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INTRODUCTION

RNA polymerase II (Pol II), which is responsible
for gene transcription, acts as a heteromultimeric
complex of 12 different subunits with a total molecular
mass of 0.5 MDa [1]. During transcription, Pol II
turns around the DNA helix every 10 bp, progressing
through highly condensed chromatin [2]. The nucleo�
somal packaging in chromatin substantially hinders
both the access of enzymes and transcription factors to
DNA and the progress of transcribing Pol II. Thus,
nucleosomes regulate the DNA accessibility, preventing
or facilitating the binding of transcription factors and
RNA polymerases [3–8]. After transcription initiation,
Pol II pauses after transcribing the first 50–100 bp on
many eukaryotic genes [9–11], often because the
enzyme encounters the next, (+1) nucleosome, which
is at the start of the transcribed gene region [12, 13].

Once the (+1) nucleosomal barrier is overcome, tran�
scription of the downstream extended DNA region (up
to more than several hundreds of kilobases) packaged in
nucleosomes proceeds at a high rate, 3–4 kb/min [14].
A similar transcription rate is observed in vitro on his�
tone�free DNA [15, 16], indicating that the (+1)
nucleosome is one of the key factors in regulating tran�
scription at the elongation stage.

Further transcription of a gene by polymerase is
associated with various changes in nucleosomal struc�
ture with temporary disruption of DNA–histone
interactions. At a high transcription rate, all of the
core histones (including H3/H4) are partly lost
[6, 17–20] or exchanged [21–26] in transcribed gene
regions. Nucleosome loss is not observed at a moder�
ate transcription rate, which is characteristic of the
majority of transcribed genes [17–19, 27, 28]. Rapid
transcription�dependent exchange of histones
H2A/H2B, but not H3/H4, is observed for these genes
[23–25]. In addition, the histone octamer is tempo�
rarily unfolded as a result of transcription. An intact
(nontranscribed) nucleosome is known to lack reac�
tive SH groups, while SH groups of histones H3
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become accessible for various probes in transcribed
genes [39–31]. The accessibility of SH groups corre�
lates with transcription [29, 30, 32]. Alterations of the
nucleosome structure are temporary during transcrip�
tion in vivo, and preservation of the chromatin struc�
ture is absolutely essential for the normal cell function
[33, 34]. Irreversible loss of histones facilitates the for�
mation of a chromatin structure accessible for various
DNA�damaging agents [35, 36] and leads to loss of
cell viability or early cell aging [34].

NUCLEOSOMAL BARRIER

Studies of transcription through nucleosomes in
vitro showed that Pol II pauses at certain positions on
nucleosomal DNA [37]. Two preferential Pol II paus�
ing sites were identified, where the active center (AC)
of the enzyme is approximately 15 or 45 bp away from
the nucleosomal DNA boundary proximal to the pro�
moter (hereafter referred to as (+15) and (+45) sites)
(Fig. 1). The Pol II progress through the (+15) and
(+45) sites is similarly retarded in transcription of
nucleosomes formed on randomized DNA sequences.
The sites are presumably adjacent to sites of DNA–
histone interactions of higher activity, which only
partly depends on the DNA sequence. The (+45) bar�
rier is stronger and determines the total rate of Pol II
progress through nucleosomes on the majority of
nucleosomal templates [37].

To map the histone regions that are involved in
these interactions and determine the strength of the
nucleosomal barrier to Pol II, transcription was stud�
ied with nucleosomes containing various mutant his�
tone variants. Four Sin mutations decreasing histone

H3 or H4 affinity for nucleosomal DNA were selected
for experiments [38]. All of the mutations weakened
the DNA–histone interactions in the region of the
nucleosome dyad axis (region (+60)–(+80), Fig. 1)
and substantially reduce the nucleosomal barrier at
position (+45) of nucleosomal DNA [39]. The findings
make it possible to assume that the barrier arises when
the front Pol II edge, which moves approximately 10–
20 bp ahead of the AC, occurs in nucleosomal DNA
region (+60)–(+80) with strong DNA–histone inter�
actions, while the Pol II AC is in the (+45) site.

Thus, the DNA–histone interactions in nucleoso�
mal DNA region (+60)–(+80) determine, to a sub�
stantial extent, the strength of the nucleosomal barrier
arising during transcription by Pol II. Similar results
were obtained when DNA–histone interactions were
studied by unzipping nucleosomal DNA with a laser
“pincer” [40]. The experiments identified three
regions of strong DNA–histone interactions: (+25)–
(+35), (+60)–(+80), and (+115)–(+125). By anal�
ogy with the (+45) barrier, the nucleosomal barrier in
the (+15) site is most likely caused to strong DNA–
histone interactions in region (+25)–(+35) (Fig. 1).

As mentioned above, the strength of the (+15) and
(+45) barriers only partly depends on the DNA
sequence in regions (+25)–(+35) and (+60)–(+80),
which are 10–20 bp upstream of the Pol II AC. At the
same time, mutations of nucleosomal DNA region
(+85)–(+95) substantially affect the strength of the
(+45) nucleosomal barrier [41]. These experiments
identified the additional nucleosomal DNA region
(+85)–(+95) (hereafter referred to as a high affinity
(HA) region) that determines the high (+45) nucleo�
somal barrier to transcription by Pol II. In contrast to
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+95
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Pol II

Fig. 1. Positions of the nucleosome�specific barriers (white lines) to Pol II transcription in the core nucleosome structure. Gray
lines show the DNA–histone interactions that affect the barrier strength. The structure of the core nucleosome (on the left) and
the nucleosomal DNA folding (on the right) are shown. The H3/H4 tetramer is purple; the H2A/H2B dimers are green and blue.
The DNA–histone interaction sites are colored accordingly (on the right). The transcription direction is shown with an arrow.
The interactions in regions (+35), (+70), and (+95) determine the strength of the (+15), (+45), or (+45) barriers, respectively.
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the nucleosomal DNA regions mapped to positions
(+25)–(+35) and (+60)–(+80), the HA region is
more than 40 bp upstream of the Pol II AC, and the
barrier strength depends on the DNA sequence to a
great extent. The findings suggest an additional mech�
anism regulating transcription by Pol II; i.e., certain
DNA sequences may further strengthen the DNA–
histone interactions and thereby create an extremely
high (and possibly regulated) barrier to the enzyme.

MOLECULAR MECHANISMS 
OF Pol II TRANSCRIPTION

How does Pol II overcome the nucleosomal barrier
during transcription? A scheme that summarizes the
results of long�term studies is shown in Fig. 2. As
Pol II (complex 1) approaches and enters the nucleo�
some (complex 2), the DNA region behind the
enzyme is partly unwrapped from the histone octamer
[41]. After passing the (+45) site, Pol II encounters
regions (+60)–(+80) and (+85)–(+95) with strong
DNA–histone interactions (Fig. 1). These DNA
regions are unwrapped and the barrier is overcome
owing to the formation of an intranucleosomal DNA
loop of an extremely small size at position (+49). The
loop is known as the zero�size loop, or ∅�loop, in view
of its size (Fig. 2, complex 3; the ∅�loop structure is
shown in Fig. 3). The complex preserves the original
pretranscriptional DNA–histone interactions in both
the region upstream of the transcribing enzyme and
the region that the enzyme has already passed.

Several features of the elongation complex (EC)
with the ∅�loop were revealed in an analysis of its
high�resolution model (Fig. 3) [41]. First, a major
portion of the Pol II complex is exposed to the solu�
tion without steric clashes with the core histone mole�
cules. Second, DNA is bent towards the octamer sur�
face by 90° in the EC, and the bend facilitates the for�
mation of the ∅�loop. Third, DNA–histone contacts
formed behind the EC (in a DNA region of approxi�
mately 20 bp) stabilize the ∅�loop. Fourth, a displace�
ment of ≥50 bp from the nucleosome end distal to the
promoter reduces the DNA region interacting with
histones in front of the nucleosome from approxi�
mately 100 to ≤50 bp. This should facilitate a further
DNA unwrapping from the histone octamer surface in
front of Pol II, as well as further transcription through
the nucleosome. Finally, the HA sequence is within
the displaced region (50 bp of nucleosomal DNA)
and, as expected, is capable of preventing its displace�
ment and blocking Pol II in the (+45) region.

Loop formation (a step limiting the nucleosome
transcription rate) is slow and causes a characteristic
pausing of Pol II at position (+45) [41]. It is important
to note that the structure of the EC (+49) (i.e., the EC
where the Pol II AS is at position (+49)) is incompat�
ible with the presence of two turns in nucleosomal
DNA, and one turn must be displaced. The formation
of the ∅�loop results in a steric displacement and
unwrapping of nucleosomal DNA in front of the
enzyme, thus facilitating further transcription (Fig. 2,
complex 4). Then, the initial DNA–histone interac�

1. 6. 5.

2. 3. 4.

DNA unwrapping (+45) region: DNA unwrapping 

Nucleosome

Pol II

behind Pol II ∅�loop in front of Pol II

Fig. 2. Mechanism of Pol II transcription through the nucleosome. Complex 1: Pol II (gray oval) and the histone octamer (green
cylinder) are shown; the transcription direction is indicated with small arrows. Complex 2: Pol II approaches the nucleosome,
and DNA is partly unwrapped from the octamer behind the enzyme. Complex 3: Pol II encounters strong DNA–histone inter�
actions during its further progress. An intranucleosomal ∅�loop forms in DNA to facilitate both histone preservation on the tem�
plate and DNA unwrapping in front of the enzyme. Complex 4: DNA is further unwrapped, and transcription continues. Com�
plex 5: Transcription through the nucleosome is complete, DNA–histone contacts re�form after the enzyme has moved further,
and the nucleosome is restored in its initial position on DNA (complex 6). A temporal displacement of the H2A/H2B dimer is
omitted.
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tions form again (complex 5), and the structure of the
nucleosome is restored after Pol II has passed it (com�
plex 6).

The ∅�loop forms at least twice, in positions (+39)
and (+49), during transcription through a nucleosome
[39, 41]. The formation of small intranucleosomal,
topologically closed DNA loops leads to an accumula�
tion of positive supercoiling in front of Pol II as a result
of Pol II rotation within a loop. This may provide a key
mechanism that unwraps the histone octamer during
transcription. A model of the EC (+49) was con�
structed using high�resolution structures (Fig. 3) and
showed that the ∅�loop can only form at a certain
rotational position of Pol II where a major part of the
molecule is exposed to the solution, there is no steric
clash with the core histones, and DNA is at 90° to the
octamer. Moving by 1 bp, Pol II rotates around the
DNA axis by ~36° and clashes against the histone
octamer. The ∅�loop complex is stabilized by electro�
static Pol II–histone interactions, which arise in place
of the DNA contacts with histones (approximately
20 bp) (Fig. 4). An analysis of the charge distribution
on the octamer–Pol II interaction interface revealed a
high negative charge on the Pol II surface in the imme�
diate vicinity of a positively charged region on the sur�
face of the histone octamer [41]. The region is within
the core part of the clamp domain of the Pol II subunit
RPB1, ensures the electrostatic interactions with the
octamer [41], and temporally compensates for the dis�
ruption of the DNA–histone interactions in the
nucleosome during transcription. The formation of
the ∅�loop most likely helps to overcome the nucleo�
somal barrier during Pol II transcription [41].

Two models, for Pol II and Pol III, were advanced
to explain the molecular mechanisms of transcript
elongation in chromatin (table). The first mechanism
is characterized by a high nucleosomal barrier to
Pol II, eviction or exchange of histones H2A/H2B,
and preservation of the nucleosome positions after
transcription, as described above. The other mecha�
nism is observed with Pol III and bacteriophage SP6
RNA polymerase and is characterized by a within�
template transfer of the histone octamer, no eviction
or loss of histones H2A/H2B, and a relatively weak
nucleosomal barrier [42–45].

The intermediates that form during transcription
through the nucleosome via the Pol III�type mecha�
nism are well characterized structurally [42–44, 46,
47]. A comparison of the structures forming during
chromatin transcription via the Pol II� and Pol III�
type mechanisms is shown in Fig. 5. Similar structures
form initially as Pol II or Pol III enters the nucleo�
some; in particular, DNA behind the elongation com�
plex is separated from the surface of the histone
octamer (Fig. 5; intermediates 2, 2'). DNA is partly
detached from the octamer surface in front of the
enzyme during Pol III transcription, but this most
likely does not take place during Pol II transcription.
Thus, great part of the octamer surface is exposed to
the solution at early steps of Pol III transcription. This
structural difference may explain why nucleosome
translocation is more probable during Pol III tran�

EC(+39)

Pol II

Histone
HA

DNA

(a)

(b)

octamer

Fig. 3. Model of the intranucleosomal ∅�loop with Pol II.
(a) EC(+39) forms after transcription of the first 39 bp of
nucleosomal DNA. The DNA–histone contacts charac�
teristic of the intact nucleosome (before transcription)
form in front of an behind the transcribing enzyme to pro�
duce the ∅�loop. A 50�bp DNA region dissociates from
the octamer surface. The nucleosome edge proximal to the
promoter (pink arrow) and the transcription direction
(gray arrow) are indicated. HA, a nucleosomal DNA
region whose affinity for the histone octamer determines
the strength of the (+45) nucleosomal barrier to a substan�
tial extent. (b) Interposition of the nucleosome and yeast
Pol II elongation complex structures (PDB IDs 1aoi and
1y1w, respectively) so that the Pol II AS is at position
(+39). The template DNA, complementary DNA, and
RNA strands are shown red, blue, and yellow, respectively.



MOLECULAR BIOLOGY  Vol. 47  No. 5  2013

MOLECULAR MECHANISMS OF TRANSCRIPTION THROUGH A NUCLEOSOME 659

scription [42, 43, 45]. Accordingly, only 30% of all
transcribed templates form complexes containing the
∅�loop [44]. In contrast, when DNA is not
unwrapped from the surface of the histone octamer,
the ∅�loop formation and the associated displace�
ment of the promoter�distal end of nucleosomal DNA
are more efficient. The ∅�loop allows DNA to pre�
serve its original interactions with the octamer, and
the nucleosomes consequently remain in their original
positions on DNA after Pol II transcription. Thus, a
more efficient formation of the intranucleosomal
∅�loop is characteristic of the Pol II�type mechanism
and determines its other features.

ROLES OF THE H2A/H2B DIMERS 
DURING TRANSCRIPTION

One H2A/H2B dimer is lost as one Pol II complex
passes through the nucleosome [48]. Accordingly,
50–95% of nucleosomes survive as hexasomes
remaining in their original positions during Pol II
transcription in vitro [48]. Histones H2A/H2B are
evicted or displaced during the critical period of Pol II

pausing at position (+45) [41]. As mentioned above,
the period is associated with the formation of the
∅�loop, while DNA–histone interactions form
behind the enzyme and DNA dissociates from the his�
tone octamer in front of the enzyme, the two processes
occurring in a coordinate manner. The nucleosomes
are preserved in their initial positions owing to the for�
mation of these temporal intranucleosomal loops [41].

Virtually identical as they are, the two H2A/H2B
dimers play different roles in transcription through the
nucleosome and differ in the consequences of their
loss for transcription [41]. A removal of the distal (D)
H2A/H2B dimer releases the promoter�distal end of
nucleosomal DNA into the solution and facilitates the
∅�loop formation and transcription through the
nucleosome [41]. An opposite effect is observed when
the proximal (P) H2A/H2B dimer is removed; i.e., its
displacement arrests Pol II in the nucleosome [41].
Thus, the P dimer is essential for nucleosome survival
and efficient transcription. Dissociation of the P
dimer most likely removes the DNA�binding site,
which remains behind the EC in the (+45) position,
thus destabilizing the ∅�loop structure. As noted

Pol II

Histone octamer

+39 +49

H2B C�end

H2A N�end

H2B N�end

EC(+39)

Fig. 4. Charge distribution on the contacting surfaces of Pol II and the histone octamer in the EC(+39) model. The contacting
surfaces are shown for Pol II in EC(+39) (on the left, the histone octamer is omitted) and the histone octamer (on the right). The
darkest blue and darkest red regions correspond to a potential of 82.3 and –82.3 kT/e, respectively. Regions that have opposite
electrostatic charges and are in the immediate proximity in EC(+39) are framed. DNA (on the left) and its position in the
intact nucleosome (on the right) are shown orange. Positions (+39) and (+49) of nucleosomal DNA and the positions of cer�
tain N�terminal histone tails are indicated. The nucleosome and Pol II structures (PDB IDs 1aoi and 1y1w, respectively) were
used as a basis.
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above, if the ∅�loop does not form, DNA is not
unwrapped from the octamer before Pol II, while the
unwrapping is necessary for the further progress of the
enzyme.

ROLE OF THE FACT HISTONE CHAPERONE 
DURING TRANSCRIPTION

Highly purified experimental in vitro systems,
which include only the Pol II EC, reproduce the
important properties observed for transcribed chro�
matin in vivo and make it possible to study the mech�
anism of transcription through nucleosomes. How�
ever, the work of these systems is not optimal. Tran�
scribing chromatin in vivo, the enzymatic complex
progresses at a high rate and efficiently overcomes the
nucleosomal barriers. It is clear that additional factors
facilitate chromatin transcription in vivo and help the

nucleosomes to preserve their positions during tran�
scription. Transcribed genes are indeed associated in
the cell with many factors, including ATP�dependent
chromatin remodeling factors, transcription factors,
histone chaperones, and histone�modifying enzymes
([49, 50], see below). Several complexes were found to
facilitate chromatin transcription in vivo (TFIIS,
FACT (Facilitates Chromatin Transcription), nucleo�
lin, and multiple Pol II molecules). FACT is the most
efficient in ensuring transcription of nucleosomal
templates in a minimal in vitro system.

FACT is a heterodimeric protein complex that
consists of two subunits (Spt16 and SSRP1) and acts as
a transcription and replication factor and a chaperone
for core histones [51–54]. FACT binds with the
H2A/H2B dimer with higher affinity than with the
H3/H4 tetramer [51, 55–57] and increases the chro�
matin transcription rate in vitro [37, 51, 53, 58]. In
vivo, FACT colocalizes with Pol II and is similar to
Pol II in the kinetic of binding to chromatin [59].
FACT is necessary for maintaining the chromatin
structure during transcript elongation by Pol II [60,
61]. FACT facilitates gene transcription in regions
with a highly ordered chromatin structure owing to its
nucleosome�remodeling activity, which destabilizes
the nucleosome structure and thereby promotes the
progress of RNA polymerases [62]. Several hypotheses
were advanced to describe the effect of FACT in chro�
matin. One hypothesis suggests that FACT promotes
dissociation of one of the H2A/H2B histone dimers
from the nucleosome to facilitate transcription [51].
According to another hypothesis, FACT improves the
accessibility of nucleosomal DNA without displacing
the H2A/H2B dimer [63, 64]. The hypotheses are

Characteristics of the Pol III� and Pol II�type transcription
mechanisms

Activity
Enzyme

Pol III/SP6 Pol II/E. coli

Nucleosome relocation* + –

Displacement
 of H2A/H2B dimer

– +

Strength of nucleosomal 
barrier

+ +++

* Nucleosomes are relocated in the direction opposite to that of the
enzyme progress during transcription.

Pol II�type:

1

2 3 4 5

2' 3' 4' 5'

Pol III�type:

Fig. 5. Hypothetical mechanisms of Pol II� and Pol III�type transcription through chromatin. (1) Entering the nucleosome,
(2, 2') the polymerases partly displace DNA from the histone octamer surface. However, a more extended DNA region down�
stream of the enzyme is displaced during transcription by the Pol III�type mechanism more efficiently than in the case of the Pol
II�type mechanism, possibly because a higher rate is characteristic for Pol III�type transcription through nucleosomes). Thus,
(3) the ∅�loop formation with Pol II is more efficient than with Pol II, and (3') larger intranucleosomal DNA loops tend to form in
the latter case. (4, 4') The loop formation disrupts the DNA–histone interactions in front of the RNA polymerases, and then the
nucleosome is restored (5) in the original position (in the case of Pol II) or (5') upstream of the original position (in the case of Pol III).
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rather discrepant and still fail to explain the transcrip�
tional effect of FACT in full. Our studies showed that
FACT substantially reduces the nucleosomal barrier to
Pol II transcription and that its effect fully depends on
the presence of the C�terminal domain of the Spt16
subunit [51]. In addition, nucleosomes resulting from
transcription in the presence of FACT lose one
H2A/H2B dimer to become hexasomes [51], while
new reaction products do not form.

Our experiments demonstrated additionally that
stimulation of chromatin transcription by human
FACT depends on the presence of the H2A/H2B
dimers in the nucleosome [65]. As a kinetic analysis
showed, FACT reduces the life of unproductive
(arrested in the nucleosome) Pol II complexes and
facilitates the formation of productive complexes,
which contain DNA partly unwrapped from the
octamer surface. In addition, the relative amount of
free DNA resulting from transcription in the presence
of FACT is far lower than in its absence [65]. FACT
most likely interacts with the DNA�binding surface of
the histone H2A/H2B dimers to facilitate partial
spontaneous dissociation of nucleosomal DNA from
the octamer.

The following model describes the FACT action
during chromatin transcription by Pol II (Fig. 6) [65].
FACT presumably interacts with the DNA�binding
surface of one of the two H2A/H2B dimers after par�
tial dissociation of nucleosomal DNA from the
octamer surface and facilitates transcription by reduc�
ing the rate of subsequent reassociation of the dimer
with DNA (Fig. 6). The model suggests that hexasome
survival during chromatin transcription is ensured by
the efficient ∅�loop formation, which depends on the
presence of the promoter�proximal H2A/H2B dimer,
as described in detail above. FACT interacts with this
dimer (Fig. 6, intermediate 2) to displace DNA. It is
most likely that FACT additionally stabilizes the inter�
actions of the H2A/H2B dimer with the other histones
of the nucleosome and prevents the dimer from being
displaced into the solution. After the ∅�loop has
formed (Fig. 6, intermediate 3) and nucleosomal

DNA has unwrapped from the surface of the pro�
moter�distal H2A/H2B dimer, FACT interacts with
the dimer and hinders DNA reassociation with the
histone octamer (Fig. 6, intermediate 4). Thus, the
interaction of FACT with the H2A/H2B dimers dur�
ing transcription reduces the nucleosomal barrier and
improves the efficiency of hexasome survival during
transcription.

STUDIES OF TRANSCRIPTION BY MULTIPLE 
Pol II COMPLEXES

Nucleosomes survive when eukaryotic gene tran�
scription by polymerase in vivo proceeds at a moderate
rate, and only transcription�dependent exchange of
histones H2A/H2B is observed in this case [17–19,
27, 28]. These parameters of transcribed chromatin
are reproducible in the above in vitro systems, where
single Pol II complexes transcribe nucleosomes and
one transcription round occurs. At the same time,
nucleosomes are partly removed and all of the core
histones are exchanged when the same genes are tran�
scribed in vivo at a higher rate [6, 17–26]. We assumed
that the majority of the above parameters of tran�
scribed chromatin are determined by a higher density
of transcribing Pol II complexes on the gene. To check
the assumption, an experimental system was devel�
oped to allow transcription by multiple complexes
formed with Pol II or Escherichia coli RNA poly�
merase (RNAP), which is known to utilize the Pol II�
type transcription mechanism [66]. The interaction of
nucleosomes with tandem RNAP complexes allows
the barrier to be overcome more efficiently and
increases the yield of full�length transcripts. It should
be noted that a strong nucleosomal barrier that Pol II
fails to overcome even in the presence of FACT is
almost completely abolished during transcription with
two RNAP complexes [67]. The following RNAP
complex considerably increases the transcription effi�
ciency, which becomes comparable with that of his�
tone�free DNA, and improves the transcription rate of
the leading complex during its progress through the

1 2 3 4

+FACT

∅�loop

+FACT

Fig. 6. Mechanism of FACT�dependent stimulation of transcription through the nucleosome. An individual FACT monomer is
thought to interact with the DNA�binding surface of one H2A/H2B dimer after a partial unwrapping of nucleosomal DNA and
to stimulate transcription by reducing the rate of subsequent dimer re�association with DNA. FACT initially interacts with the
promoter�proximal dimer to facilitate transcription (complex 2). When position (+49) has been passed and nucleosomal DNA
has partly dissociated from the histone octamer in front of Pol II, FACT interacts with the promoter�distal dimer to facilitate the
formation of intermediate complex 4 and further transcription.
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nucleosomal barrier. M. Wang and colleagues [68]
reported similar data on the effect of multiple com�
plexes on the chromatin transcription efficiency.

At least two models can be advanced to explain the
nucleosome displacement from highly active genes.
One suggests a nucleosome collision with two tandem
RNAP complexes. In this case, the following complex
prevents the restoration of DNA–octamer contacts
upstream of the leading complex and, consequently,
the re�formation of the nucleosome in its initial posi�
tion (the ∅�loop does not form). The other model
postulates that the following Pol II complex displaces
the hexasome that has formed behind the leading
complex from DNA. The model does not require a
simultaneous collision of the nucleosome with two
Pol II complexes.

To check the former model, transcription was stud�
ied with one complex or a tandem of two complexes
formed with E. coli RNAP or yeast Pol II [67]. A tan�
dem EC, which consisted of two RNAP complexes
progressing immediately one after the other, passed
through nucleosomes more efficiently than single
complexes. At the same time, transcription by the tan�
dem EC did not increase the proportions of nucleo�
some�free DNA and hexasomes remaining on DNA
after transcription.

According to the second model, several Pol II com�
plexes encounter one nucleosome consecutively so
that the following Pol II complex collides with the
hexasome formed after transcription by the leading
Pol II complex. An experimental verification of the
model showed that all of the core histones are dis�
placed from hexasomes in this case, including both
hexasomes formed in the previous transcription round
and those preexisting on the template. The key inter�
mediate (especially the ∅�loop) of transcription
through hexasomes are probably less stable than the
intermediates of transcription through complete
nucleosomes [67] (Fig. 7). Indeed, every histone
H2A/H2B dimer stabilizes approximately a 35�bp
nucleosomal DNA region. Entering the nucleosome,
Pol II disrupts the DNA–histone interactions behind
the transcription complex before reaching position
(+49). Accordingly, fewer DNA–histone interactions
stabilize the Pol II • EC(+45) complex with the
nucleosome that lacks the promoter�distal H2A/H2B
dimer, which has been displaced by the previous tran�
scribing Pol II complex (Fig. 7, complex 2'), and the
histone hexamer can spontaneously dissociate into the
solution from this complex. The data agree with the
histone exchange or eviction observed during intense
transcription in vivo [21–26, 69, 70].

The results obtained in vitro with multiple Pol II
complexes make it possible to assume that the follow�
ing complex encounters the hexasome that has formed
as a result of the previous transcription round before a
reassociation of the H2A/H2B dimer. A hexasome is
an unstable intermediate form of the nucleosome with
fewer DNA–histone contacts. When a hexasome col�

lides with a next RNAP, all of the core histones are
removed from DNA in vitro. The model explains the
fact that histones H3/H4 remain on DNA at a moder�
ate transcription rate and are displaced from actively
transcribed genes. Moreover, the model explains why
the histone displacement efficiency depends on the
transcription efficiency in vivo [17–19, 24], suggest�
ing that the histone displacement efficiency is
inversely proportional to the mean distance between
transcribing complexes.

MECHANISMS OF Pol II TRANSCRIPTION 
THROUGH CHROMATIN in vivo

In vivo, Pol II transcription stops soon after its ini�
tiation on the promoter with thousands of genes of
higher organisms from Drosophila to human [9–11]
(Fig. 8, (1)). The nascent RNA associated with the
enzyme is no more than 100 nt in this case [71–75].
The first nucleosome located downstream of the tran�
scription start ((+1) nucleosome) provides a strong
barrier for Pol II and is potentially involved in regulat�
ing transcription in eukaryotes. When protein factors
activate transcription on the promoter, the barrier is
overcome, and Pol II continues synthesizing the RNA
strand. The barrier can be overcome with the help of
the elongation factor TFIIS, FACT, chromatin�
remodeling complexes; a removal of the DSIF and
NELF repressors; or acetylation of the N�terminal
histone tails. In addition, two tandem Pol II molecules
successfully overcome the (+1) nucleosomal barrier in
vitro, and the transcription�stimulating effect of the
tandem is greater than that of any of the factors (see
above). Because the site of the polymerase arrest is
quite typical (the AC of the enzyme is 30–50 bp down�
stream of the transcription start [76]), it is possible to
assume that two tandem Pol II ECs come close
together on such genes to overcome the (+1) nucleo�
somal barriers and other hindrances (e.g., DNA�bind�
ing proteins) to Pol II progress [67, 68, 77, 78]. A
Pol II tandem may additionally act as a pioneering
enzyme that modifies the chromatin structure of the
transcribed gene to improve its accessibility for further
transcription.

Once the initial nucleosomal barrier is overcome
(possibly, with the help of a second Pol II complex and
the above factors), Pol II can continue transcription at
a rate of approximately 3–4 kb/min [11, 12], which
also requires several factors, such as ATP�dependent
chromatin�remodeling factors, transcription factors,
histone chaperones, and histone�modifying enzymes
[49, 50]. The FACT and Asf1 histone chaperones are
associated with transcribed genes and facilitate
nucleosome assembly–disassembly during elongation
[59, 80]. Histone acetylation promotes transcription
through chromatin and transcription�dependent his�
tone exchange, whereas methylation leads to a binding
of histone deacetylases and a restoration of the inac�
tive chromatin state after transcription [49, 81, 82].
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Hexamer
displacement

Fig. 7. Nucleosome survival during transcription depends on the distance between Pol II complexes. Intermediates 1, 2, and 3:
mechanism of nucleosome survival during transcription. As Pol II (1) approaches and (2) enters the nucleosome, it partly dis�
places DNA from the histone octamer surface. (3) However, the DNA region in front of Pol II remains bound to the octamer,
ensuring the formation of a stable intermediate complex and the preservation of the hexasome in its original position. In contrast,
(1') transcription through the hexasome resulting from loss of one H2A/H2B dimer proceeds via (2') an unstable intermediate
complex with fewer DNA–histone contacts, (3') leading to a displacement of the histone hexamer from DNA.
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Fig. 8. Mechansim of Pol II transcription through chromatin in vivo. (1) After transcription has been initiated on the promoter,
Pol II pauses once entering the (+1) nucleosome in many human and Drosophila genes. When the (+1) nucleosomal barrier is
overcome, further transcription by (2) single or (3) multiple tandem Pol II complexes is accompanied by eviction and exchange
of histones H2A/H2B or all of the core histones, respectively. At a low Pol II density, only the H2A/H2B dimer is temporally
evicted and exchanged, and the nucleosome structure is restored before the next Pol II complex arrives. At a high Pol II density,
Pol II complexes encounter the hexasomes lacking the H2A/H2B dimers, and all of the core histones are displaced and
exchanged. Several factors that interact with chromatin and are associated with transcribed genes are indicated.
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Acetyltransferases PCAF and Elp3, which modify the
histone tails, specifically interacts with phosphory�
lated elongating Pol II [50, 83], and NuA3 interacts
with the FACT elongation factor both in vitro and in
vivo [84]. Ubiquitination of histone H2B and the
CHD1 chromatin�remodeling enzymes are necessary
for the recruitment of the Spt16 protein factor to tran�
scribed genes, efficient Pol II transcription, and
nucleosome assembly [85–87]. In addition, acetylated
H3K56 is associated with transcribing Pol II [88].

The above factors, along with Pol II, are involved in
several probable scenarios of gene transcription in vivo
(Fig. 8). At a low to moderate rate of transcription by
single enzyme molecules, which are spatially distant,
the process is accompanied by a temporal eviction or
exchange of the H2A/H2B dimer(s) [24, 25], and the
nucleosomes survive in the form of hexasomes as a
result of the formation of small intranucleosomal
DNA loops (Fig. 8, (2)). The H2A/H2B dimer then
binds to the hexasome, and the initial nucleosome
structure is restored before the chromatin region is
transcribed with the next Pol II complex. Histones
H3/H4 are known to bear the majority of posttransla�
tional modifications, including certain epigenetic
marks. Therefore, the Pol II�type transcription mech�
anism ensures the preservation of the original histones
H3/H4 and their covalent modifications during tran�
scription.

At a high transcription rate, the distance between
transcribing Pol II complexes is shorter, and the com�
plexes encounter the hexasomes lacking the
H2A/H2B dimer (Fig. 8, (3)). An unstable intermedi�
ate with fewer DNA–histone contacts forms in this
case, leading to eviction from DNA and exchange of
all of the histones [21–26, 69, 70].

CONCLUSIONS

The mechanism of Pol II transcription through
chromatin is conserved among various species from
yeast to human and consists in a strongly regulated
alternation of temporal disruption and restoration of
DNA–histone and histone–histone interactions.
Defects in these processes and irreversible loss of
nucleosomes impair the cell viability and are often
associated with pathology [33–36]. Hence, under�
standing the detailed mechanism of transcription
through chromatin is not only of interest as a subject of
basic research, but it is of applied significance for
designing new drugs, which may find application in
therapy of oncology and age�related diseases.
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