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Maintenance of the chromatin states and histone modification pat-
terns during transcription is essential for proper gene regulation
and cell survival. Histone octamer survives moderate transcription,
but is evicted during intense transcription in vivo by RNA polymer-
ase II (Pol II). Previously we have shown that nucleosomes can
survive transcription by single Pol II complexes in vitro. To study
the mechanism of histone displacement from DNA, the encounter
betweenmultiple complexes of RNA polymerase and a nucleosome
was analyzed in vitro. Multiple transcribing Pol II complexes can
efficiently overcome the high nucleosomal barrier and displace
the entire histone octamer, matching the observations in vivo.
DNA-bound histone hexamer left behind the first complex of
transcribing enzyme is evicted by the next Pol II complex. Thus
transcription by single Pol II complexes allows survival of the ori-
ginal H3/H4 histones, while multiple, closely spaced complexes of
transcribing Pol II can induce displacement of all core histones
along the gene.

elongation ∣ rate ∣ cooperation ∣ subnucleosome ∣ eviction

Efficient maintenance of nucleosomal organization during
passage of RNA polymerase II (Pol II) is accompanied by

recovery of nucleosomal structure—a process that is essential
for proper gene regulation and cell survival (1, 2). The nucleo-
some recovery occurs through two different mechanisms (see
refs. 3 and 4 for review). Only H2A/H2B, but not H3/H4, histones
are exchanged on moderately transcribed genes (5–10). In con-
trast, during intense transcription, all core histones are evicted
from DNA (11–13) and exchanged (5–10). These studies suggest
that during Pol II transcription in vivo histones H2A/H2B are
constitutively displaced/exchanged, whereas histones H3/H4
are displaced/exchanged only during intense transcription (3, 4).

Nucleosome recovery after Pol II transcription has been reca-
pitulated in vitro using a single-round transcription assay. During
nucleosome traversal by Pol II in vitro, a single H2A/H2B dimer
is released (14–16). The displacement of H2A/H2B histones in
vitro matches the apparent effect of Pol II passage in vivo during
moderate transcription (7, 17). The subnucleosome (hexasome,
DNA-bound histone hexamer) survives single-round transcrip-
tion by Pol II in vitro (14) through transient formation of a small
intranucleosomal DNA loop containing transcribing enzyme
(18). The mechanism of histone eviction/exchange during intense
transcription by multiple, closely spaced Pol II complexes remains
unknown.

We have proposed a possible mechanism that could explain
the observed displacement/exchange of H3/H4 histones during
intense transcription by Pol II in vivo (4). It has been suggested
that the presence of multiple Pol II complexes accumulated on a
gene at high density during intense transcription induces displa-
cement (eviction) of the entire histone octamer from DNA
(Fig. 1A). In this work the key predictions of this model have been
experimentally evaluated in vitro through analysis of the encoun-
ter between a nucleosome and a single or multiple complexes of
transcribing RNAP. The presence of the second RNAP complex
closely behind the first complex results in a strong increase in the
efficiency of transcription through a nucleosomal barrier. More-
over, while the first complex of RNA polymerase displaces only

one H2A/H2B dimer from DNA, the second complex can evict
the entire histone hexamer remaining on the template. These
data match the observations in vivo and suggest that the key

Fig. 1. Experimental strategy for analysis of transcription through a nucleo-
some by single or multiple complexes of RNA polymerase (RNAP). (A) Differ-
ent nucleosome fates during moderate and active transcription in vivo. Only
H2A/H2B histones are displaced/exchanged during moderate Pol II transcrip-
tion (see Introduction). In contrast, all core histones are displaced/exchanged
on actively transcribed genes. (B) Experimental approach using E. coli RNAP.
Nucleosomal templates containing -UTP (-U) and -UTP/CTP tracts (step 1) are
transcribed after formation of single EC45 [(2), the numerical index
indicates the position of active center of RNAP on the template relative
to the transcription start site] or two tandem stalled elongation complexes
[EC11/EC45 (3)] in the presence of corresponding subsets of NTPs. Then
transcription is continued in the presence of all NTPs (4). (C) Experimental
approach using Pol II. EC45 is formed after preassembly and ligation of
EC9 and nucleosome [(1) and (2)]. Then the second EC9 is assembled, ligated
to EC45 (3), and transcription is continued (4).
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intermediate(s) mediating nucleosome survival during transcrip-
tion are disrupted when RNA polymerase encounters previously
transcribed subnucleosomes (hexasomes). Thus the efficiencies
of nucleosome survival and transcription critically depend on
the density of transcribing complexes of RNA polymerase.

Results
Experimental Approach. The primary experimental approach for
analysis of the collision between single and multiple complexes
of RNAP and nucleosomes is shown in Fig. 1 B and C. In our
studies we used templates that contain uniquely positioned
mononucleosomes and recapitulate many important aspects of
chromatin transcription in vivo, including displacement of
histones H2A/H2B and survival of H3/H4 histones during tran-
scription by single complexes of RNA Pol II (18, 19). Mononu-
cleosomes formed on the high-affinity DNA sequences were
utilized in this study (20). Nucleosomes are uniquely positioned
on these sequences and present a polar barrier to transcription by
Pol II (21). In one (nonpermissive) transcriptional orientation,
these nucleosomes provide a strong, factor- and salt-insensitive
barrier that Pol II encounters after transcription of ∼45 bp in
the nucleosomes. In the opposite (permissive) orientation,
nucleosomes form a weaker, more diffuse barrier that is largely
relieved by TFIIS (transcription factor IIS) or FACT (facilitates
chromatin transcription) (14, 22). In this study nucleosomes
formed on two high-affinity DNA sequences were used: 603 (per-
missive) and 601 (nonpermissive) (21). As expected, nucleosomes
formed on these sequences are uniquely positioned, and nucleo-
some preparations usually contain less than 5% of contaminating
histone-free DNA (Fig. S1).

Some experiments described below require multiple rounds of
initiation from the same template; this is extremely difficult to
achieve using Pol II. At the same time, all general aspects of
the Pol II-type mechanism of transcription through chromatin
are recapitulated by Escherichia coli RNAP (18, 23) but not by
other previously analyzed RNAPs (21, 24, 25). Therefore the
majority of the experiments were conducted using E. coli RNAP
and yeast Pol II.

One or two tandem complexes of transcribing E. coli RNAP
were stalled (26) upstream of the mononucleosomes. The first
(leading) RNAP complex is stalled after forming 45-nt transcript
(EC45) on a −U sequence (Fig. 1B). Then the enzyme is
immobilized though a His-tag, NTPs are removed, and the second
(trailing) RNAP complex is stalled on a−U∕C sequence upstream
of the leading complex forming EC11. As a result, identical nu-
cleosomal templates contain either a single (EC45) or two tandem
complexes of RNAP (EC11/EC45) upstream of the nucleosome.
To conduct transcription byPol II, transcript elongation complexes
were assembled from purified yeast Pol II, synthetic DNA oligo-
nucleotides, and short RNAs. Then a single EC9 was immobilized
through a His-tag on Pol II, ligated upstream of DNA fragments
bearing single nucleosomes, and extended to form EC45 [Fig. 1C
(19)]. The second Pol II EC9 was then ligated upstream of the
EC45, and transcript elongation was continued in the presence
of all unlabeled NTPs. The efficiency of transcription and the fate
of nucleosomes were analyzed.

The Nucleosomal Barrier Is Relieved by Two Tandem Transcribing
Complexes of RNA Polymerase. To analyze the effect of the second
RNAP complex on the nucleosomal barrier to transcription, EC45
(produced by the leading E. coli RNAP complex) was pulse-
labeled, followed by a rinsing step and formation of second, unla-
beledECon the same template. In this case theeffect of the trailing
RNAP complex positioned immediately behind the leading com-
plex on the rate and the efficiency of transcription through the
nucleosomes was studied.

As expected, transcription of permissive 603 and nonpermis-
sive 601 nucleosomes by a single E. coli RNAP complex results

in formation of barriers having very different strengths (Fig. 2 A
and B and Fig. S2). Thus RNAP can overcome the permissive
(603) and nonpermissive (601) nucleosomal barriers with
∼90% and 40% efficiencies, respectively, at 300 mM KCl. These
data are very similar with the results of transcription of these
templates by both yeast and human Pol II (21), and they further
establish E. coli RNAP as an appropriate model for analysis of
Pol II-type mechanism of transcription through chromatin.

Encounter of the same nucleosomes by two tandem complexes
of RNAP results in much more efficient overcoming of the bar-
rier at all concentrations of KCl, and an increase of the yield of
run-off transcripts (Fig. 2 A and B and Fig. S2). The magnitude of
stimulation is higher in the case of the 601 template (high barrier)
as compared with the 603 template at all ionic strengths. Remark-
ably, even the high 601 nucleosomal barrier is almost completely
relieved during transcription by two complexes of RNAP (Fig. 2A
and B). Previously we have shown that the high 601 nucleosomal
barrier is poorly relieved by the elongation factors TFIIS and
FACT (21) or by removal of histone “tails” (27). Thus the stimu-
lating effect of the second complex of RNAP on transcription
through chromatin is stronger than the effect of previously char-
acterized elongation factors and histone tail removal.
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Fig. 2. Two complexes of RNAP cooperate to relieve the nucleosomal barrier
to transcription in vitro. (A) Two complexes of E. coli RNAP cooperate to re-
lieve the high (601) nucleosomal barrier to transcription. In all lanes except
the first lane (no chase, NC) in each set the initial pulse-labeled 45-mer RNA in
EC45 was extended at the indicated concentrations of KCl by a single or two
tandem ECs and analyzed by a denaturing PAGE. Position of the nucleosome
is indicated by the oval. Positions of the labeled transcripts and DNA are
indicated. M—end-labeled pBR322-MspI digest. Note that only two tandem
ECs can efficiently overcome the barrier. (B). The amounts of the runoff
transcripts were quantified using a PhosphorImager and plotted as fraction
of the runoff produced at 1 M KCl. Error bars indicate standard deviations; all
conditions were tested at least three times. (C) Two complexes of Pol II
cooperate to relieve the nucleosomal barrier to transcription. Single or
two tandem Pol II ECs were assembled as described in Fig. 1C. The templates
were transcribed at 150 mM KCl for 1, 4, or 10 min. (D) Quantitation of the
runoff transcripts.
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Time courses of transcription of 601 nucleosomes by single or
two tandem complexes of RNAP at 40 mM KCl (Fig. S3) indicate
that all major nucleosome-specific pauses localized in the region
extending from þ10 to þ45 bp in the nucleosome are strongly
affected by the presence of the trailing RNAP complex
(Fig. S3A). Nucleosome-specific pauses at the positions þ10
and þ20 are almost entirely eliminated and are very similar with
the transient pauses formed during transcription of histone-free
DNA. The stronger pausing at the positions þ40 and þ45 is also
considerably diminished. The decrease in the pausing efficiency
results in a considerable increase in the yield of runoff transcripts
(Fig. S3B). The data indicate that the trailing RNAP complex
strongly increases the efficiency and the rate of transcription
by the leading complex through the nucleosomal barrier. Further-
more, the efficiency of transcription through the 601 nucleosome
forming a strong barrier for Pol II approaches the efficiency of
transcription characteristic for histone-free DNA (Fig. S3B).
Although duration of nucleosome-specific pauses is strongly de-
creased, the nucleosome-specific component is not entirely elimi-
nated, suggesting that the histone octamer remains associated
with nucleosomal DNA during transcription by two RNAPses.
The results obtained using E. coli RNAP and yeast Pol II (Fig. 2
C and D) are very similar. In both cases the presence of a second
enzyme complex results in increased traversal through the nu-
cleosome, and partial relief of all nucleosome-specific pauses.

Efficient transcription through various roadblocks (such as
site-specific DNA-binding proteins) and sequence-specific paus-
ing sites by two closely spaced, tandem complexes of RNAP has
been described previously (26, 28). It has been shown that the
trailing RNAP prevents pausing and arrest of the leading complex
of the enzyme by facilitating forward translocation of the leading
ECs,most likely by preventing backtracking of the enzyme (26, 28).
It has been shown that arrest of Pol II in a nucleosome involves
backtracking of the elongation complex over considerable dis-
tances along nucleosomal DNA and that blocking of backtracking
results in partial relief of nucleosome-induced arrest (22, 29).
Therefore most likely the trailing RNAP facilitates transcription
through a nucleosome by preventing backtracking of the leading
complex of the enzyme.

Nucleosomes Are Efficiently Converted to Hexasomes by Two Tandem
Transcribing Complexes of RNA Polymerase. Nucleosome displace-
ment observed on highly active genes can occur by at least two
mechanisms [Figs. 3A and 4A (4)]. The first mechanism requires
an encounter of the same nucleosome by two tandem complexes
of RNAP (Fig. 3A). In this case, the trailing complex may prevent
DNA rebinding to the octamer behind the leading Pol II complex
and thus interfere with nucleosome survival (4). Alternatively, the
second Pol II complex could displace the hexasome formed
behind the first transcribing Pol II complex (Fig. 4A); the latter
mechanism does not require nucleosome encounter by two com-
plexes of Pol II at the same time.

To evaluate the first mechanism, DNA-labeled nonpermissive
601 nucleosomes were transcribed by a single or two closely
spaced complexes of E. coli RNAP at various concentrations
of KCl, and the fates of nucleosomes on transcription were
analyzed by native PAGE (Fig. 3B). As expected, the EC formed
by two complexes of RNAP are more efficiently converted into
the products of transcription (histone-free DNA and hexasomes
missing one H2A/H2B dimer) than by the single complexes. Tran-
scription by a single or two tandem complexes of RNAP results in
displacement of a similar fraction of DNA (∼50–60%) from the
transcribed nucleosomal templates (Fig. 3 C and D). Transcrip-
tion by a single or two tandem complexes of Pol II also resulted in
displacement of a similar fraction of DNA (∼15–25%) from the
transcribed nucleosomes in both cases (Fig. 3 E and F). Thus,
surprisingly, in all cases a considerable fraction of hexasomes
(from 40% to 85%) survives during transcription by a single

and by two tandem, closely spaced complexes of RNAP. Note that
yeast Pol II cannot complete traversal through the 601 template
(21); therefore the 603 template was utilized.

How can DNA-bound histones survive transcription by two
tandem, closely spaced complexes of Pol II? Previously we have
shown that during transcription by one Pol II complex, nucleo-
some survival depends on efficient formation of a “Ø-loop,” a
small intranucleosomal DNA loop containing transcribing Pol
II at the position þ49 bp in the nucleosome [Fig. S4 (18)]. In
particular, nucleosome survival depends on Pol II-histone interac-
tions in theØ-loop and on the upstreamDNA-histone interactions
(18). Tandem Pol II complexes that encounter a roadblock
(e.g., a nucleosome) tend to be spaced by only 26–32 bp (28). If
such closely spaced complexes of Pol II have similar rotational
orientations on nucleosomal DNA, the DNA-histone interac-
tions behind the leading Pol II complex could be replaced by
the trailing Pol II-histone interactions stabilizing the Ø-loop
(Fig. S4, Inset). In this case the leading Pol II complex could
continue transcription without displacement of histones H3/H4.

Single Complex of RNA Polymerase Can Displace DNA-Bound Histone
Hexamer Formed During the Previous Round of Transcription. Since
two tandem complexes of Pol II allow survival of the histone
hexamer after transcription (Fig. 3), next we evaluated the model
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Fig. 3. Nucleosomes are converted to hexasomes by two tandem complexes
of transcribing RNAP. To evaluate a possibility that tandem, closely spaced Pol
II complexes prevent nucleosome survival during transcription (A), DNA-
labeled nucleosomes were transcribed by single (EC45) or tandem complexes
of E. coli RNAP (EC11/EC45) or Pol II (EC9/EC45) at various concentrations of
KCl, and the products of the reaction were analyzed by native PAGE (B).
(C) Transcription of nonpermissive 601 nucleosomes by E. coli RNAP. Positions
of histone-free DNA and various DNA-protein complexes are indicated.
(D)Quantitationof theamountsofhistone-freeDNAproducedafter transcrip-
tion by one or two complexes of RNAP (plotted as fraction of all templates
transcribed to completion). The amounts are similar, suggesting that hexa-
somes can survive transcription by two closely spaced tandem RNAP com-
plexes. Note that only a small fraction of templates was transcribed to
completion by one RNAP complex at 150 mM KCl; therefore, in this case,
the fraction of displaced DNA cannot be reliably quantified. (E) Transcription
of permissive 603 nucleosomes by Pol II. Histone-free DNA displaced from the
octamerby single (DNA1) and tandemtranscribingcomplexesofPol II (DNA2) is
shown. (F) Quantitation of histone-free DNAdisplaced by Pol II at 150mMKCl.

Kulaeva et al. PNAS ∣ June 22, 2010 ∣ vol. 107 ∣ no. 25 ∣ 11327

BI
O
CH

EM
IS
TR

Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1001148107/-/DCSupplemental/pnas.1001148107_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1001148107/-/DCSupplemental/pnas.1001148107_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1001148107/-/DCSupplemental/pnas.1001148107_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1001148107/-/DCSupplemental/pnas.1001148107_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1001148107/-/DCSupplemental/pnas.1001148107_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1001148107/-/DCSupplemental/pnas.1001148107_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1001148107/-/DCSupplemental/pnas.1001148107_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1001148107/-/DCSupplemental/pnas.1001148107_SI.pdf?targetid=SF4


involving sequential encounter of multiple complexes of Pol II
with the same nucleosome (Fig. 4A). In this case the trailing com-
plex of Pol II encounters the hexasome formed after transcription
by leading Pol II complex.

Single-round transcription through the 601 nucleosome by
E. coli RNAP was conducted at 300 mM KCl to form the
hexasome (Fig. 4 B and C). Then reinitiation of transcription
was allowed after dilution of KCl to 100 mM and adding fresh
RNAP, and an additional round of transcription was completed
at 300 mM KCl. After the second round of transcription the frac-
tion of displacedDNA is increased from∼60% to>90% (Fig. 4D),
indicating that all core histones were displaced from DNA on the
vast majority of the templates (∼90%).

Histone displacement from the hexasomes during the second
round of transcription could occur due to (I) an insufficient
number of DNA-histone interactions present in the hexasomes
and (ii) conformational changes in the nucleosome structure in-
troduced during the first round of transcription (besides displa-
cement of the H2A/H2B dimer). To discriminate between these
possibilities, hexasomes were formed on the 601 sequence that
was shortened by 38 bp from the promoter-distal DNA end
(Fig. S5A). Such hexasome templates are transcribed by Pol II
more efficiently than intact nucleosomes (18). Preformed nucleo-
somes and hexasomes were ligated to T7A1 promoter (E. coli

RNAP) or to preassembled EC9 (Pol II), and the templates were
transcribed at various concentrations of KCl. The predominant
product of transcription through the hexasomes by E. coli RNAP
is DNA (>80%, Fig. S5B), as compared with ∼60% DNA formed
after transcription of intact nucleosomes. A similar result was
obtained using yeast Pol II (Fig. 4 E and F). In this case,
17.5% DNA and 56% DNA were displaced after transcription
by single complex of the enzyme through nucleosomes and hexa-
somes, respectively. Thus transcription causes eviction of all core
histones from hexasomes formed after a previous round of tran-
scription and from nontranscribed hexasomes preformed on the
template. Evidently, previous transcription is not required for
histone displacement from the hexasomes.

Most likely, the intermediates formed during transcription
through hexasomes are less stable than the intermediates formed
on the nucleosome. Indeed, each histone H2A/H2B dimer stabi-
lizes∼35-bp region of nucleosomalDNA(30).AsPol II enters into
a nucleosome (Fig. 5A), it initially (before Pol II reaches the posi-
tionþ49) disruptsDNA-histone interactions behind the transcrib-
ing complex (18). As a result, a Pol II-nucleosome þ45 complex
missing promoter-distal H2A/H2B is stabilized by a small number
of DNA-histone interactions (Fig. 5A, complex 2′), and the entire
histone octamer could spontaneously dissociate into solution.

Discussion
In summary, the fate of nucleosomes on transcription and the
efficiency of transcription through chromatin depend on template
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Fig. 4. DNA-bound histone hexamer is displaced by transcribing RNAP. To
evaluate a possibility that Pol II displaces the hexasome formed as a result
of previous round of transcription (A), single-round or multiple-round
transcription of the nonpermissive 601 nucleosomal template by E. coli RNAP
were conducted (B), and DNA-labeled templates were analyzed by a native
PAGE (C). (D) Quantitation of the amounts of histone-free DNA produced
after single or multiple rounds of transcription. Multiple rounds of transcrip-
tion result in strong increase in the amount of histone-free DNA, suggesting
that histone hexamer is evicted from DNA. (E) Removal of H2A/H2B dimer
facilitates histone displacement during Pol II transcription. A shortened tem-
plate was utilized to prevent binding of the promoter-distal H2A/H2B dimer.
Nucleosomes or hexasomes were formed on the full-length or the shortened
603 templates, respectively, and transcribed by a single Pol II complex at
different KCl concentrations. (F) Quantitation of histone-free DNA displaced
by Pol II.

Fig. 5. Proximity of Pol II complexes to each other dictates the fate of
nucleosomes on transcription. (A). A proposed mechanism of histone hexam-
er eviction by transcribing Pol II. Pathway 1 → 2 → 3: The mechanism of
nucleosome survival during transcription (18). As Pol II approaches (step 1)
and enters in a nucleosome (2), it uncoils the upstream DNA. However,
the downstream DNA remains associated with the octamer forming a stable
intermediate that allows nucleosome survival (3). In contrast, during Pol II
transcription through a hexasomes missing one H2A/H2B dimer (1′), an un-
stable intermediate with a smaller number of DNA-histone contacts is formed
(2′), resulting in eviction of the histone hexamer from DNA (3′). (B) A high
density of transcribing Pol II complexes can result in histone eviction from
transcribed genes. At a low Pol II density transcription is accompanied by
transient displacement/exchange of H2A/H2B dimer(s); the nucleosome
structure is recovered before arrival of the next Pol II complex. At a higher
density Pol II complexes encounter hexasomes that are missing H2A/H2B
dimer(s); therefore, all core histones are evicted and exchanged.
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composition and on the number of complexes of Pol II that en-
counter nucleosomes (Table 1). Two tandem complexes of RNA
polymerase overcome the nucleosomal barrier more efficiently
than one complex. When the trailing complex closely follows
the leading transcribing complex ofRNAPandboth complexes en-
counter the same nucleosome, the rate and efficiency of transcrip-
tion through the barrier are increased (Fig. 2 and Figs. S2 and S3),
oneH2A/H2Bdimer is displaced, and thenucleosome is converted
into a hexasome (Fig. 3). When a nucleosome is sequentially
encountered by two single complexes of Pol II, the first complex
encounters a high nucleosomal barrier and converts the nucleo-
some into a hexasome. The second complex of Pol II efficiently
proceeds through the resulting hexasome and displaces all core
histones (Fig. 4).

Our in vitro experiments suggest that the histone hexasome
(nucleosome missing one H2A/H2B dimer) left behind transcrib-
ing Pol II can be disrupted by the next transcribing complex (see
Results and Fig. 5A). However, H2A/H2B histones on moderately
transcribed genes are not displaced from DNA, but rapidly
exchanged (see Introduction), suggesting that H2A/H2B dimers
rebind to transcribed hexasomes at a high rate in vivo. In contrast,
H3/H4 are displaced/exchanged only during intense transcription
in vivo (see Introduction). Taken together, these observations
suggest the following scenario for Pol II transcription in vivo
(Fig. 5B). Low-level to moderate-level transcription by single,
widely spaced complexes of Pol II is characterized by displace-
ment/exchange of only H2A/H2B dimer(s). The dimers rebind
to the hexasomes before the next Pol II complex arrives; there-
fore, each complex encounters complete nucleosomes, and there
is no functional cooperation between the complexes. This is
consistent with the observation that the loss of certain histone
chaperones that could function to restore H2A and H2B also
leads to loss of nucleosomes within transcription units (2).

As the transcription rate is increased, the distance between
transcribing Pol II complexes becomes shorter, and trailing
complexes of Pol II may encounter the hexasome formed after
the previous round of transcription, before the H2A/H2B dimer
rebinds to the hexasome (Fig. 5B). In this case all core histones
are displaced from DNA (11–13). Thus the model suggested by
our experiments explains both the lack of exchange of H3/H4
histones at moderate transcription and their exchange at actively
transcribed genes. Furthermore, the model provides an explana-
tion for the gradual dependence of the rates of histone displace-
ment/exchange on the efficiency of transcription (8, 11–13).
Indeed, the cooperating complexes of Pol II do not have to invade
the same nucleosome and the extent of histone displacement
would be inversely proportional to the average distance between
transcribing Pol II complexes. It should be noted that on some
inducible genes partial transcription-independent loss of all core
histones has been observed (31, 32).

Recently it has been discovered that stalled Pol II is observed
immediately downstream of thousands of human and Drosophila

promoters, close to the þ1 nucleosome (33–35). The majority of
these genes are inactive in the sense that no transcripts longer
than ∼100 nt are made. These observations suggest that the ear-
liest stages of transcript elongation can constitute a major step in
gene regulation in vivo. Given the typical location for these stalled
polymerases [the active center is localized 30–50 bp downstream
of the start site (36)], it is reasonable to suggest that induction of
transcription on such genes would lead to accumulation of two
closely spaced Pol II elongation complexes upstream of the initial
nucleosome. Such tandem polymerases (Pol II “dimer”) would
overcome the þ1 nucleosome or other elongation blocks (e.g.,
DNA-bound proteins) more efficiently than a single Pol II com-
plex and would displace only H2A/H2B histones from DNA. We
suggest that the Pol II dimer could serve as a “pioneering” Pol II.
Indeed, nucleosomes present a strong barrier to single complexes
of transcribing Pol II in vitro (19, 21, 37) and perhaps on inactive
genes in vivo (35, 38). According to this concept, after gene acti-
vation the pioneering Pol II dimer would be able to overcome the
þ1 nucleosomal barrier and efficiently transcribe the entire gene.
During the initial round of transcription, chromatin structure is
perturbed and histones become more accessible to covalent
modifications characteristic for transcribed genes (39, 40). Such
histone modifications could then serve as a “memory” (41, 42)
and facilitate subsequent rounds of transcription.

Materials and Methods
Templates and Proteins. Hexahistidine-tagged E. coli RNAP, yeast Pol II, and
core histones were purified as described (18). The 603 and 601 templates
for Pol II and E. coli RNAP were described previously (18, 21). Nucleosomes
and the hexasomes were reconstituted by octamer exchange at 1 M NaCl
or by dialysis from 2 M NaCl, respectively (18).

Transcription and Analysis of Nucleosomes and Subnucleosomes. E. coli RNAP:
Formation of various leading elongation complexes (EC11 and EC 45 contain-
ing 11-mer and 45-mer RNA, respectively) and transcription were conducted
as described (18). In short, EC11 was formed on preassembled nucleosomal
templates. In experiments with labeled RNA, EC45 was pulse-labeled in the
presence of ½α-32P�-labeled GTP. Then EC45 was immobilized on Ni-NTA-
agarose, purified from NTPs, and eluted into solution. Then trailing EC11
was assembled using a very similar protocol (18) and transcribed in the
presence of all NTPs.

Pol II: Transcription by Pol II was performed as described (18), with minor
modifications. EC9 complexes were preformed on DNA templates containing
9-nt single-stranded DNA sticky ends downstream (trailing EC), or upstream
and downstream (leading EC) of the ECs. The ECs were separately immobi-
lized on Ni-NTA-agarose, washed, and eluted into solution. The leading EC
Pol II was advanced to form EC45 in the presence of ½α-32P�-labeled GTP.
Then the immobilized ECs were ligated to each other or mock-ligated,
and transcribed in the presence of all NTPs.

Labeled RNA was purified and separated by denaturing PAGE (18). DNA-
labeled complexes were analyzed by native PAGE (21).

Labeled run-off transcripts were quantified using a PhosphorImager as
described (21). Bands in native gels containing DNA-labeled complexes were
quantified and corrected for loading. The fractions of fully transcribed
templates were determined by quantifying active elongation complexes
and the products of transcription (DNA and hexasomes) having distinct
mobilities in the gel before and after transcription (19). The yields of the
products of transcription were calculated and normalized for the amounts
of fully transcribed templates.
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