. Yeast pol II transcript elongation
complexes were assembled using DNA/RNA hybrid scaffolds
and then ligated to short DNA fragments bearing preassembled
nucleosomes. Human pol II preinitiation complexes were
obtained by incubating the general pol II transcript initiation
factors and templates bearing a promoter and a single down-
stream nucleosome. In both cases, transcription was initiated
with limiting, labeledNTPs, and pol II was stalled before reach-
ing the nucleosome. The complexes were then chased with
excess unlabeled NTPs.We used the 603 nucleosome assembly
sequence (28, 29) for the studies reported here. We showed
previously that the same nucleosome can present a very differ-
ent barrier height depending on the transcriptional orientation
(24). Based on our earlier observations (24), one transcriptional
orientation (designated 603) was expected to be much more
permissive for transcript elongation than the other (designated
603R).
We began our study with the simple question: will the com-

plete absence of some or all of the N-terminal tails have a sig-
nificant effect on nucleosome traversal by pol II?We assembled
nucleosomes with four different combinations of histones: all
histones full-length (native H2A and H2B/native H3 and H4,
abbreviated “n/n”), no H2A/H2B tails (globular H2A and H2B/
native H3 and H4, abbreviated “g/n”), no H3/H4 tails (native
H2A and H2B/globular H3 and H4, abbreviated “n/g”), and no
tails on any of the histones (globularH2A andH2B/globularH3
andH4, abbreviated “g/g”). For experiments with human pol II,
recombinant Xenopus histones were used. Histones for yeast
pol II experiments were purified from H1-stripped chicken
erythrocyte chromatin after treatment with trypsin, followed
by purification of H2A/H2B dimers and H3/H4 tetramers. Pre-
liminary tests showed that histones from either source were
interchangeable.Humanpol II gave identical resultswhen tran-
scribing nucleosomal templates assembled with recombinant
taillessXenopushistones orwith trypsin-truncated chicken his-
tones. Similarly, transcription results with yeast pol II were the
same regardless of the source of tailless histones (data not
shown). Transcription reactions were performed at low (40
mM), roughly physiological (150 mM), or high (300 mM) KCl
concentrations; maximal traversal was obtained by removing
the nucleosomes with 1% Sarkosyl (human pol II) or 1 M KCl
(yeast pol II). In all cases, we normalized traversal in any given
condition to traversal after nucleosome removal.
As we observed in our initial study (24), the majority of

human pol II complexes failed to completely traverse the 603
nucleosome in 5-min reactions at low ormoderate salt. Most of
the paused complexes resided in the proximal half of the
nucleosome (Fig. 1A, lanes 1 and 2). This pausing was only
partially relieved by raising the KCl concentration to 300 mM

(Fig. 1A, lane 3; quantitative results shown in Fig. 1B). Full tra-
versal increased, but remained incomplete, when the pol II
transcript elongation factor TFIISwas included in the reactions
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(Fig. 1A, lanes 6 and 7). Removal of some or all of the tails led to
increased traversal of the 603 nucleosome at all salt concentra-
tions (Fig. 1, A, lanes 8–10; and B). Most of the effect of tail
removal on traversal of the 603 nucleosome by human pol II,
particularly at higher ionic strengths, was obtained by removing
only the H2A/H2B tails (Fig. 1B). Removal of either the H2A/
H2B or H3/H4 tails did not cause specific changes in the paus-
ing pattern but apparently slightly reduced the tendency of pol
II to pause at most positions along nucleosomal DNA, leading
to an increase in complete traversal. The effect of tail removal
was similar to the effect of increasing the concentration of
monovalent ions. TFIIS stimulated traversal of 603 templates
assembled with partially or completely tailless histones at 40
mM KCl. TFIIS stimulation was not synergistic with tail
removal, i.e. the -fold increase provided by TFIIS was not sig-

nificantly different for nucleosomes
with all tails present and for those
that lacked some or all tails.
The 603R nucleosomal template

provided amuch stronger andmore
discrete barrier to transcription by
human pol II in comparison with
the 603 template, as expected from
our earlier work (24). Most poly-
merases paused at a group of sites
45–55 bp within the 603R nucleo-
some, at the entry point into the
H3/H4 tetramer, whereas the small
fraction that successfully crossed
this barrier proceeded to the end of
the nucleosome (Fig. 1A, lanes
15–17 and 22–24). Tail removal
generally increased traversal on
603R by human pol II (Fig. 1B). At
low salt, pol II could advance some-
what farther into the major 603R
transcriptional barrier in the
absence of tails (Fig. 1A, compare
the �45–55 region in lanes 15 and
22). As with the 603 template, this
resembles the effect of increasing
the ionic strength of the reaction.
We performed comparable ex-

periments using yeast pol II and par-
tially or completely tailless nucleo-
somes. As expected (24), yeast pol II
traversed each nucleosome less effi-
ciently than the human enzyme.
Results for the 603 (permissive)
template are shown in Fig. 2 (A and
B). Apart from a small stimulation
of the very low traversal level at 40
mM salt, tail removal did not signif-
icantly increase complete traversal
of the 603 nucleosome. It is impor-
tant to note, however, that pausing
consistently occurred farther into
603 nucleosomes lacking some or all

tails; this effect was most pronounced at 40 mM KCl (Fig. 2A,
compare, for example, lanes 1 and 7). The effect of tail removal
on progression of yeast pol II through the nucleosome was
roughly additive and was not dominated by the H2A/H2B tails.
The primary effect of tail removal was relief of pausing at the
major site 15 bases within the nucleosome. As a secondary
effect of tail removal, pausing shifted tomore downstream loca-
tions, but novel pause sites were not generally observed. The
effect of tail removal roughly mirrored the effect of adding KCl
to the reactions and resulted in qualitatively similar changes in
the pausing pattern upon removal of different combinations of
tails; compare, for example, the 40 and 150mMKCl lanes for the
control (Fig. 2A, lanes 1 and 2) and fully tailless (lanes 7 and 8)
nucleosomes. TFIIS increased traversal of partially or com-
pletely tailless 603 nucleosomes, particularly at low salt, but as

FIGURE 1. Removal of core histone tails results in increased traversal of both the 603 and 603R templates
by human pol II. A, 603 (permissive) and 603R (nonpermissive) nucleosomal templates containing all histone
tails (n/n) or missing H2A/H2B (g/n) or all (g/g) tails were transcribed at the indicated concentrations of KCl in
the presence or absence of TFIIS. Sarkosyl (Sark.) was added to the indicated lanes after the initial pause at U21
(1st) or after an initial 5-min chase (2nd); in the latter case, chase was continued for 5 more min. The position of
the nucleosome on the template is indicated by the oval, and the nucleosomal dyad is shown as a black square.
The locations of the run-off RNA and the major pause sites at 15 and 45 bp within the nucleosome are indicated.
B, the graphs show the levels of nucleosome traversal by human pol II on native, partially tailless, and fully
tailless 603 and 603R templates under the indicated conditions in the presence or absence of TFIIS. All results
were normalized to the level of run-off at 40 mM KCl when Sarkosyl was added to the U21 complexes prior to
chase. Each bar indicates the average of two to five separate experiments; error bars indicate the mean � S.D.
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with the human polymerase, the -fold increase was not signifi-
cantly different in the presence or absence of histone tails.
The nucleosomal 603R template provided a very strong bar-

rier for yeast pol II at low or moderate salt (Fig. 2B and supple-
mental Fig. S2). Most pausing on 603R occurred 45–55 bases
into the nucleosome (supplemental Fig. S2), as seen with
human pol II. Traversal of the 603R nucleosome by yeast pol II
was very slightly increased by removing the H2A/H2B tails,
whereas removal of the H3/H4 tails had no apparent effect on
traversal (Fig. 2B). However, the nucleosomal pauses upstream
of the �45 nucleosomal region were relieved to different
degrees by removal of different combinations of tails, as seen
with the 603 template. The reduction in upstream pausing
upon tail removal contributed to increased pausing at position

�45. (In supplemental Fig. S2, com-
pare the relative level of�15 to�45
pausing on the n/n template with
the same ratio on the three partially
or completely tailless templates.)
Tail removal did not reveal novel
pause sites downstream of the
major �45 stop on the 603R tem-
plate. The effect of the loss of
H2A/H2B tails for yeast pol II was
made more apparent in the con-
text of traversal stimulation by
TFIIS, particularly at 150 mM KCl
(Fig. 2B).
The weak effect of tail removal on

traversal of nonpermissive 603R
nucleosomes by yeast pol II is at
least partially explained by the
exceptional tendency of the yeast
polymerase to arrest at position
�45 even on histone-free DNA
templates (supplemental Fig. S2, 1 M
KCl lanes). Assembly of the 603R
DNA sequence into a nucleosome
greatly exaggerates the arrest at
position �45. The strong barrier to
elongation at this location is appar-
ently based on the unusually rapid
rate of backtracking upon arrest at
this site. Kireeva et al. (30) found
that backtracking by yeast pol II
after pausing at most locations
within a nucleosome has a t1⁄2 of
almost 1 h. In contrast, we have
observed that backtracking at
position �45 on 603R nucleosome
is completed in �1 min (data not
shown). Given this very high like-
lihood of backtracking, many
rounds of transcript cleavage and
resynthesis mediated by TFIIS
would still be insufficient to allow
a majority of polymerases to cross
the �45 site, as we observed (sup-

plemental Fig. S2). Strong DNA-specific arrest of human pol
II was not detected at the �45 region of the 603R template
(Fig. 1A, lanes 18 and 25). This suggests a slower rate of
backtracking by human pol II at the �45 site in the 603R
nucleosome, but it is important to note that we have not
measured backtracking rates for the human enzyme.
Complete traversal of the nucleosome by pol II is generally

accompanied by the loss of one of the H2A/H2B dimers (2).
This suggests that the increase in traversal seen with N-termi-
nal tail removal could be based, at least in part, on an increased
tendency of H2A/H2B dimers to be lost when tails are absent.
The FACT complex facilitates nucleosome traversal at normal
salt concentrations and is thought to act by functioning as a
chaperone for the H2A/H2B dimer (31). We therefore tested

FIGURE 2. Removal of core histone tails relieves pausing at position �15 and allows further progression
by yeast pol II on the 603 nucleosomal template. A, 603 nucleosomes containing all histone tails (n/n) or
missing various combinations of the tails (g/g, g/n, and n/g) were transcribed at the indicated concentrations
of KCl in the presence or absence of TFIIS. Lane M contained end-labeled, MspI-digested pBR322 as size mark-
ers. The other designations are the same as described in the legend to Fig. 1A. nt, nucleotides. B, the graphs
show the levels of nucleosome traversal by yeast pol II on native, partially tailless, or fully tailless 603 and 603R
templates under the indicated conditions in the presence or absence of TFIIS or FACT. All results were normal-
ized to the level of run-off at 1 M KCl. Each bar indicates the average of two to five separate experiments; error
bars indicate the mean � S.D.
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the possibility that tail removalmight increase the effectiveness
of FACT in mediating nucleosome traversal by yeast pol II. As
shown in Fig. 3 (quantitative results in Fig. 2B), FACT strongly
stimulated traversal of both the 603 and 603R nucleosomes by
yeast pol II, but this effect did not depend on the histone tails. In
most cases, there was no further increase in FACT-mediated
traversal as a result of tail removal; the apparent increase at 40
mM KCl on the 603 template resulted from the increase in tra-
versal of that nucleosome due to tail removal alone, in the
absence of FACT. These results do not support the idea that the
stimulation of traversal by tail removal results from an
increased tendency of the tailless nucleosomes to lose an H2A/
H2B dimer.
As noted above, under some conditions, human pol II can

achieve near-complete nucleosome traversal in our standard
5-min transcription reaction, particularly at 150 mM KCl in the
absence of histone tails (Fig. 1B). This suggested that the rates
of transcript elongation on DNA and the tailless templates
could be comparable. To test this idea, transcript elongation
rates were analyzed at 150 mM salt for the human enzyme on
603DNA and on native and tailless nucleosomal 603 templates.
When the 603 nucleosome was removed by Sarkosyl, some
human pol II complexes generated 200-nucleotide run-off
RNA in 1 min. Essentially all polymerases had run-off in 90 s
(Fig. 4A). Elongationwasmuch slower on the nucleosomal tem-
plate with all tails present (Fig. 4, A and B). Significantly, in the
complete absence of tails, the rate of accumulation of run-off
was increased by �2-fold in comparison with the fully tailed
templates; however, the rate on the tailless templates was still
considerably slower than that on free DNA (Fig. 4B). Compar-
ison of lanes 4–7 and 18–21 in Fig. 4A suggests that the more
rapid rate of run-off accumulation was accompanied by a
downstream shift in the population of paused polymerases,
such that on the tailless templates, the longer paused products
predominated. This is shown quantitatively through a compar-

ison of scans of lanes 7 and 21 (Fig. 4C). Addition of TFIIS also
caused an increase in the rate of full traversal and a downstream
shift in the population of paused complexes (supplemental Fig.
S3). The results in Fig. 4 and supplemental Fig. S3 suggest that
tail removal and TFIIS addition increase nucleosome traversal
by reducing the tendency of pol II to pause at multiple, nucleo-
some-induced sites. TFIIS helps to maintain pol II in a catalyt-
ically active state (32, 33), whereas tail removal presumably
reduces the lifetime of nucleosome-induced pauses. However,
even under conditions that effectively minimized pausing, the
rate of transcript elongation by human pol II on a nucleosomal
template remained 2–3-fold lower than the rate that could be
achieved on the sameDNAsequence in the absence of a nucleo-
some (Fig. 4B).
We obtained further insight into the mechanistic basis of

FACT stimulation of nucleosome traversal by examining the
kinetics of transcript elongation through the 603 nucleosome
by yeast pol II as a function of FACT and the nucleosome tails
(Fig. 5). FACT increased the rate of traversal of both tail-con-
taining and tailless nucleosomes. This increase was �1.5-fold
for the n/n template and 2-fold for the g/g template as judged by
the 2-min time points in Fig. 5. FACT strongly reduced pausing
throughout the body of the nucleosome, in contrast to tail
removal, which primarily shifted pausing to downstream loca-
tions. The sum of the two effects can be seen by comparing the
n/n and g/g lanes in the presence of FACT: on both tailed and
tailless templates, there was relatively little pausing observed
over most of the central segment of the nucleosome; but in the
absence of tails, more polymerases were paused in the distal
segment of the nucleosome, and fewer were paused near the
entry into the nucleosome (Fig. 5A). These results suggest that
FACT alters the entire nucleosomal barrier to transcript elon-
gation, as opposed to simply reducing pausing at internal loca-
tions. This is consistent with the proposal that FACT functions
tomediate removal of one of theH2A/H2Bdimers as transcrip-
tion proceeds (31). FACT allowed high levels of traversal of the
603 nucleosome in reactions of 2 min or longer, particularly in
the absence of tails (Fig. 5B; see also Fig. 2B). However, as we
observed with TFIIS and human pol II, the rate of transcription
on the nucleosomal template for yeast pol II remained much
lower than the rate on free DNA.

DISCUSSION

Removal of theN-terminal histone tails resulted in facilitated
transcription through a nucleosome by both yeast and human
pol II, an effect most noticeable at lower ionic strength (40 mM
KCl). For human pol II, tail removal reduced nucleosome-spe-
cific pausing over the entire length of the 603 nucleosome, lead-
ing to both increased traversal and the accumulation of com-
plexes paused at more distal locations (see Fig. 4C). Removal of
the H2A/H2B tails had the strongest impact for the human poly-
merase. In the case of yeast pol II, tail removal did not lead to a
significant increase in full traversalofeithernucleosomal template.
However, removal of the H2A/H2B or H3/H4 tails significantly
reduced the strong barrier that the yeast polymerase encounters
�15 bases within the 603 nucleosome. The effects of removing
eitherpairof tailsonyeastpol IIpausingatposition�15onthe603
template were roughly additive. Increased traversal of down-

FIGURE 3. Stimulation of yeast pol II traversal of the 603 nucleosome by
TFIIS or FACT is largely independent of the histone tails. Nucleosomal
templates containing (n/n) or missing (g/g) all histone tails were transcribed
at the indicated concentrations of KCl in the presence or absence of TFIIS or
FACT. The other designations are the same as described in the legend to Fig.
2A. Quantitation of the effect of the elongation factors is shown in Fig. 2B.
nt, nucleotides.
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stream pause sites by the yeast enzymewas similarly facilitated by
removal of some or all of the histone tails.
How could deletion of only one pair of tails affect pausing

throughout the nucleosome? Reduction in pausing due to tail
removal wasmost pronounced at lower ionic strength,mimick-
ing the results seen when additional KCl was added to the reac-
tions. This suggests that electrostatic tail-DNA interactions
contribute to the inhibiting effect of tails on transcript elonga-
tion. Given the lengths of the H3 and H2B N-terminal tails in
particular, removal of either theH2A/H2BorH3/H4 tails could

conceivably affect progress by the
polymerase through the entire
nucleosome.
In addition to the global effect,

the tails had rather specific effects
that differed for the two polymer-
ases. The very strong tendency of
yeast pol II to pause �15 bases into
the nucleosome was responsive to
removal of either pair of tails. In this
context, it is useful to note two
recent studies on the effect of tail
removal on nucleosome structure
and stability. Experiments with sin-
gle nucleosomes demonstrated that
removal of either set of tails facili-
tated the unwrapping of �30 bp of
DNA from the ends of the nucleo-
some (34). This effect was greater
for H3/H4 tail removal, perhaps
because the H3 tails emerge from
the nucleosome near the entry and
exit points for the wrapped DNA
(3). In a different study, Bertin et al.
(35) concluded that unwrapping
DNA from the region bound by the
H2A/H2B dimers is facilitated by
removal of the H2A/H2B tails.
These results support the idea that,
in addition to any simple “coating”
of the DNA, both sets of tails can
control the stability of the H2A/
H2B dimer-DNA interaction. Thus,
the absence of either pair of tails
would be expected to reduce paus-
ing early in nucleosome traversal,
e.g. at position �15.
Reducing themajor�15 pause by

tail removal did not cause a signifi-
cant increase in complete nucleo-
some traversal by yeast pol II, pre-
sumably because strong pausing
downstream (particularly at the
�45 region) continued to capture
nearly all of the yeast polymerases
before traversal was complete. In
contrast, TFIIS addition not only
increased the ability of yeast pol II to

pass the �15 barrier but also facilitated complete traversal of
the 603 nucleosome. FACT also stimulated full traversal at low
salt, but it did so by a different mechanism. Addition of FACT
almost eliminated pausing by yeast pol II at most locations over
the central segment of the 603 nucleosome (Fig. 5). This result
is consistent with the observations of Rhoades et al. (36), who
showed that FACT-nucleosome interaction increases the
accessibility of the nucleosomalDNAprimarily at internal loca-
tions. It is also consistent with previous observations on the
effect of FACT on transcription in vitro (31).

FIGURE 4. Removal of the histone tails increases the rate of traversal of the 603 nucleosomal template by
human pol II. A, human pol II transcription complexes with 21-nucleotide (and shorter) transcripts on 603 n/n
or 603 g/g nucleosomal templates were chased in 150 mM KCl for the indicated times in the presence or
absence of Sarkosyl. The other designations are the same as described in the legend to Fig. 1A. B, the levels of
run-off transcript, normalized to the plus-Sarkosyl (sark) reactions, are given for the time courses shown in A.
Note that the rate of transcript elongation on the tailless templates is lower than the rate on the histone-free
DNA templates. C, the relative distribution of transcripts paused within the nucleosome, or run-off, is shown for
the 150-s reactions on the n/n (A, lane 7) and g/g (A, lane 21) templates.
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Human pol II also recognizes the �15 pause, particularly on
the 603 template, but the major pause site for the human
enzyme occurs at 45–55 bases into the nucleosome on both 603
and 603R. Although this location corresponds to the point at
which the polymerase enters the segment of the nucleosome
organized by the H3/H4 tetramer, under most conditions, the
�45 pausewasmore sensitive to the loss of H2A/H2B tails than
to the loss of the H3/H4 tails. Nucleosome-unwinding experi-
ments (34) have identified two distinct transitions as DNA is
removed from the surface of the histone octamer: an initial
unwrapping of theDNAsegments primarily associatedwith the
H2A/H2B dimers and a second transition in which the DNA
45–55 bp into the nucleosome disassociates from the underly-
ing histones. Like the corresponding reduction in the transcrip-
tional barrier, this latter transition was most strongly influ-
enced by removal of the H2A/H2B dimer tails (34).
Destabilization of the H3/H4-DNA interactions resulting from
removal of the H2A/H2B tails could have resulted in facilitated
passage through the �45 barrier by human pol II.
The effects of tail removal on nucleosome traversal can be

rationalized for both yeast and human pol II based on changes
in nucleosome stability upon tail removal. However, the tails
are clearly not the entire basis of the nucleosomal transcription
barrier. Even in the complete absence of tails, transcript elon-
gation rates on nucleosomal templates are much lower than

those seen on free DNA. Widom and co-workers (37) have
recently determined that DNA spontaneously releases from the
nucleosome surface and then rapidly rebinds; rewrapping
occurs in only 10–50 ms. During nucleosome traversal, pol II
may spend much of its time waiting for the downstream tem-
plate to be made available by this spontaneous “breathing” of
DNA away from the histone octamer. If the rate at which tran-
scription resumes after pausing is much slower than the rate at
which the window of template availability closes, then overall
transcript elongation rates on nucleosomal templates must be
considerably slower than elongation rates on free DNA. It is
worth noting that, under the conditions used in this study, elon-
gation rates for either yeast or human pol II did not exceed
200–300 nucleotides/min, strongly suggesting that inefficiency
in exploiting the temporary availability of template DNA is an
important aspect of the overall slow transcript elongation rate
on nucleosomal templates. This also explains why TFIIS addi-
tion and tail removal can be additive for traversal by human pol
II: tail removal could slow the reassociation of DNA with the
nucleosome surface, and TFIIS can increase the likelihood of
bond formation; but both may still leave the effective rate
of bond formation well below the average rate of reassociation
of DNA with the nucleosome surface.
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