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Abstract
The process of transcript elongation by RNA polymerase II (Pol II) involves transcription-dependent
exchange and displacement of all core histones and is tightly controlled by numerous protein
complexes modifying chromatin structure. These processes can contribute to regulation of
transcription initiation and elongation, as well as the chromatin state. Recent data suggest that the
histone octamer is displaced from DNA at a high rate of transcription, but can survive less frequent
transcription that is accompanied only by partial loss of H2A/H2B histones. Here we propose that
critical density of Pol II molecules could be required for displacement of the histone octamer and
discuss mechanisms that are most likely involved in the processes of histone exchange.
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1. Introduction
The vast majority of eukaryotic genome is organized into chromatin structure that highly
compacts DNA in the nuclei, allows regulated access of various protein complexes to DNA
and efficient progression of processive enzymes (such as DNA and RNA polymerases) along
the template. Chromatin consists of repeating subunits called nucleosomes. Each nucleosome
core includes 147 bp of DNA wrapped 1 2/3 times around a histone octamer containing two
each of histones H2A, H2B, H3, and H4 [1]. The core histones are arranged in a tripartite
manner: a central (H3/H4)2 tetramer is flanked on each side by an H2A/H2B dimer ([1,2], Fig.
1, insert). One molecule of linker histone, H1, binds to the DNA linking adjacent nucleosomes.
Nucleosomes are further compacted into a 30 nm chromatin fiber that most likely is formed
by coiled dinucleosomes [3]; these fibers are, in turn, further compacted into structures not
fully understood [4].

Compact nucleoprotein organization causes severe problems for processes such as DNA
replication, recombination, repair, and transcription in vitro. Therefore it is not surprising that
many of these processes are accompanied by changes in chromatin structure (chromatin
remodeling). Chromatin remodeling is conducted by numerous protein complexes that include
multiple ATP-dependent chromatin remodelers, as well as DNA and RNA polymerases [5]. It
has become increasingly evident that modulation of chromatin structure plays a central role in
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numerous intranuclear processes and in their regulation [6]. In particular, in addition to PolII
itself, numerous enzymes involved in modifying chromatin structure (such as ATP-dependent
chromatin remodelers, histone-modifying enzymes and histone chaperones) are associated
with active genes in transcription-dependent manner (see below) suggesting that at very least
chromatin is an ultimate player during transcript elongation. Furthermore, nucleosomes remain
associated with transcribed genes unless the level of transcription is extremely high [7–9] and
can participate in regulation of the rate of transcript elongation both in vivo and in vitro [10,
11].

This review focuses on the recent progress towards elucidating the mechanistic aspects of
transcript elongation by RNA polymerase II (PolII) through nucleosomal templates. Earlier
findings and other aspects of transcription of chromatin by PolII are covered in several excellent
recent reviews [5,12–16].

2. Chromatin transcription by Pol II in vivo
2.1. Histone displacement from DNA and nucleosome recovery during transcription in vivo

The structures of the 30 nm chromatin fiber and nucleosome are clearly incompatible with
ongoing transcription and have to be disrupted to allow Pol II movement along DNA (reviewed
in [12]). Disruption of the higher order chromatin structure is transient and reversible: when
Pol II molecules are spaced by more than 200–400 bp, nucleosomal 10 nm and 30 nm filaments
are observed between them [17].

Nucleosome structure can also be disrupted during very intense transcription; this can be
accompanied by partial loss of all core histones (Fig. 1, model 1). Using chromatin
immunoprecipitation technique (ChIP) it has been demonstrated that up to 80 % of all core
histones can be removed from the transcribed regions of yeast genes [7–9]; the extent of the
removal is directly proportional to the efficiency of transcription [8,9]. In earlier studies using
micrococcal nuclease (MNase) it has also been shown that some nucleosomes can be lost
[18] during very active transcription in yeast. Maximal removal of core histones from the
transcribed regions occurs only at high density of Pol II molecules (approximately one
molecule per 150 bp [7]). All core histones can be depleted from actively transcribed yeast
genes, although in one study it was found that the extent of histone loss is higher for H2A/H2B
histones [9]. While the results of studies of yeast genes by different groups are consistent,
contradictory data on transcriptional-dependent histone displacement were obtained in
Drosophila. In some cases nucleosome displacement at the high density of Pol II molecules
was observed using electron microscopy and ChIP in Drosophila [17,19]. However other
groups did not detect core histone depletion even from very intensely transcribed Drosophila
hsp70 gene (Pol II molecules are spaced by ~100 bp) using an experimental procedure that is
very similar to ChIP [20,21]. In this case, only partial (~50 %) and selective depletion of H2A/
H2B histones was observed [21]. In summary, in most cases partial transcription-dependent
displacement of all core histones occurs when the density of Pol II approaches one molecule
per 100–150 bp; histones H2A/H2B are displaced preferentially to H3/H4 histones.

Electron microscopy data suggest that nucleosomes can be recovered immediately behind
transcribing Pol II [17,22]. Once very transcriptionally active yeast genes that are partially
depleted of core histones are turned off, the histones are re-bound to DNA at a very high rate
[9]. Based on these observations it has been proposed that all core histones are reversibly
displaced during each passage of PolII molecule both at low and at high efficiency of
transcription (Fig. 1, models 1 and 2 [17]). According to this proposal, displacement of the
complete octamer is an obligatory feature of the mechanism of PolII transcription through the
nucleosome that does not depend on the activity of a gene. Then the observation that a complete
set of core histones remain associated with genes transcribed with lower efficiency [7–9,21]
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is explained by the fast recovery of nucleosomes behind transcribing PolII [17]. However this
simple model does not explain numerous experimental observations suggesting that histones
H2A/H2B and H3/H4 are functionally and structurally distinct components of nucleosomes
that behave differently during moderate transcription. In particular, it has been observed using
electron microscopy that PolII elongation complexes and nucleosomes can co-exist on the same
nucleosome-covered DNA fragment [22]. Furthermore, the model does not explain the higher
exchange rates of H2A/H2B histones as compared with H3/H4 histones.

2.2. Transcription-dependent histone exchange in vivo
The H2A/H2B histone dimers and the H3/H4 histone tetramer occupy distinct positions in the
nucleosome ([1], Fig. 1, inset). The H3/H4 histone tetramer organizes central 80 bp of
nucleosomal DNA and is tightly bound to DNA [23]. Two H2A/H2B dimers flank the tetramer
and organize the ends of nucleosomal DNA; the dimers are bound to DNA less tightly than the
tetramer. The weaker binding of the dimers to DNA and their location close to the ends of
nucleosomal DNA make them primary candidates for displacement from DNA on an encounter
of processive enzymes traveling along DNA (such as DNA and RNA polymerases) with a
nucleosome. Indeed, there is fast and extensive transcription-dependent, replication-
independent exchange of H2A/H2B histones [24,25] that is localized to transcribed regions of
the genes [25]. About 3% of H2B histone exchanged within several minutes in living human
cells in transcription-dependent manner [24]. The high extent of the exchange suggests that it
occurs not only on very active genes (they constitute a very small fraction of the genome), but
also on moderately transcribed genes. Consistent with this view, extensive and fast H2A/H2B
exchange occurs during moderate-level transcription of “housekeeping” genes in Physarum
[25]. The high rate and the efficiency of the exchange suggest that it could occur very frequently
during transcription, perhaps during every round of transcription; all originally DNA-bound
H2A/H2B dimers can be exchanged [25]. While the functional meaning of the exchange is
currently unknown, one study has suggested that transcription-dependent exchange of the
dimers containing a histone variant (H2A.Z/2B) to H2A/H2B dimers could stabilize the active
state of the genes [26]. The rate of transcription-dependent exchange of H3/H4 histones was
considerably (at least 20-fold) lower than the rate of H2A/H2B exchange. In agreement with
these results, the cross-linking studies suggest that even during very active transcription
interactions of H2A/H2B histones with DNA are disrupted preferentially relative to H3/H4-
DNA interactions [17,21]. Taken together, these studies suggest that H3/H4 tetramers are much
less mobile than the H2A/H2B dimers during transcription at moderate and perhaps even at
high level when all core histones are extensively exchanged. However this view has been
apparently challenged by recent discovery of replication-independent (RI) incorporation of
H3.3 histone.

H3.3 is a variant of histone H3 that is constitutively synthesized in low amounts in all analyzed
eukaryotes [27]. There are four differences in the amino acid sequences between major H3s
and H3.3 in Drosophila; three of them are located within the histone fold and hidden within
the nucleosome and all four changes are important for the efficient RI incorporation [28]. It
has been shown that in Drosophila H3.3, in contrast to major versions of H3, can be assembled
into chromatin in RI process; both major H3s and H3.3 can be incorporated into chromatin
during replication-coupled (RC) deposition [28]. RC and RI histone deposition is directed by
different human histone chaperones – CAF-1 [29] and HirA, respectively [30]. CAF-1 targets
acetylated forms of major H3/H4 histones [29] while HirA binds to H3.3/4 histone complexes
[30]. H3.3 is associated with transcriptionally active chromatin regions [28] and enriched in
modifications associated with active loci [31–33]. Based on these data, it has been suggested
that H3/H4 tetramers that contain primarily the major forms of H3 histone (H3.1 and H3.2)
after replication-coupled (RC) deposition can be exchanged in transcription-dependent way to
H3.3/4-containing tetramers [28]. In agreement with this suggestion, later studies have shown
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that RI incorporation of H3.3 into chromatin is transcription-dependent, localized to transcribed
regions of genes and is accompanied by displacement of the major H3 forms [33–36]. These
features make transcription-dependent incorporation of H3.3/H4 tetramers and H2A/H2B
dimers into chromatin similar. However there are also very important differences between these
processes.

The rate and/or efficiency of transcription-dependent exchange of bulk human H3/H4 histones
(measured separately for H3 and H4 histones and including exchange of both H3.3 and the
major H3s) is considerably lower than the rate of H2A/H2B dimer exchange [24]. Similarly,
the overall exchange rate of H3 localized on moderately transcribed “housekeeping” genes of
Physarum are at least 20-fold lower than the rate of H2A/H2B exchange on the same genes
[25]. This view is consistent with the results of earlier pulse-chase experiments where RI
incorporation of nascent H2A/H2B histones into chromatin in the S phase in vivo occurs
preferentially as compared with incorporation of nascent H3/H4 histones [37–40]. It has been
proposed that nascent H2A/H2B dimers were incorporated into chromatin in a transcription-
dependent process [38] although no direct evidence for this mechanism was provided. These
experiments suggest that overall extents and rates of transcription-dependent incorporation/
exchange of H3/H4 (including H3.3) and H2A/H2B histones are considerably different. The
mechanisms of the exchange are also likely to be different.

One attractive possible mechanism that explains the observed difference in the rates of
transcription-dependent exchange of H3/H4 tetramers and H2A/H2B dimers is based on high
similarity of the processes of H3/H4 histone exchange and transient transcription-dependent
displacement of all core histones (part 2.1). Unlike H2A/H2B exchange that occurs efficiently
even on moderately transcribed genes [25], the extents of both H3/H4 histone exchange and
transient displacement of the octamer are proportional to the rate of transcription by PolII [8,
9,33–35]. Similarly, active ribosomal genes that are transcribed very efficiently can lose
complete histone octamer [41,42]; this correlates with extensive H3.3 histone incorporation
into rDNA locus [25,28,35]. In fact, the majority of accumulation of the H3.3 occurs within
the rDNA locus in Drosophila [27].

The studies described above suggest that all core histones can be exchanged in transcription-
dependent way. However the H3/H4 tetramer is much less mobile than the H2A/H2B dimers
during moderate transcription that occurs on the majority of genes, but could be efficiently
exchanged on very active genes; the mechanisms of histone exchange on moderately and highly
transcribed genes are likely to be considerably different. On highly transcribed genes that
constitute a small fraction of eukaryotic genome the complete histone octamer can be displaced
from DNA and all histones can be exchanged very frequently (Fig. 1, model 1). During this
process the H3/H4 tetramer containing major forms of H3 histone is exchanged with H3.3/4
tetramer. In contrast, during moderate-level transcription by PolII (that occurs on the majority
of genes) the complete histone octamer is displaced/exchanged very rarely, but H2A/H2B
exchange occurs at a high rate (Fig. 1, model 2’).

2.3. Nucleosome unfolding during PolII transcription
It has been proposed that nucleosomes could also be unfolded (with the histone-histone
interaction within the nucleosomes being transiently disrupted) to accommodate the passage
of PolII. Nucleosomes enriched in actively transcribed sequences have increased accessibility
of the sulfhydryl groups of the cysteine residues of histone H3 [43,44]. Non-transcribed, intact
nucleosomes do not have reactive SH groups because the cysteines of H3 are buried in the
histone octamer structure. Moreover, accessibility of these SH groups to external probes is
higher in nucleosomes containing acetylated histones [45]. Electron spectroscopic imaging
revealed that the reactive nucleosomes are predominantly U-shaped, and the DNA wrapped
around the core histones is S-shaped like a stretched out spring [46]. The presence of reactive
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nucleosomes, like the partial depletion of H2A/H2B histones [21], closely correlates with
ongoing transcription suggesting that they are transient intermediates generated by
transcription through chromatin [43,44]. One possibility that is consistent with these data and
with the structural studies [46] is that transcribed nucleosomes are reactive because they are
missing one or both H2A/H2B dimer(s). This remains to be directly analyzed.

3. Mechanism of transcription through chromatin by PolII in vitro
In vitro studies have demonstrated existence of at least two considerably different mechanisms
of transcription through chromatin. The mechanism used by bacteriophage RNA polymerases
(RNAPses) and eukaryotic PolIII is characterized by a low nucleosomal barrier and is
accompanied by direct transfer of the complete histone octamer from in front to behind the
polymerase accompanied by formation of an intranucleosomal DNA loop ([47–49], reviewed
in [5]). More recently it was discovered that PolII handles chromatin in a considerably different
way [50,51]. The PolIII-related mechanism is similar to the mechanism of action of ATP-
dependent chromatin remodelers [5]; the PolII-related mechanism is utilized by PolII and by
E. coli RNAPse [52].

3.1. The mechanism of chromatin remodeling by transcribing PolII
Studies from many laboratories have shown that nucleosomes can survive the passage by
various RNA polymerases without being liberated into solution in vitro [see [53,54] for
review]. In the case of PolII, the progress of the field was severely limited by the lack of an
appropriate experimental system in vitro. A novel technique for assembly of authentic
elongation complexes from synthetic oligonucleotides and purified RNAPses was developed
recently [55,56]. The assembled and promoter-initiated elongation complexes (ECs) transcribe
chromatin using the same mechanism [52]. Using this new approach, it was determined that
during transcription of mononucleosomal templates one of the two H2A/H2B dimers is
quantitatively displaced from the histone octamer [50]. As a result, nucleosomes are converted
to DNA-bound histone hexamers (“hexasomes”) during transcription. The nucleosomal barrier
for PolII is much higher than for other RNAPses [50,51,57,58] and nucleosomes are not
translocated along DNA during transcription [50].

Perhaps the most intriguing and interesting feature of the PolII-related mechanism is the lack
of nucleosome translocation along DNA during transcription, in particular because this part of
the mechanism could be essential for proper transcription of nucleosome arrays (part 6). PolIII-
related mechanism of transcription through chromatin provides almost immediate solution for
nucleosome survival and bypass by the enzymes: during transcription the histone octamer is
partially displaced from DNA and the open octamer surface can re-bind to DNA behind the
enzyme forming an intranucleosomal DNA loop [59]. Thus the octamer is transferred out of
the way of the transcription machinery to behind the enzyme. However it is much more difficult
to explain how the hexasomes can survive transcription by PolII and remain at the original
positions on DNA after transcription. One possible model is based on well-established
mechanism of transcription through a nucleosome by bacteriophage SP6 RNAP [48]; it could
explain survival of the hexasomes during transcription ([5], Fig. 2). According to the model,
after PolII enters a nucleosome and partially displaces nucleosomal DNA from the surface of
histone octamer (intermediate 1), nucleosomal DNA containing the elongation complex could
re-bind to the octamer that remains at the same position on DNA (intermediate 2). Thus DNA-
histone contacts are formed both in front and behind transcribing PolII at the same time and
PolII is bound within a small DNA loop on the nucleosome [48]. Formation of the intermediate
2 could be facilitated by the 90 degrees DNA bend introduced by PolII into DNA during
elongation [60,61]; it has been shown that at least SP6 RNAP can form such complexes with
nucleosomes [48]. However PolII is about six times bigger than SP6 RNAP; moreover, the
structure of PolII EC could prevent formation of a tight PolII-nucleosome complex, unless
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conformation of PolII or histone octamer is considerably changed (Fig. 2). If the intermediate
2 can be formed, eventually transcribing PolII may escape into productive transcription after
disruption of DNA-histone contacts in front of the EC and re-formation of the hexasome at the
original position on DNA behind the enzyme (intermediate 3). This mechanism explains
critical features of PolII transcription through chromatin: hexasome survival during
transcription and preservation of the original locations of histones on DNA. An alternative
mechanism including transient complete displacement of the octamer from DNA to a
chaperone was proposed [12]. However it has become less likely in the light of the observation
indicating that nucleosome-specific pausing extends along the whole length of nucleosome-
covered DNA [51]. These latter observation strongly suggest that histones remain DNA-bound
and interfere with PolII transcription along whole nucleosomal DNA, before the enzyme leaves
the boundaries of the transcribed nucleosome.

In the studies of transcription through the nucleosome by PolII in vitro [50] a single-round
assay was used because the experimental system does not support multiple rounds of
transcription [62]. Therefore this in vitro system most likely recapitulates conditions
characteristic for moderately transcribed genes where molecules of elongating PolII are widely
spaced along DNA, do not communicate with each other and move as independent entities.
Therefore it is not surprising that the data on the displacement of H2A/H2B dimer by PolII in
vitro are consistent with multiple evidence of transcription-dependent H2A/H2B dimer
dissociation/exchange that occurs during moderate transcription in vivo (part 2). According to
this view, H2A/H2B dimer displacement is transient in vivo and irreversible in vitro, perhaps
because some factors facilitating re-binding of the dimer to the hexasome are missing in the
in vitro system. No displacement of H3/H4 histone tetramer was observed in vitro [50]; if
displacement of complete octamer did occur in vitro, it would be irreversible because DNA-
free histone octamer immediately and irreversibly disrupted in the transcription buffer [63].
Since the displacement/exchange of H3/H4 tetramer was observed in vivo only at the high rate
of transcription, the data in vivo (part 2) and in vitro are also consistent. The studies in vitro
further suggest that the mechanisms of moderate (less than one molecule of PolII per 500 bp)
and highly efficient transcription (one molecule of PolII per 100–200 bp) are likely to be
mechanistically distinct. How could the high density of PolII molecules change the fate of
nucleosomes on transcription?

The mechanism proposed for PolII transcription through the nucleosomes in vitro ([50], Fig.
2) suggests two possible explanations for the observed displacement of the histone octamer
from highly transcribed genes (Fig. 3). The model 1 suggests that when PolII molecules are
closely spaced, the second molecule could sterically prevent DNA-octamer re-association
behind the first transcribing PolII molecule and thus prevent formation of the key “survival”
intermediate 2 (Fig. 2). This would substantially decrease the number of DNA-histone
interactions and could cause dissociationof complete histone octamer from DNA instead of
recovery of the hexasome after transcription. Alternatively, the model 2 proposes that the
second molecule of PolII could approach the hexasome that was just transcribed and therefore
the complete nucleosome was not recovered yet. Since the hexasome is stabilized by
considerably smaller number of DNA-histone interactions, the intermediate 2 (Fig. 2) cannot
be formed and the histone hexamer could be displaced from DNA by the second molecule of
transcribing PolII. The second model does not require very close spacing of PolII molecules
and therefore can better explain the gradual inverse correlation between the rate of transcription
and the extent of octamer displacement [8,9].

3.2. Nature of the strong nucleosomal barrier to PolII
It has been shown that a nucleosome presents much higher barrier for PolII than for PolIII or
SP6 RNAPses in vitro [50]; the height of the barrier can be regulated in vitro and in vivo [10,
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64–66]. Even a single nucleosome can be an absolute barrier for PolII at physiological salt
concentration [50,57]. Numerous studies have suggested that nucleosomal barrier to PolII is
characterized by its exceptional height and close similarity of DNA- and nucleosome-specific
pausing patterns [50,51,57,58]; transient DNA sequence-specific pauses can be strongly
amplified along the entire length of nucleosomal DNA. The height and DNA sequence-
specificity of the barrier are explained in part by the observation that presence of nucleosomes
results in more severe arrests that occur mostly at the positions of intrinsic pause sites observed
on histone-free DNA [51]. It has been shown that this sequence-specific transient pausing in
a nucleosome makes PolII highly vulnerable to arrest that involves backtracking of the
elongation complex for a considerable distance (more than 10 bp) along DNA. After
backtracking of PolII histone-DNA contacts are reestablished in front of PolII [51]; this could
prevent escape of the polymerase into productive elongation. It is also likely that the
intermediates that must be formed during transcription through a nucleosome to allow survival
of the hexasome at the original position on DNA (intermediate 2, Fig. 2) strongly contribute
to the height of the nucleosomal barrier. Thus for bacteriophage SP6 RNAP it has been shown
that all complexes that are paused/arrested in the nucleosome have structures similar to the
intermediate 2 [48]. DNA sequence-specificity of the barrier could also be explained in part
by heterogeneity of nucleosome positioning on the templates used in some previous
experiments [50,57,58]; there is no doubt that future studies using more accurately positioned
nucleosomes will reveal nucleosome-specific pausing/arrest sites.

4. Factors involved in histone displacement/exchange during transcription
through chromatin

Nucleosomes form a very high barrier for transcription by PolII in vitro (part 3.2). At the same
time, in spite of the presence of nucleosomes on transcribed genes (part 2), the average rate of
transcription in vivo is similar to the rate of transcription of histone-free DNA in vitro [57,
67,68]. The potency of the nucleosomal barrier necessitates the involvement of various factors
facilitating progression of PolII through the nucleosome. Indeed, numerous protein factors
capable of modifying chromatin properties are associated with genes in transcription-
dependent manner. These include histone chaperones, chromatin assembly factors, elongation
factors, ATP-dependent chromatin remodelers, and covalent modifications of the histones.
Many of the factors that can facilitate transcription through chromatin are also involved in
transcription-dependent histone exchange/displacement. In this review we will discuss only
the factors that directly participate in histone displacement/exchange or increase the rate of
transcription through chromatin. Histone modifications and corresponding factors associated
with transcribed genes were extensively reviewed recently [15,16] and will not be covered
here.

4.1. FACT
The first discovered factor having an ability to stimulate transcription through chromatin in a
highly purified system is the heterodimeric protein complex FACT (facilitates chromatin
transcription [69]). FACT displays kinetics of recruitment and chromosome tracking that are
similar to PolII in vivo [70,71]. There is also considerable genetic evidence connecting FACT
with transcript elongation in vivo [72]. FACT specifically interacts with all core histones in
vitro and possesses intrinsic histone chaperone activity [72,73]. Recent data suggest that FACT
facilitates PolII-induced displacement of H2A/H2B dimer from the nucleosome in vitro,
probably via direct interaction with the H2A/H2B histones [73]. This activity may explain the
in vivo observations suggesting that FACT not only participates in PolII-induced nucleosome
disruption, but also is required for nucleosome re-assembly behind the transcribing enzyme in
vivo [9,71,74,75]. Furthermore, yeast FACT genetically interacts with Hir/Hpc proteins
involved into transcription-dependent chromatin assembly [74,76].
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4.2. TFIIS
TFIIS is a PolII-specific elongation factor facilitating transcription of DNA sequences or
through DNA-bound proteins that cause transcription arrest (reviewed in [77]). Arrested ECs
cannot resume transcription spontaneously because before the arrest PolII molecule backtracks
along DNA and its active site is set out of the register with the 3′-end of growing RNA [78,
79]. TFIIS rescues arrested complexes by stimulating endonucleolytic RNA cleavage close to
the PolII active center that generates a new 3′-end and restores the catalytic activity of the
enzyme [77]. TFIIS is associated with early transcribed regions [80,81], facilitates transcription
through chromatin in vivo [82], and functionally interacts with Set2 histone methyltransferase
that is involved in transcription through chromatin [83,84].

A stimulatory effect of TFIIS on overcoming the nucleosome barrier has been reported in
several studies from Luse laboratory [57,58]. In a more recent study it has been shown that
TFIIS can reactivate the backtracked PolII complexes arrested during transcription through the
nucleosome and thus promotes transcription through chromatin [51,85]. In yeast TFIIS
genetically interacts with FACT [72] suggesting that it could also participate in transcription-
dependent histone exchange/displacement.

4.3. Spt proteins
Spt6 (Suppressor of Ty) was identified as a gene which product facilitates recovery of
chromatin structure at promoters; the protein can act as a histone chaperone that promotes
nucleosome assembly in vitro [86]. In the absence of Spt6-mediated nucleosome reassembly,
nucleosomes cannot be recovered on the PHO5 yeast promoter and the promoter becomes
activator-independent – it remains active even under repressing conditions when
transcriptional activator proteins (Pho2 and Pho4) dissociate from the promoter [87]. Yeast
genetics and biochemical analysis of human Spt 2, 4–6 proteins have suggested that these
proteins are also involved in transcript elongation in chromatin [88,89]. In agreement with
these studies, Drosophila homologs of Spt5 and Spt6 proteins co-localize with transcriptionally
active chromosomal sites and with phosphorylated, actively elongating form of PolII on
polytene chromosomes [90,91]. Genetic studies have identified interactions between Spt6 and
elongation factor TFIIS [92]. Spt6 physically interacts with PolII, FACT and the Spt5 subunit
of elongation factor DSIF in vitro and in vivo [93,94], and can enhance the rate of PolII
elongation in vitro [94]. Futhermore, Spt6 and 2 proteins, like FACT, participate in recovery
of chromatin structure during transcript elongation in vivo [75,95]. Finally, Spt 2 and 6
genetically interact with other factors participating in recovery of chromatin structure during
elongation: FACT and Hir complexes [72,75,95]. Taken together, the available data suggest
that Spt2 and 4–6 proteins are closely associated with PolII elongation complex and participate
in recovery of chromatin structure that is transiently disrupted during transcription.

4.4. ATP-dependent chromatin remodelers
Some ATP-dependent chromatin remodelers have the ability to perturb nucleosomes in ways
that could assist polymerases both in initiation and elongation (see [5,96] for review). Thus
human SWI/SNF complex is required for both initiation and elongation on the human hsp 70
gene in vitro [11]. Analysis of the human heat shock factor (hHSF1) provided further evidence
for the role of SWI/SNF during elongation, suggesting that chromatin remodeling occurs in
this system as part of the process of transcript elongation in vivo [10,66]. Additional evidence
for a role of SWI/SNF in elongation in vivo comes from studies of mutant SWI2/SNF2 subunits
in yeast, which are synthetic lethal in combination with disruption of the PPR2 gene encoding
elongation factor TFIIS [97]. Yeast and human SWI/SNF complexes are associated with PolII
[98,99] suggesting that they could be recruited to transcribed genes together.
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The ATPase CHD1 remodels nucleosomes in vitro and functions in elongation [100]. Studies
performed on Drosophila polytene chromosomes revealed that Chd1 associates with highly
active sites of transcription [101]. Chd1 mutant alleles in yeast genetically interact with the
Set2 histone methyltransferase and the ISWI family, both implicated in elongation [102,103].
Chd1 physically associates with the elongation factors Paf, DSIF, and FACT [76,103] and with
histone H3 that is methylated in transcription-dependent way [104]. In summary, some ATP-
dependent remodelers can facilitate transcript elongation in vivo. The questions remain of how
SWI/SNF-mediated chromatin remodeling facilitates elongation, and how SWI/SNF activities
are coordinated with other known chromatin-remodeling elongation factors, such as FACT and
Spt6.

4.5. Factor-dependent PolII transcription and histone displacement/exchange
The data discussed above suggest that numerous protein factors can facilitate transcription
through chromatin and participate in transcription-dependent histone displacement/exchange.
Most likely candidates that can facilitate transcription through chromatin both in vivo and in
vitro include FACT, TFIIS and SWI/SNF factors. FACT most likely works by facilitating
PolII-induced displacement of the H2A/H2B histones [73]. TFIIS reactivates PolII complexes
arrested during transcription through the nucleosome [51]. The molecular mechanism of SWI/
SNF action remains to be established.

The best candidates for factors involved in histone displacement/exchange include Spt2, Spt6,
FACT and Hir proteins. Histone displacement/exchange most likely is a two-step process
including transient H2A/H2B displacement during moderate transcription and displacement
of the complete histone octamer during efficient transcription (part 2). It could be difficult to
identify the players participating in each of the processes because H2A/H2B displacement most
likely would facilitate the loss of the octamer (part 3.1). This view is supported by the studies
from Winston laboratory where considerable transcription-dependent nucleosome disruption
was observed in yeast containing mutations in genes encoding Spt2, Spt6, FACT and Hir
[75,95]. Chromatin disruption was observed even on moderately transcribed genes where only
H2A/H2B dimer is likely to be lost during transcription; at the same time, the extent of
disruption and histone loss in the mutant strains was dependent on the rate of transcription
[95] suggesting that Spt2, Spt6, FACT and Hir proteins could facilitate re-binding of all core
histones to DNA.

5. Transcription of eukaryotic genes
The current view of transcription through chromatin that is accompanied by histone loss and
exchange is shown in Fig. 4. Most likely, during moderate transcription (low density of PolII)
single molecules of PolII encounter 30 nm chromatin fiber. Disruption of the higher order
chromatin structure and partial uncoiling of DNA from the surface of the histone octamer is
required for transcription through a nucleosome. It is achieved by PolII in cooperation with
several elongation factors (FACT, TFIIS and possibly SWI/SNF). During transcription the
H2A/H2B dimer is transiently displaced from DNA by PolII and FACT, and rebinds to the
hexasomes immediately after PolII passes the nucleosome; the rebinding of the dimers is
assisted by Spt2, Spt6, FACT and Hir proteins. During moderate transcription only H2A/H2B
histone dimers are displaced/exchanged. When density of PolII approaches one molecule per
200 bp, the complete histone octamer is transiently and reversibly displaced from DNA, most
likely with the help of Spt2, Spt6, FACT and Hir proteins. The nucleosomal structure recovers
immediately after the efficiency of transcription is decreased; this results in transcription-
dependent exchange of all core histones, with major forms of H3 histone being replaced by the
H3.3 variant.
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6. Conclusions and perspectives
Recently it has become apparent that transcript elongation in chromatin environment is an
extremely complex and finely tuned process that involves a complex orchestrated action of
many players including chromatin remodeling enzymes, the enzymes involved in covalent
histone modifications (such as acetylation and methylation), elongation factors and a special
transcription-dependent chromatin assembly system. One important reason for development
of this complicated machinery is the need to keep the DNA in the compact state provided by
the chromatin structure. Transcription-dependent disruption of chromatin structure can result
in severe decompaction of DNA. The need to keep DNA in a compact state may explain the
acrobatic abilities of both PolII and the nucleosome core that allow transcription through
nucleosomes without histone displacement into solution, as well as rapid reformation of higher
order chromatin structure after transcription. All transcription-dependent changes in chromatin
structure seem to be minimal, reversible and fast. These considerations could be especially
important for higher eukaryotic organisms where the DNA size is larger and genes on average
are transcribed less frequently than in prokaryotes.

The ability of nucleosomes to remain at the original positions on DNA [50] during transcription
by PolII could be quite important for preservation of certain histone modifications within the
nucleosomal arrays. Indeed, the alternative mechanism (characteristic for PolIII and SP6
RNAPses) includes obligatory nucleosome translocation during transcription that would result
in movement of the whole array towards the promoter and disruption of the promoter-proximal
nucleosome during every round of transcription [59,105]. This would result in very extensive
and obligatory exchange/loss of all core histones. At the same time the PolII-related mechanism
allows relatively slow exchange of H3/H4 histones on moderately transcribed genes.

At the same time, the discovery that PolII elongation complex can remodel higher order
chromatin structure, displace H2A/H2B histone dimer or complete histone octamer from DNA
and deliver numerous chromatin-modifying activities underscores the ability of transcription
to serve as a possible modifier of chromatin structure and perhaps participate in establishing
of various chromatin states that could be important for proper regulation of eukaryotic genes.
Thus it has been suggested that intergenic transcription by “pioneering” PolII across a
chromatin domain could make the domain accessible for subsequent activation of transcription
of specific genes [106,107]. Transcription-dependent methylation and acetylation of histone
H3 can participate in maintenance of a “memory” of the active state of the gene ([108], reviewed
in [15,16]) or epigenetic state of X-chromosomes [109]. It is quite possible that survival of H3/
H4 histones during moderate transcription contributes to preservation of the “memory”.

It has also been proposed that the high nucleosomal barrier could be used for regulation of the
rate of transcript elongation [11]. Indeed, transcript elongation blocks located 20–200 bp
downstream of the promoters that are relieved during gene activation have been identified in
a growing number of eukaryotic genes, including proto-oncogenes c-myc and c-fos, and HIV-1
polyprotein gene (see [110] for review). One interesting recent example of such regulation is
gene activation in yeast resting in the G0 phase of the cell cycle; hundreds of genes that are
induced immediately upon exit to the lag phase contain PolII bound immediately upstream or
at the beginning of their transcribed regions [111]. These DNA-pre-bound, transcriptionally
active PolII molecules most likely mediate fast response of the genes to the cell cycle transition.
At least in the case of human hsp 70 gene it was established that the first nucleosome positioned
early in the transcribed region of the gene presents a strong barrier for elongating PolII that is
regulated by the activator both in vivo and in vitro [11].

Further analysis of the mechanisms involved in transcription through chromatin clearly
requires development of an in vitro systems recapitulating chromatin behavior observed in
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vivo. To be most meaningful, much of this work will have to be carried out with nucleosomal
arrays capable of folding into higher order structures and under physiologically relevant
conditions.
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Figure 1. Possible histone octamer fates during intense and moderate transcription by PolII in vivo
During intense transcription a considerable fraction of the octamers can be displaced from
DNA or exchanged (1). The octamer most likely dissociates into chaperone-bound H3/H4
tetramer and two H2A/H2B dimers; the octamers are re-assembled on DNA very soon after
the efficiency of transcription is decreased. During moderate transcription the octamer could
be transiently displaced from DNA (2); the octamer immediately re-binds to DNA behind the
transcribing PolII. Alternatively, during moderate transcription one H2A/H2B dimer could be
transiently displaced by PolII from the nucleosome or exchanged (2’). Insert: Side view of the
structure of nucleosome core [1];. DNA is shown in white, the H3/H4 tetramer in purple, and
two H2A/H2B dimers – in green and yellow. The histone displacement and exchange pathways
are indicated by dashed and solid arrows, respectively.
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Figure 2. Hypothetical mechanism of PolII transcription through nucleosome
Insert: Top - Yeast PolII elongation complex structure [60] (the two largest subunits are in
blue, other subunits – in grey. DNA and RNA paths are partially modeled after [60]; DNA and
RNA regions hidden in the structure are shown by dashed lines; RNA is in red). The direction
of PolII movement is indicated by arrows. Bottom - structure of nucleosome core [1]; view
from the top (only one DNA turn is shown). As PolII enters the nucleosome (1), DNA from
the surface of the octamer is partially uncoiled. After PolII enters the nucleosome, DNA could
re-coil on the surface of the octamer with PolII that remains associated with DNA (intermediate
2, the histone octamer is not shown). It is proposed that after this re-coiling the octamer is re-
bound to DNA behind the PolII at the same position as before transcription (dashed arrow).
The structure of the octamer and/or PolII may need to be changed to form the complex.
Eventually DNA-histone interactions could be disrupted in front of PolII (dotted arrow), and
(3) the enzyme can continue elongation leaving behind the hexasome (nucleosome missing
one H2A/H2B dimer).
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Figure 3. Octamer dissociation from DNA could be caused by closely spaced PolII molecules
Dissociation of the octamer could occur by the following mechanisms: (1) When PolII
molecules are closely spaced, the second molecule could prevent DNA-octamer re-association
behind the first transcribing PolII molecule and thus prevent formation of the intermediate 2
(Fig. 2). This would substantially decrease the number of DNA-histone interactions and could
cause octamer dissociation from DNA. (2) Alternatively, second molecule of PolII could
approach the hexasome that was just transcribed and therefore the complete nucleosome was
not recovered yet. Since the hexasome is stabilized by considerably smaller number of DNA-
histone interactions, the histone hexamer could be displaced from DNA by the second molecule
of PolII. The second model does not require very close spacing of PolII molecules.
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Figure 4. Gene transcription at low and high PolII densities
During transcription at a moderate or low level the histone octamer is not likely to be displaced
from DNA even transiently. However transcription by PolII is accompanied by frequent
transient displacement of H2A/H2B dimer(s); this results in extensive and fast transcription-
dependent exchange of H2A/H2B histones and possibly in rare exchange of H3/H4 histones.
Transcription through nucleosomes and displacement of the dimers could be accomplished by
PolII itself; however the rate of elongation is strongly increased by TFIIS and FACT. Re-
binding of displaced H2A/H2B dimer to DNA occurs almost immediately after PolII passage
and most likely is facilitated by FACT. At a higher density of PolII molecules complete histone
octamer can be displaced (by one of the mechanisms described in Fig. 3). Since efficiency of
this process depends only on the density of PolII molecules, PolII is the primary player in the
reaction. If the rate of transcription is decreased, the octamer rebinds to DNA almost
immediately; the recovery of chromatin structure depends upon activity of Spt2, Spt6 FACT
and Hir proteins. Other designations are as in Fig. 1.
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