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SUMMARY

Epigenetic regulation may involve heritable chromatin states but how chromatin features can be
inherited through DNA replication is incompletely understood. We address this question using cell
free replication of chromatin. Previously, we showed that a Polycomb Group complex, PRC1,
remains continuously associated with chromatin through DNA replication. Here we investigate the
mechanism of persistence. We find that a single PRC1 subunit, Posterior Sex Combs (PSC) can
reconstitute persistence through DNA replication. PSC binds nucleosomes and self-interacts,
bridging nucleosomes into a stable, oligomeric structure. Within these structures, individual PSC-
chromatin contacts are dynamic. Stable association of PSC with chromatin, including through
DNA replication, depends on PSC-PSC interactions. Our data suggest labile individual PSC-
chromatin contacts allow passage of the DNA replication machinery while PSC-PSC interactions
prevent PSC from dissociating, allowing it to rebind to replicated chromatin. This mechanism may
allow inheritance of chromatin proteins including PRC1 through DNA replication to maintain
chromatin states.
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INTRODUCTION

Epigenetics, including the inheritance of regulatory information across cell generations
without changing genetic information, is believed to be central to differentiation and is
increasingly implicated in disease (Feinberg, 2007). Two unsolved questions in epigenetics
are: what is the nature of inherited information, and what are the mechanisms of its
transmission? Chromatin features, including histone modifications, histone variants,
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remodeled nucleosomes, chromatin folding, and chromatin binding proteins, are widely
believed to function as epigenetic information (Margueron and Reinberg, 2010; Probst et al.,
2009). Chromatin is an attractive candidate to be a carrier of epigenetic information because
it is directly coupled to the DNA sequence it regulates (Kaufman and Rando, 2010).
Although mechanisms for inheritance of DNA methylation and some histone modifications
through DNA replication have been described, the behavior of most chromatin proteins and
associated chromatin features during DNA replication and mitosis are incompletely
understood (Margueron and Reinberg, 2010).

The Polycomb Group (PcG) proteins, initially described in Drosophila melanogaster (Lewis,
1978; Struhl, 1981), are implicated in epigenetic silencing of gene expression that persist
through development. A long-standing model for how PcG proteins mediate stable silencing
is that they create unique chromatin structures that are inherited through cell generations
(Paro, 1990). Extensive work has described multiple PcG protein complexes and their
effects on chromatin and gene expression (Muller and Verrijzer, 2009; Simon and Kingston,
2009). However, precisely how these mechanisms are used by PcG proteins to maintain
gene silencing across cell divisions, is still not clear.

Understanding how chromatin proteins like the PcG behave during DNA replication is
central to epigenetics. Because DNA replication occurs rapidly and only once during each
cell cycle, it is difficult to study the behavior of proteins at specific genes during DNA
replication in cells, and perturbations of DNA replication trigger global cellular responses.
We are using cell free replication of chromatin to study how passage of the DNA replication
machinery affects PcG protein-chromatin interactions. Using a reconstituted system makes it
possible to isolate and manipulate mechanistic events during DNA replication. By analogy,
in vitro transcription systems, although they recapitulate only part of gene regulation,
continue to be valuable in defining steps in transcription and regulatory mechanisms (e.g.
(Cheng et al., 2012; Jishage et al., 2012; Shukla et al., 2011) ).

The system we use to study replication of PcG protein bound chromatin is based on the
SV40 virus (reviewed in (Fanning and Zhao, 2009)). The SV40 large T-Antigen (TAQ)
binds to plasmids containing the SV40 origin sequence). TAg serves as both the origin
recognition factor, and the replicative helicase (Dean et al., 1987; Stahl et al., 1986),
functions that require many proteins in eukaryotic cells. TAg binds to and unwinds the
origin DNA in an ATP-dependent manner and, in the presence of cytoplasmic extracts from
mammalian cells, recruits DNA polymerase and associated factors to establish bidirectional
DNA replication forks that replicate the plasmid template (Li and Kelly, 1984; Stillman and
Gluzman, 1985; Wobbe et al., 1985). Because it bypasses the complex biochemical steps
involved in replication origin selection and initiation, the SV40 system cannot be used to
study how these events might influence PcG proteins. However, once replication is initiated
in this system, it is thought to largely recapitulate chromosomal DNA replication
mechanisms. The SV40 system was used to identify many of the components of the DNA
replication fork (Waga et al., 1994; Waga and Stillman, 1994; Wobbe et al., 1987), and also
chromatin assembly factor 1, which assembles nucleosomes onto newly replicated DNA
(Smith and Stillman, 1989; Stillman, 1986).

We previously used the SVV40 cell free replication system to study PcG proteins and found
that a PRC1 core complex (PCC) consisting of three subunits, PSC, Polycomb (Pc), and
dRING (Francis et al., 2001)) persists on chromatin or DNA through DNA replication in
vitro (Francis et al., 2009). Corroborating this result, we found that a key PcG protein in
PRC1, PSC, is found on newly replicated chromatin in Drosophilatissue culture cells
(Francis et al., 2009). Here, we investigate the mechanism by which PCC is maintained on
chromatin through DNA replication.

Mol Cell. Author manuscript; available in PMC 2013 June 29.
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RESULTS

PCC is transferred to both leading and lagging strands

If persistence through replication is important for maintaining gene expression states, PCC
should transfer to both leading and lagging strands, even though their replication has
mechanistic differences that might affect binding of PcG proteins. In the SV40 system,
bidirectional replication forks replicate circular plasmids. Therefore, each copy is replicated
partially as leading and partially as lagging strand so that analysis of intact plasmids would
not reveal a strand bias.

To test whether PCC preferentially segregates to one strand we carried out replication
reactions in vitro in the presence of 32P-labelled dATP and isolated replicated
(radiolabelled) DNA associated with PCC. We asked whether it contains replicated DNA
from both strands by hybridizing it to strand specific probes (Fig. 1). This experiment is
possible because the SV40 origin of replication and thus the direction of replication is
known. DNA replicated in either direction isolated from control reactions hybridized to both
strands, as expected. Replicated DNA which was bound to PCC also hybridized to both
strands, independent of the direction of replication. Thus PCC is transferred to both newly
replicated strands.

PRC1 component PSC persists on chromatin through DNA replication

Previous work indicates that the central chromatin modifying protein in PRC1 is PSC. PSC
has many of the activities of the whole complex, including tight binding to DNA and
chromatin, inhibition of chromatin remodeling and transcription, and chromatin compaction
(Francis et al., 2004; Francis et al., 2001; King et al., 2002). These activities are conserved
in PRC1 through evolution (Beh et al., 2012; Grau et al., 2011), and PSC that lacks these
activities but can assemble into PRC1 has a lethal phenotype in flies (King et al., 2005; Wu
and Howe, 1995). We therefore tested if PSC alone can remain associated with chromatin
through DNA replication. PSC was bound to chromatin templates that were replicated and
sedimented through sucrose gradients to separate PSC-bound and unbound chromatin.
Replicated chromatin from these reactions sediments near the bottom of gradients,
indicating that it is bound by PSC (Fig. 2A-C). If PSC is added with the replication extract
(“W.E.”), templates sediment as unbound plasmids, indicating that these concentrations of
PSC do not bind chromatin in the presence of replication extracts. This was also observed
wtih PCC (Francis et al., 2009). Thus, we conclude that PSC persists on chromatin templates
through DNA replication, since PSC molecules that are released into solution will not re-
bind in extracts. Addition of competitor chromatin to replication reactions to capture any
released PSC also does not reduce binding of PSC to replicated chromatin (Fig. S1). Like
PCC, PSC inhibits DNA replication in vitro (Francis et al., 2009) so that fewer products are
observed. The replication products are full length (demonstrated by denaturing agarose gels,
Fig. 2B), suggesting inhibition occurs at the level of initiation.

To determine if the PSC that remains on chromatin is functional, we asked if PSC-bound,
replicated templates are refractory to ATP-dependent chromatin remodeling, a hallmark of
PRC1-bound chromatin (Shao et al., 1999). When PSC is bound to chromatin prior to DNA
replication, but not when it is added with the replication extract, chromatin remodeling of
replication products is inhibited (Fig. 2D, E). We conclude that persistence through DNA
replication can be reconstituted with PSC alone, and thus that PSC can be used to dissect
how PCC persists through DNA replication.

Mol Cell. Author manuscript; available in PMC 2013 June 29.
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PSC and PCC can bridge nucleosomes

Electron microscopy indicates that PSC and PCC compact chromatin, bringing nucleosomes
into clusters while leaving intervening loops of DNA (Francis et al., 2004). To test whether
PSC holds nucleosomes together in solution, PSC-bound chromatin templates were digested
with micrococcal nuclease (MNase) to remove linker DNA, and sedimented through sucrose
gradients (Fig. 3). 60-80% of the generated mononucleosomes sediment near the bottom of
the gradient, unlike free mononucleosomes suggesting PSC forms bridges between
nucleosomes on the plasmid. PCC also bridges nucleosomes (Fig. 3B, C).

Bridged nucleosomes lacking linker DNA bind less stably to PSC

To determine whether the MNase treated bridged complexes are less stable than intact, PcG
bound chromatin, binding reactions and MNase digestion were carried out with PSC under
our standard (60 mM KCI) conditions but reactions were sedimented through sucrose
gradients containing 150 mM KCI. Sedimentation of PSC-bound plasmids was unaffected
by the elevated KCI. In contrast, the mononucleosomes from PSC-bound, MNase digested
chromatin sediment near the top of the gradient (Fig. 3D, E). Streptavidin pulldown
experiments with biotin tagged PSC demonstrate that PSC does not remain bound to
mononucleosomes after sedimentation through sucrose gradients in 150 mM KCI (Fig. S2).
These data indicate that the bridged species lacking linker DNA is less stable than intact
bridged chromatin. They also demonstrate that nucleosome bridging does not reflect
formation of insoluble aggregates since it is reversed by elevated KCI. These experiments
suggest that PSC-nucleosome interactions are dynamic. On plasmid templates, nucleosomes
can be transiently released and recaptured because of their high local concentration, while
released mononucleosomes will diffuse away rapidly, making rebinding unlikely. Removal
of linker DNA with MNase likely also reduces stability of binding of PSC to nucleosomes
(Lo and Francis, 2010).

PSC can bridge nucleosomes in trans

We wondered if nucleosome bridging occurs only between adjacent nucleosomes, or can
occur among widely separated nucleosomes or even in frans. We asked whether PSC can
create nucleosome clusters, analogous to bridged complexes, from mononucleosome
substrates (Fig. 4). Various concentrations of PSC were bound to a mixture of
mononucleosomes labelled with biotin or Cy3 on the 5’ end of the DNA (5nM total
mononucleosomes) (Fig. 4A, S3A). Binding reactions were fractionated by sucrose gradient
sedimentation. Without PSC, mononucleosomes sediment near the top of the gradient. As
PSC is increased from 2.5 to 40 nM, the template sediments first in the middle and finally
near the bottom of the gradient (Fig. 4B, C). To determine whether PSC-mononucleosome
complexes contain bridged nucleosomes, biotinylated nucleosomes were isolated from the
peak gradient fractions using streptavidin- coated beads. If complexes contain bridged
nucleosomes, then Cy3-labelled nucleosomes should co-purify with biotinylated ones. Cy3-
labelled mononucleosomes were not isolated with biotinylated ones from the top (unbound)
or middle (first PSC-nucleosome complex) fractions of gradients but were enriched on
streptavidin-coated beads incubated with fractions near the bottom of the gradients (Fig. 4B,
D). In this experiment, Cy3-labelled nucleosomes are present at 4-fold higher levels than
biotinylated ones, yet close to 80% of the Cy3-labelled nucleosomes are isolated with the
biotinlyated ones. This suggests that PSC-induced nucleosome clusters contain at least 3—-4
nucleosomes (if PSC binds with a 1:1 stoichiometry with nucleosomes and forms bridges
between only two nucleosomes then the maximum possible association of Cy3-labelled
mononucleosomes would be 25%). Thus, low concentrations of PSC bind
mononucleosomes but do not bring them together, while higher concentrations bring
nucleosomes together in #rans. Previously we found that PSC binds mononucleosomes but
inhibits their remodeling only at high concentrations (Francis et al., 2001; Lo and Francis,
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2010), which coincide with concentrations at which we observe bridging of
mononucleosomes. In contrast, an array of even 2 nucleosomes is efficiently inhibited by
PSC (Lo and Francis, 2010). This can be explained if bridging of nucleosomes is required to
inhibit chromatin remodeling, since this reaction would be intramolecular for nucleosomal
arrays but intermolecular for mononucleosomes and thus less efficient. Thus, inhibition of
chromatin remodeling is correlated with nucleosome bridging.

The experiment above demonstrated that PSC can bridge nucleosomes in frans, but only at
high ratios of PSC to nucleosomes, while bridging of chromatin occurs at ratios of about 1:1
(Fig. 2). To distinguish a requirement for a high concentration of PSC from a high PSC to
mononucleosomes ratio to observe bridging in #rans, a mononucleosome mixing experiment
was carried out with both nucleosomes and PSC at 40 nM (i.e. a 1:1 ratio) (Fig. S3B). PSC
bridges mononucleosomes under these conditions indicating that #rans nucleosome
interactions do not require high ratios of PSC to nucleosomes, but high concentrations of
PSC. The ability of PSC to bridge non-adjacent nucleosomes could allow it to bridge
chromatin in front of and behind replication forks, or to form or stabilize chromatin loops
among PcG protein bound sites as observed in vivo (Lanzuolo et al., 2007).

Nucleosome bridging depends on chromatin binding and self-interaction

PSC is a 1603 amino acid protein which has conserved domains in its N-terminal region that
are important for its assembly into PRC1, and a large, intrinsically disordered C-terminal
region which is required for both its activities on chromatin and its in vivo function (Fig.
5A) (Beh et al., 2012; Emmons et al., 2009; Francis et al., 2004; King et al., 2005). We
previously showed that PSC self-interacts (Lo and Francis, 2010), and a simple mechanism
for nucleosome bridging would be interaction among nucleosome bound PSCs. To test this
model, we analyzed a series of PSC truncations to determine which sequences in PSC are
required for nucleosome bridging. We first measured chromatin binding for each PSC
truncation using sucrose gradient sedimentation. PSC1-572 does not alter chromatin
sedimentation, suggesting it does not bind stably to chromatin, which is consistent with
previous analyses (King et al., 2005). All of the other truncated versions of PSC bind
chromatin, but two, PSC#56-909 and pSCA761-1355 require 4-fold higher protein
concentrations for binding (Fig. 5B, grey bars, S4A). Reduced chromatin binding correlates
with a decrease in DNA binding affinity (Fig. S4B). PSC1-909 pS5C456-1603 anq
PSCA761-1355 pridges nucleosomes at concentrations sufficient for binding while
PSC#56-909 goes not (Fig. 5B, black bars, S4A). Thus, chromatin binding alone does not
predict bridging activity since PSC#56-909 and PSCA761-1355 preyijous analysis of these
truncations indicates that PSC1-572 does not inhibit chromatin remodeling, while PSC#56-909
does so weakly on nucleosomal arrays and not on mononucleosome substrates (King et al.,
2005; Lo and Francis, 2010). PSC1-572 can assemble into PRC1, but cannot replace PSC
function in vivo while PSC1-999, which bridges nucleosomes, supports gene silencing and
viability (King et al., 2005; Wu and Howe, 1995).

To determine if self-interaction can explain the difference in bridging activity among PSC
truncations that bind chromatin we used chemical cross-linking to test PSC truncations for
self-interaction. PSC1-909 and PSCA761-1355 formed high molecular weight cross-linked
species with two different cross-linkers, indicating that they self-interact. PSC#56-1603 3|50
formed cross-linked species but at higher cross-linker concentrations (Fig. 5C, S5C). Cross-
linking of PSC#%6-1603 j5 stimulated by DNA (Fig. 5D), which is consistent with a previous
report of DNA-induced interactions among PCCs (Mohd-Sarip et al., 2006). DNA
stimulation of cross-linking may reflect binding of multiple proteins to single DNAs,
although 30 base pair oligonucleotides added in excess of protein stimulate protein cross-
linking similarly to plasmids, arguing against this possibility. PSC#56-999 which is impaired
for nucleosome bridging did not form high molecular weight species when incubated with

Mol Cell. Author manuscript; available in PMC 2013 June 29.
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either cross-linker under these conditions. We verified these self-interaction results with
PSC truncations using co-immunoprecipitation assays (Fig. S5D, E). We also tested the two
weak chromatin binding truncations in competition binding assays to determine if self-
interaction has functional consequences for chromatin binding. Self-interaction should
stabilize chromatin binding, and comparison of PSCA761-1335 anq pSC456-909
demonstrates that this is the case (Fig. S4F, G). Thus, self-association can compensate for
weakened DNA binding activity (as is the case for PSCA761-1335) 'hut bridging is not
observed without self-association (as observed with PSC456-909),

Nucleosome bridging activity is correlated with persistence through DNA replication

PSC truncations were tested for their ability to remain associated with chromatin through
DNA replication. PSC truncations that can bridge nucleosomes persist through DNA
replication (Fig. 5E; S4 H-0) while PSC#56-909 js impaired for persistence through DNA
replication. At concentrations of PSC#°6-909 10-fold higher than used for PSC, nucleosome
bridging, persistence through DNA replication, and DNA-stimulated self-interaction are
observed (data not shown). Thus, this protein may harbor the core activities of PSC but is
severely impaired for functions other than chromatin binding under our assay conditions
(See also Supplemental Discussion).

Although the findings from the sucrose gradient sedimentation experiments described above
are reproducible, the defect observed for PSC#%6-909 js more subtle than that observed in the
bridging assay. We therefore repeated this experiment with biotinylated versions of the key
proteins and streptavidin beads to capture proteins and associated chromatin templates.
Using this protocol, PSC and the tested truncations, including PSC#%6-909 hind in the
absence of extracts (“pre-replication”). After the replication reaction, however, essentially
no binding of PSC456-909 js observed when either total or replicated templates are analyzed
(Fig. 5E; S4P, Q). In contrast, PSC, PSC1-909 and pSC456-1603 gre all bound to replicated
chromatin. We conclude that nucleosome bridging activity is correlated with persistence
through DNA replication and that both correlate with chromatin binding and self-
association.

PSC-chromatin contacts are dynamic

A central question in how PCC and PSC can persist through DNA replication using their
nucleosome bridging activity is whether the proteins lose contact with chromatin during
DNA replication. Intuitively, it seems that chromatin must be transiently released while the
underlying DNA is copied. Yet our data indicates that PSC and PCC are not released from
the template. This suggests either that PSC and PCC do not ever lose contact with the
chromatin or that they transiently release the chromatin, but are held near the template and
subsequently rebind. We carried out a series of experiments to address this issue.

To test if PCC contacts with chromatin are dynamic on the time scale of these experiments
we carried out competition binding experiments with an average of 2 or 4 complexes per
chromatinized plasmid. We reasoned that the stable binding of PCC observed previously
could reflect cooperative interactions among complexes rather than stable binding of
individual complexes. If this is correct, then PCC should bind more stably when multiple
copies of the complex are present on the same template and nucleosomes are bridged. Both
ratios of PCC allowed capture of the majority of plasmids with streptavidin-coated beads
(using biotinylated PCC), and competitor effectively blocks binding (Fig. 6A-C; S5A-C).
However, when competitor is added after binding, to sequester PCC that is released from
chromatin, less chromatin is captured by low than high ratios of PCC. This experiment
suggests bridging by PCC stabilizes binding. In the course of our studies, we noticed that

Mol Cell. Author manuscript; available in PMC 2013 June 29.
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PCC binds tightly to ssDNA (Fig. S5), and we used ssDNA as competitor in these
experiments. This result is interesting because all replication forks contain ssDNA.

The finding that PCC-chromatin interactions are dynamic, but stabilized by bridging
provides a possible explanation for how PCC can both be retained on templates and release
chromatin transiently during replication. If this is correct, it further predicts that PCC and
PSC must rebind to chromatin after passage of the replication fork. This raises an apparent
contradiction, since our data indicate that PCC and PSC do not bind chromatin in replication
extracts under conditions where persistence is observed. Indeed, this feature of the system is
critical to the conclusion that the proteins are not released into solution during replication. A
possible explanation is that if PCCs are tethered to the template through interactions with
other, chromatin bound PCCs, their local concentration near the template will be higher than
in the extracts which may allow rebinding to chromatin. To investigate the prediction that
high concentrations of PSC (or PCC) can bind chromatin in extracts, we titrated PSC into
chromatin binding reactions before or after adding replication extracts (Fig. 6D,E; S6A). We
find that PSC can bind chromatin when added after extract, but 5-6 times higher
concentrations are required than when PSC is pre-bound in buffer. Similar results were
observed in a smaller number of experiments with PCC (not shown).

To determine if the reduction in PSC binding to chromatin in extracts is due to competition
from factors in the extract, or inactivation of PSC binding in extracts, we titrated template in
reactions where PSC was bound before or after addition of extracts and measured binding by
streptavidin pulldown of biotinylated PSC and bound chromatin. Our rationaleis that if
extracts contain components that compete for PSC binding, then less PSC is available for
binding in extracts than in buffer. Decreasing the amount of chromatin template under these
conditions should /ncrease the fraction of template that is bound (since both PCC/PSC and
chromatin are above their K4 for binding (Francis et al., 2009)). In contrast, if PSC binds
chromatin less well in extract because its affinity is reduced (so that it is no longer above its
Kq for chromatin), then the fraction bound will remain the same. We find that as template is
titrated down, a higher fraction is bound (Fig. 6 G,H; S6 B). This is consistent with a model
in which the extracts do not affect the affinity of PSC for chromatin but instead compete for
binding to it, thus decreasing the amount of PSC available for binding. From these
experiments, we conclude that PSC and PCC-chromatin interactions are dynamic, but
stabilized by interactions with other PSC/PCCs on the template (nucleosome bridging). In
extract, PSC and PCC binding is attenuated, likely because of competitor factors present in
the extracts. However, at elevated concentrations, which should be present near chromatin
templates where PSC or PCC are tethered through PSC-PSC interactions, PSC and PCC can
bind chromatin in extracts.

DISCUSSION

A Nucleosome bridging model for persistence through DNA replication

We suggest the following model for persistence through DNA replication (Fig. 7). Each PcG
complex binds both to chromatin and at least one other PcG complex, forming a stable
structure on chromatin in which nucleosomes are bridged. This structure is refractory to
chromatin remodeling, and may also be important for inhibition of transcription. Within the
bridged configuration individual PcG-chromatin contacts are dynamic (Fig. 6), allowing
segments of DNA to be released from PcG proteins so they can be replicated (we do not
know if the replicative helicase or other components of the replication fork promote
disruption of PcG-chromatin contacts or if the intrinsic dynamics of PSC-chromatin
interactions are sufficient). When a complex breaks contact with chromatin during DNA
replication, PSC-PSC interactions with another complex bound further away from the
replication fork prevent it from dissociating and instead allow it to rebind to newly

Mol Cell. Author manuscript; available in PMC 2013 June 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lo etal.

Page 8

replicated chromatin as it becomes available. This model can explain how the PcG complex
can persist through DNA replication, but still allow the replication machinery access to the
DNA. The labile nature of individual PcG-chromatin contacts allows these contacts to be
rearranged so that the complexes can transfer from in front of to behind the replication fork.
These dynamic contacts may also explain why chromatin bound by PCC is still accessible to
restriction enzymes and DNasel (Francis et al., 2001). The unstructured nature of the region
of PSC that is important for these activities may be flexible, allowing bridges to form across
variable distances in chromatin. Thus, individually dynamic PCCs form a stable chromatin
structure through PSC-PSC interactions that can withstand passage of a DNA replication
fork.

Sites that bind PcG proteins in vivo can interact over large distances (Bantignies and
Cavalli, 2011; Lanzuolo et al., 2007). Although PcG proteins may not be primarily
responsible for forming these contacts (Comet et al., 2011, Li et al., 2011), nucleosome
bridging could stabilize them. A previous study described trans interactions among
nucleosomal arrays mediated by PRC1 (Lavigne et al., 2004). In these experiments, PRC1-
bound nucleosomal arrays which were immobilized on beads could recruit additional arrays
from solution without addition of new PRC1. This activity is likely related to the
nucleosome bridging activity described here, but is distinct since it occurs with slower
kinetics and cannot be carried out by PSC alone.

Does nucleosome bridging occur in vivo?

A direct test of this question has so far not been possible. If PRC1 persists on chromatin
through DNA replication in vivo as shown here in vitro, PSC may be diluted by two-fold on
replicated chromatin until additional PcG proteins are recruited. We carried out Chromatin
Immunoprecipitation (ChlP) using Drosophila S2 cells at different stages in the cell cycle
that were isolated by centrifugal elutriation (Fig. S7). The PSC to chromatin ratio shows a
trend towards decreasing as the cell cycle progresses from G1 through S and into G2 at five
PREs. PSC association with 3 of the 5 PREs is statistically significantly decreased in G2 vs.
G1. Thus, PSC levels at some genes are reduced in G2 vs. G1, but not to the extent expected
if PSC was segregated to newly replicated chromatin and no additional PSC added in S-
phase. These data do not directly test our in vitro model, but are consistent with its
predictions, as is the requirement for the region of PSC that mediates nucleosome bridging
for maintaining silencing in flies (King et al., 2005; Wu and Howe, 1995) and the binding of
PSC to newly replicated chromatin in cells (Francis et al., 2009). A recent report analyzing
several PcG proteins (Pc, PHO, E(Z), and the modification H3K27me3) through S-phase
using cells synchronized with hydroxyurea reported an increase in PcG protein binding at
PREs prior to their replication (Lanzuolo et al., 2011). The difference observed by these
authors is larger than what we observe in cells fractionated by elutriation although both data
sets suggest that PcG levels at PREs are higher before than after DNA replication, consistent
with segregation of PcG proteins, and with cell-cycle modulated recruitment of PcG proteins
(Aoto et al., 2008; Hernandez-Munoz et al., 2005; Lanzuolo et al., 2011).

Are PcG proteins directed to newly replicated chromatin?

One question not answered by the experiments carried out to date is whether or how PSC or
PCC might be specifically directed to newly replicated chromatin, as opposed to transferring
to a more distal location in front of the fork. In our in vitro system where replication is
carried out on plasmid templates, the possible distance the complexes can travel is limited,
and ultimately they end up on newly replicated DNA since the whole template is replicated.
If complexes make many transfers during the course of the reaction, these would not be
observed. In vivo, if complexes transfer in either direction in an unconstrained manner, they
will not remain located near target sites, and persistence through DNA replication would not

Mol Cell. Author manuscript; available in PMC 2013 June 29.
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facilitate maintenance of gene expression states. PCC binds tightly to ssDNA and it is
possible that this contributes to recognition of replicating DNA, thereby promoting transfer
to newly replicated chromatin. In support of interactions between PSC and ssDNA, the
single stranded DNA binding protein RPA is enriched in purifications of PSC from
Drosophila S2 cells (A. Wani, unpublished data). More experiments will be needed to test
this idea, and more generally to determine whether PSC recognized features of the
replication fork or newly replicated chromatin. In vivo, PcG proteins are targeted by DNA
binding proteins, and their affinity for chromatin is also influenced by histone modifications.
Either or both of these factors could also contribute to retaining complexes at specific sites,
which can be tested in future experiments.

In summary, we describe a bridging mechanism by which PcG proteins can be transferred
from unreplicated to replicated chromatin that mayallow PcG proteins to provide a
continuous memory of silencing. The combination of chromatin binding and self-association
is found in other chromatin proteins (Canzio et al., 2011; McBryant et al., 2006), raising the
possibility that the mechanism described here may also be used by other epigenetic
regulators.

EXPERIMENTAL PROCEDURES

Complete experimental protocols are available in the Extended Experimental procedures

Proteins

Templates

Experiments were repeated at least three times with at least two different preparations of
template and proteins unless indicated.

Drosophila PcG proteins, human Swi/Snf, SV40 large T-Antigen and histones, were
prepared as described (Francis et al., 2001; Landford, 1988). Active concentrations for DNA
binding were measured for PSC and PCC (Francis et al., 2001); assuming proteins bind
DNA as monomers, the active fraction is 0.2-0.3. All stated concentrations for PSC and
PCC are active, except Fig. 5 in which total concentrations are used to compare active and
inactive proteins.

Chromatin templates were prepared with plasmid pG5E4-SVO (Francis et al., 2009).

Replication of chromatin in SV40 cell-free system and chromatin remodeling

Replication of chromatin in the SV40 cell-free system using TAg and HelLa cell S100
extracts and chromatin remodeling of replication products, were carried out essentially as
described (Francis et al., 2009).

Nucleosome bridging assay

Chromatinized plasmids or linear nucleosomal arrays were used at 40 or 80nM nucleosomes
with 1-2 molar ratio of active protein to nucleosomes for PSC, PCC, PSC1-909 or
PSC#56-1603 and up to 5 molar ratio of total protein to nucleosomes for PSC1-572 or
PSC#%6-909 | inker DNA was digested at 30°C for 5-10 min by the addition of 1U MNase
(USB) 10 mM CacCly, and 0.5 pg of a 29-bp dsDNA. Reactions were stopped with 15 mM
EDTA and centrifuged through sucrose gradients. DNA from each fraction was resolved in
agarose gels and visualized with SYBR gold stain (Invitrogen) on a Typhoon Imager.
Mononucleosome bridging was carried out under similar conditions without MNase
digestion.
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Protein cross linking

Protein cross-linking was carried out with EDC, a zero length, amine-carboxyl cross-linker,
and BMy(PEG), which cross-links sulfhydryls up to 14.7 A as described (Lo and Francis,
2010).

Competition binding assay

Chromatin binding was carried out with biotinylated PCC and circular single stranded DNA
as competitor. Competitor was added either during the initial binding step or after PCC was
bound to chromatin. Reactions were cross-linked with formaldehyde to preserve binding
during pull-down with streptavidin coated beads.

Analysis of binding to leading vs. lagging strand
See legend of Fig. 1 and Extended Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PCCistransferred to both leading and lagging strands during DNA replication

A) Schematic of plasmid used for DNA replication. Fragments 1 and 2 were used for
analysis of leading and lagging strand association with PCC. Both fragments contain repeats
of the 5S rDNA sequence and are replicated in opposite directions so that the leading and
lagging strands are opposite between the two. B) Schematic of isolation of PCC-bound
fragments 1 and 2. After replication, reactions were cross-linked with formaldehyde to
preserve PCC-chromatin interactions. Chromatin templates were purified by sucrose
gradient sedimentation, dialyzed, and digested with restriction enzymes to release fragments
1 and 2 and streptavidin-coated beads used to isolate PCC-bound chromatin fragments.
Supernatant from the streptavidin pulldown was analyzed for control reactions which lacked
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PCC. Purified DNA was separated by agarose gel electrophoresis and fragments 1 and 2
isolated and used to probe blots of single stranded DNA corresponding to each strand. C)
Gel of purified DNA from PcG bound or unbound restriction digested chromatin from DNA
replication reactions. Left panel shows SYBR gold stain of total DNA and right panel a
phosphorimager scan of replicated DNA. Arrows indicate the fragments 1 and 2. Cross-
linked chromatin is not completely digested so that there are several partial digestion
products. D) Phosphorimager scan of hybridization of PCC-bound or control replicated
DNA hybridized to slot blots with immobilized strand-specific probes. Right panels are blots
probed with a labeled oligonucleotide corresponding to the upper or lower strand to confirm
the purity of the single stranded DNA and the specificity of hybridization conditions.
Negative control is a sequence not present in the plasmid. U=upper strand; L=lower strand
E) Summary graph of the average ratio of upper to lower strand for blots probed with
fragments 1 or 2. Error bars in this and all subsequent graphs are standard deviation.
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Figure 2. PcG protein Posterior Sex Combsis sufficient for persistence through DNA replication
A) Schematic of SV40 replication experiments. Plasmids were incubated with SV40 T-
Antigen, followed by PSC; replication was started by addition of extract. PSC was added
with replication extracts in reactions labeled “W.E.” (with extract). Replication products
were separated by sucrose gradient sedimentation (B, C) or used as substrates for chromatin
remodeling reactions (D, E). B) Sucrose gradient fractions from a replication experiment
carried out with PSC. Top panel: SYBR gold stained native gel of DNA in fractions from a
gradient to analyze PSC binding to chromatin prior to replication; Middle panel: SYBR gold
stained denaturing gel of total DNA from fractions of a gradient separating replication
reactions; Bottom panel: phosphorimager scan of the middle gel showing radiolabeled
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replication products which are predominantly full length (asterisks marks full length
plasmid). C) Summary of sucrose gradient sedimentation of replication reactions. Bars show
the average % of chromatin present in the bottom three fractions of the gradient. D)
Example of chromatin remodeling assay on replication fractions. Panels show
phosphorimager scan of replicated DNA incubated with (bottom) or without (top) hSwi/Snf.
Chromatin remodeling mediated by hSwi/Snf increases restriction enzyme digestion; a
decrease in digestion reflects inhibition of chromatin remodeling. E) Summary of inhibition
of chromatin remodeling by PSC after DNA replication. Asterisks indicate that inhibition is
significantly higher than when PSC is added with the extracts by student’s one-tailed t-test
(p<0.05). Note that similar amounts of DNA are present in each lane but the differences in
signal reflect inhibition of DNA replication by PSC, similar to what was observed
previously for PCC (Francis et al., 2009); denaturing gels (B) indicate that replication
products are full length so that inhibition likely occurs at the level of initiation. See also
Figure S1.
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Figure 3. PSC and PCC bridge nucleosomes

A) Schematic of nucleosome bridging experiments. B) Example of nucleosome bridging
assay. Each panel shows SYBR gold stained DNA from sucrose fractions of undigested
(—MNase) or digested (+MNase) plasmid alone or incubated with PSC or PCC as indicated.
N=nicked; SC=supercoiled forms of plasmid; 1IN=mononucleosome; in=input. C) Summary
graph of average % of chromatin in the bottom three fractions of sucrose gradients. D)
Representative and E) summary of nucleosome bridging assay(s) sedimented through
gradient with 150 mM KCI. See also Figure S2.
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Figure 4. PSC can bridge nucleosomesin trans

A) Schematic of assay to test PSC bridging of mononucleosomes. Mononucleosome
bridging was quantified by measuring the amount of Cy3-labelled nucleosomal DNA that
co-purifies with the biotinylated nucleosomes. B) Left panels show Cy3-labelled
nucleosomal DNA in sucrose gradient fractions of mononucleosome-PSC mixtures. The
distribution of labelled mononucleosomal DNAs was also confirmed with SYBR gold
staining, and with a Cy5 label on the biotinylated DNA; both fragments have identical
distributions in the gradient (not shown). Right panels show streptavidin pulldown results
from the fractions indicated with boxes. F=flow-through; B= bound. PSC:N is ratio of PSC
to nucleosomes. C) Summary of migration of Cy3-labelled nucleosomes in sucrose
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gradients. D) Co-purification of Cy3-labelled mononucleosomes with biotinylated

nucleosomes. Gels show Cy3-labelled DNA in the flow through and bound to streptavidin-
coated beads. Fraction numbers correspond to gradients in B. See also Figure S3.
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Figure 5. Chromatin binding and self-interaction are important for nucleosome bridging and
persistence through DNA replication

A) Schematic diagrams of PSC. Functional regions are based previous data and conserved
domains (Brunk et al., 1991; Sanchez-Pulido et al., 2008) are in grey. B) Summary of
bridging assays with truncated PSC. Grey and black bars show average % of chromatin in
the bottom three fractions of the gradient without and with MNase digestion, indicative of
chromatin binding and nucleosome bridging, respectively. C) Representative Western blot
analysis of protein cross-linking of truncated PSC with BM,(PEG). Note that all samples in
a set were run on the same gel, but different sets are from different gels so that markers are
approximate. S=stacking gel border; W=well. D) Western blot analysis of the effect of DNA
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(30 bp oligonucleotide or 5 kb plasmid) on cross-linking of PSC#%6-1603 by EDC: asterisk
indicates cross-linked products. E) Summary of replication experiments carried out with
truncated PSC proteins. Graph shows average % of chromatin that is in the bottom three
fractions of sucrose gradients or isolated on streptavidin coated beads using biotinylated
PSC truncations of binding or replication reactions. Proteins were used at 50-100 nM except
for PSC#56-909 and PSCA761-1355 \which were used at 200 nM. Asterisks indicates
statistically significant difference between pre-replication and replicated chromatin by t-test
(P<0.05). See also Figure S4.

Mol Cell. Author manuscript; available in PMC 2013 June 29.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Loetal.

high PCC, bridged nucleosomes

Oo Q

. A 2e.
ey . fhos . ¥
a —* g a —
¥ T ]
é\\“o; ’ o A -‘oo
9. 99 &
‘9‘33:
C. .
14 m4 PCC per plasmid
@2 PCC per plasmid
o 08 1
c
3
206 A
&
£ 0.4 -
=
*0.2 -
0
no comp. comp.  comp. after
during binding
binding
E. ®PSC before extract
- OPSC after extract
o
E
o
BE”
a2
=T
<%0
So
2
=
[V
0 )
0 10 20 30 40
[PSC], nM
F.

increase concentration of PCC

o

24
. CR .“

T VR £
o°¢fo o° 6’."0'_.." ??Kég‘:" :\f

Dl e
1 ‘e

D.

G.

Page 23

low PCC, no bridged nucleosomes
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Figure 6. PSC and PCC-chromatin contacts are dynamic and replication extracts contain

componentsthat compete for their binding

A, B) Schematic diagram demonstrating the predicted behavior of low versus high ratios of
PCC to plasmid in competition assays. Note that for high concentrations of PCC (A),
transient loss of PCC-chromatin contacts can result in rebinding to the same template
(bottom) or bridging between template and competitor (top). C) Summary of competition
experiments. See also Figure S5. D) Schematic diagram of competition between factors in
extract (which may include RNA that is present in the extracts and binds PSC and PCC, not
shown) and chromatin for PCC or PSC binding. E) Summary of PSC titration experiments in
which PSC was added before or after extract. Points were fit with a linear regression (R?
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>0.99). The ratio of the slopes in the absence versus presence of extracts is 5.7. F)
Schematic diagram explaining the effect of raising PSC or PCC concentration in binding
reactions. G) Summary of template titration experiments in extracts. H) Schematic diagram
of the effect of decreasing chromatin template in binding experiments in extracts. F) See
also Figure S6.
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Bridging model for persistence of PcG proteins through DNA replication

replicating chromatin
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Figure 7. Bridging model for persistence of PcG complexesthrough DNA replication in vitro
Top scheme shows a replication fork moving through chromatin; lower panel shows the
same steps with PcG complexes transferring from unreplicated to replicated chromatin.
Curved arrows indicate hypothetical mechanistic steps. The bridging model proposes that a
combination of PcG-PcG and PcG-chromatin interactions allows dynamic rearrangement of
chromatin contacts without loss of PcG complexes. See text for details.
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