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ranscription of eukaryotic genes

by RNA polymerase II is typically
accompanied by minimal exchange of
histones H3/H4 carrying various cova-
lent modifications. In vitro studies sug-
gest that histone survival is accompanied
by the formation of a small transient
DNA loop on the surface of the histone
octamer including a molecule of tran-
scribing enzyme.

Efficient recovery of histones associ-
ated with DNA during passage of RNA
Polymerase II (Pol II) is essential for cell
viability.! Recovery of histones occurs
by two different mechanisms. During
intense transcription, partial loss*® and
exchange’? of all core histones during pas-
sage of Pol II were observed. In contrast,
on moderately transcribed genes, exten-
sive transcription-dependent exchange of
H2A/H2B, but not H3/H4, histones was
detected.”"?

The Pol II-type mechanism of tran-
scription through chromatin has been
recapitulated in vitro and is conserved
from yeast to human."” It is characterized
by the displacement of a single H2A/H2B
dimer on 40-50% of templates'*® and
by the displacement of all histones from
the remaining 50-60% of templates.!*1
H2A/H2B dimer displacement matches
the apparent effect of Pol II passage in
vivo.” The subnucleosome (DNA-bound
histone hexamer [hexasomes] formed
upon release of H2A/H2B dimer from
the octamer) survives Pol II passage and
remains at the original position on DNA™
(also see ref. 16). A different mechanism
(Pol II-type) involves obligatory transfer
of a complete histone octamer from in
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front of the transcribing enzyme to behind
1171

More recently, we have shown that his-
tone survival during Pol II transcription is
accompanied by formation of a small tran-
sient DNA loop (zero-size or J-loop) on
the surface of the histone octamer includ-
ing a molecule of transcribing Pol II.%°
During formation of the &-loop, the
recovery of DNA-histone interactions
behind Pol II is tightly coupled with their
disruption ahead of the enzyme. This
coupling is a distinct feature of the Pol
II-type mechanism that allows recovery
of H3/H4 histones bound at the original
position on DNA during transcription.*
The accompanying displacement of H2A/
H2B dimer is most likely induced by con-
siderable partial uncoiling of DNA from
the octamer. In the absence of H2A/H2B-
DNA interactions, an H2A/H2B dimer
may spontaneously dissociate from the
octamer.

The new model predicts that the
octamer never leaves DNA during tran-
scription through chromatin® (Fig. 1A,
partial DNA displacement pathway 1 —
2" — 3). In this case, nucleosomes would
remain at their original positions after
transcription, even if these are not the
preferential (equilibrated) positions on
DNA before transcription (Fig. 1B, mech-
anism 2'). Alternatively, during transcrip-
tion through a nucleosome, the histone
octamer could be transiently and com-
pletely displaced from DNA (the transient
displacement pathway 1 — 2 — 3).%! In
this case, the octamer re-binds to DNA
released behind the enzyme when Pol 11
proceeds further. In this case, nucleosome
positions would be re-equilibrated during
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Figure 1. The experimental strategy for analysis of the mechanism of nucleosome survival during
Pol Il transcription. (A) Two possible mechanisms of nucleosome survival during transcription by
Pol 112" After Pol Il approaches the nucleosome (1) and partially displaces proximal nucleosomal
DNA, % the octamer could either be completely (2) or partially (2'), transiently displaced from
DNA. In the first case octamer re-binds to DNA released behind the enzyme when Pol Il proceeds
further (3). In the latter case transcription through the nucleosome proceeds without even
transient complete dissociation of the octamer from nucleosomal DNA. Histone octamer, DNA
and RNA are shown in green, blue and yellow, respectively. (B) The expected outcomes of
transcription through a non-equilibrium population of mononucleosomes by Pol Il. Transient
histone octamer displacement (mechanism 2) would result in equilibration of nucleosome
positions on DNA after transcription. In contrast, non-equilibrium position(s) of nucleosomes
would be preserved if the octamer is never completely displaced from DNA (mechanism 2').

transcription  because octamers would
select thermodynamically preferred posi-
tions while re-binding to DNA (Fig. 1B,
mechanism 2)."” If the original nucleo-
some positions are non-equilibrium,
transcription would result in a change in
nucleosome positions.

The nucleosome positions on DNA are
preserved after transcription by Pol II.2?
To discriminate between the two mecha-
nisms, it has to be established whether
the original nucleosome positions were
equilibrium or non-equilibrium. If the
original positions were non-equilibrium,
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preservation of these positions during
transcription would strongly support the
partial DNA displacement mechanism
(Fig. 1).

In previous experiments, differently
positioned mononucleosomes were assem-
bled on the 204 bp pVT1 5S-containing
DNA fragment, ligated to the 50 bp pro-
moter fragment and transcribed.”> To
evaluate whether nucleosomes occupy
equilibrium conformations after ligation,
nucleosome reconstitution was conducted
before and after ligation of histone-free 204
bp and 50 bp DNA fragments (Fig. 2A).
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The positions of nucleosomes ligated
after nucleosome assembly were the same
as observed previously” and clearly dis-
tinct from the equilibrium positions of
nucleosomes ligated before reconstitution
(Fig. 2B). Thus, the original positions of
nucleosomes used in previous experiments
were non-equilibrium. Therefore, the orig-
inal non-equilibrium positions of nucleo-
somes before transcription are preserved
during transcription.?? These data suggest
that the octamer never leaves DNA dur-
ing Pol II transcription through a nucleo-
some (Fig. 1A, pathway 1 — 2' — 3) and
are consistent with the &-loop-mediated
mechanism of transcription through chro-
matin?® and with the in vivo observations
on the lack of H3/H4 exchange during
moderate transcription.”'?

In all in vitro studies described above,
short (250-300 bp) mononucleosomal
templates were used. At the same time,
it has recently been suggested that tran-
scription of a long (~3.9 kb) template
containing a single mononucleosome by
E. coli RNA polymerase (RNAP) could
result in nucleosome translocation from in
front to behind the transcribing enzyme.'®
Our studies using a long (658 bp) mono-
nucleosomal template also suggest that
nucleosome translocation occurs on a con-
siderable fraction of the templates tran-
scribed by E. coli RNAP (Olga I. Kulaeva,
data not shown). Since Pol II and E. coli
RNAP share the same mechanism of tran-
scription through chromatin,?* the data
suggest that the fates of mononucleosomes
formed on shorter (250-300 bp) and
longer (658-3,900 bp) DNA templates
during transcription by Pol II and E. coli
RNAP are different. On the shorter tem-
plates nucleosomes remain at the original
position on DNA; on the longer templates
nucleosomes are translocated from in
front to behind the transcribing enzyme.

The difference in the fates of
nucleosomeson transcription of shorterand
longer templates is most likely explained
by differential interaction of the upstream
DNA with the histone octamer surface
that is transiently exposed after partial
uncoiling of nucleosomal DNA during
transcription.?” The exposed octamer sur-
face is available to competitor DNA pres-

ent at sufficiently high concentration.”
On shorter templates, the DNA behind
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the transcribing enzyme may be too rigid
to reach the transiently exposed octamer
surface with high probability. On longer
templates, the local DNA concentration in
the vicinity of the open octamer surface is
likely to be higher. This would result in
capturing of the octamer by DNA, DNA
loop formation and, eventually, in octamer
transfer on longer templates.””!8

These observations raise the following
question: Which of the in vitro experi-
mental mononucleosomal models better
recapitulate the in vivo scenario? On mod-
erately transcribed genes (representing the
vast majority of eukaryotic genes), nucleo-
somes are present immediately in front and
behind of transcribing molecules of Pol I1.%¢

Therefore,

histone-free DNA regions on moderately

the existence of extended

transcribed genes in vivo is unlikely, and
shorter mononucleosomal templates are
appropriate models for analysis of the
mechanism of transcription through chro-
matin in vitro. At the same time, during
intense transcription histones are largely
removed from DNA in vivo.> Under these
circumstances, histone-free DNA could
be available for binding to the transiently
exposed octamer surface, and transloca-
tion of the nucleosomes remaining on the
genes would become much more likely.
This may explain the observed irregular
positioning of nucleosomes remaining on
actively transcribed genes.”

In summary, during in vitro transcrip-
tion of short (250-300 bp) mononucleo-
somal templates by Pol II one H2A/H2B
dimer is displaced, but the subnucleosome
(DNA-bound histone hexamer) never
leaves the DNA during transcription and
remains at the original position on the
DNA." These observations are consistent
with the extensive transcription-depen-
dent exchange of H2A/H2B, but not H3/
H4, histones on moderately transcribed
genes.”'? In contrast, transcription of
longer (658-3,900 bp) mononucleoso-
mal templates by Pol II in vitro results in
nucleosome translocation from in front
of the transcribing enzyme to behind it.
This mechanism cannot explain the lack
of exchange of histones H3/H4 detected
on moderately transcribed genes because,
after several rounds of transcription, the
histone octamer would be transferred on
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Figure 2. Nucleosomes occupy non-equilibrium positions before transcription by Pol Il. (A) The
experimental approach for analysis of the mechanism of nucleosome survival during transcription
by Pol Il. In previous transcription experiments' nucleosome assembly on the 204-bp DNA frag-
ment was conducted before ligation to the promoter-containing 50-bp fragment and transcrip-
tion (on the right). To evaluate whether after such assembly — ligation nucleosomes occupy
equilibrium positions on DNA, nucleosomes were assembled after ligation (ligation — assembly,
on the left). In this case nucleosome positions are equilibrated during the process of assembly. (B)
Nucleosomes were assembled before or after ligation to the promoter-containing DNA fragment
by dialysis from 2 M NaCl and analyzed by native PAGE." In the latter case nucleosome positions
are equilibrated during reconstitution. Nucleosome mobility in the gel is dictated by nucleosome
positioning on the 254 bp DNA fragment. Since nucleosomes occupy different positions after
assembly before (right lane) and after ligation (left lane), nucleosomes occupied non-equilibrium

a promoter and all core histones would be
displaced/exchanged by ATP-dependent
chromatin remodelers that are present
there.?® Furthermore, this
could operate only on actively transcribed

mechanism
genes, where some nucleosomes are dis-

placed”® and histone-free DNA is avail-
able for the octamer transfer.
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