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The ESC-E(Z) complex of Drosophila melanogaster Polycomb group (PcG) repressors is a histone H3
methyltransferase (HMTase). This complex silences fly Hox genes, and related HMTases control germ line
development in worms, flowering in plants, and X inactivation in mammals. The fly complex contains a
catalytic SET domain subunit, E(Z), plus three noncatalytic subunits, SU(Z)12, ESC, and NURF-55. The
four-subunit complex is >1,000-fold more active than E(Z) alone. Here we show that ESC and SU(Z)12 play
key roles in potentiating E(Z) HMTase activity. We also show that loss of ESC disrupts global methylation of
histone H3-lysine 27 in fly embryos. Subunit mutations identify domains required for catalytic activity and/or
binding to specific partners. We describe missense mutations in surface loops of ESC, in the CXC domain of
E(Z), and in the conserved VEFS domain of SU(Z)12, which each disrupt HMTase activity but preserve
complex assembly. Thus, the E(Z) SET domain requires multiple partner inputs to produce active HMTase.
We also find that a recombinant worm complex containing the E(Z) homolog, MES-2, has robust HMTase
activity, which depends upon both MES-6, an ESC homolog, and MES-3, a pioneer protein. Thus, although the
fly and mammalian PcG complexes absolutely require SU(Z)12, the worm complex generates HMTase activity

from a distinct partner set.

The Polycomb group (PcG) proteins of Drosophila melano-
gaster form chromatin complexes that repress transcription
during development (see references 9, 44, and 53 for reviews).
The most intensively studied targets of PcG repression are the
fly Hox genes, which are differentially activated along the an-
terior-posterior axis in early embryos. Once initial Hox activity
patterns are established, PcG complexes maintain Hox-re-
pressed states during subsequent embryonic, larval, and pupal
stages. There are approximately 15 fly PcG repressors, and
they are implicated in silencing many other targets, besides
Hox genes, in the fly genome (11, 31, 33, 45). Thus, PcG
proteins are general repressors that provide a key model for
understanding chromatin mechanisms that propagate tran-
scriptional off states during development.

Fly PcG complexes have been defined by fractionation and
purification from embryo extracts (7, 34, 36, 48, 50, 59). The
two best-characterized PcG complexes are the ESC-E(Z) com-
plex and Polycomb repressive complex 1 (PRC1). These com-
plexes are biochemically separable and contain distinct sets of
PcG subunits. The ESC-E(Z) complex has histone methyl-
transferase (HMTase) activity which depends upon the SET
domain of the catalytic subunit, E(Z) (34). The primary target
of ESC-E(Z) HMTase activity is lysine 27 of histone H3 (7,
34). This H3-K27 methylation is thought to help recruit the
second PcG complex, PRCI, to specific chromatin sites; the
Polycomb (PC) subunit of PRCI1 binds to trimethyl-H3-K27 in
vitro (3, 7, 8, 32), and E(Z) function is required for PRC1
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localization to Polycomb response elements (PREs) in vivo (3,
42, 67). Thus, a stepwise model has been proposed whereby the
ESC-E(Z) complex marks local chromatin with methyl-H3-
K27, and this in turn recruits PRC1 to target sites where it
directly executes PcG silencing (3, 52, 67). The original recruit-
ment of the ESC-E(Z) complex to PREs depends upon the
DNA-binding PcG proteins PHO and PHO-Like (67).

The ESC-E(Z) complex contains four core subunits: extra
sex combs (ESC), Enhancer of zeste [E(Z)], Suppressor of
zeste-12 [SU(Z)12], and nucleosome-remodeling factor 55
(NURF-55) (7, 34). Though the E(Z) SET domain provides
the catalytic active site, the noncatalytic subunits also make
critical contributions to function. This is apparent from
HMTase assays which show that a recombinant four-subunit
ESC-E(Z) complex is greater than 1,000-fold more active than
E(Z) alone (34). In agreement with this, genetic studies show
that loss of either ESC or SU(Z)12 yields embryonic Hox
phenotypes that are as severe as those caused by loss of E(Z)
function (2, 20, 56). Clearly, enzyme activity in vitro and PcG
repression in vivo depend upon tight partnership of E(Z) with
its noncatalytic cohorts. The molecular roles of these subunits
and their mechanisms for potentiating activity are not yet clear.
Indeed, in the absence of a three-dimensional structure of the
complex, much remains to be determined about how the com-
plex is built from its constituent parts and how it functions.

The ESC-E(Z) complex is strikingly conserved from flies to
mammals. The corresponding complexes isolated from HelLa
cells, which have been called Polycomb repressive complexes 2
and 3 (PRC2/3), contain homologs of the four fly subunits and
have similar HMTase activities that target H3-K27 (3, 4, 26,
27). In addition to Hox gene regulation, mammalian ESC-E(Z)
complexes are implicated in X chromosome inactivation (41,
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51) and in progression of prostate and breast cancers (23, 62).
Even more evolutionarily striking, plants contain clear ho-
mologs of ESC, E(Z), SU(Z)12, and NURF-55, which function
together in developmental processes, including seed differen-
tiation and control of flowering (15, 29, 54). A particularly
fascinating role for the plant PcG homologs is in the process of
vernalization (14, 24). In this case, flowering time is influenced
by temperatures experienced weeks earlier, with the PcG pro-
teins thought to provide memory by maintaining chromatin
states for the long intervening period. This conservation across
kingdoms implies that the ESC-E(Z) complex supplies an an-
cient function in chromatin modification.

The biological functions of ESC-E(Z) homologs in Caeno-
rhabditis elegans have also been intensively studied. The E(Z)
homolog, MES-2, and the ESC homolog, MES-6, are subunits
in a worm MES complex that is required for germ line devel-
opment and gene silencing (13, 17, 21, 25, 68) and also plays a
role in Hox gene repression in the soma (46). Besides MES-2
and MES-6, the MES complex contains MES-3, which is a
novel protein unrelated to PcG proteins from other species. In
addition, the worm genome lacks a recognizable Su(z)12 ho-
molog. Nevertheless, like the fly and mammalian complexes,
the MES complex methylates H3-K27 in worms (1). Thus,
there are functional parallels between the worm and fly com-
plexes but there are also major differences in subunit compo-
sitions.

Here we analyze recombinant ESC-E(Z) complexes to de-
fine contributions of individual subunits and roles of their
functional domains. We assess assembly and HMTase activities
of complexes lacking particular subunits or bearing mutations
in single subunits. Many of the subunit mutations mimic exist-
ing missense alleles, so in vitro properties can be compared to
genetic behavior in vivo. Our analysis of stable subunit inter-
actions implies that E(Z) and SU(Z)12 occupy central posi-
tions in the complex, whereas ESC and NURF-55 associate
more peripherally. We find that SU(Z)12 and ESC, which
directly contact E(Z), are each needed for HMTase function in
vitro. In agreement with this, we also find that ESC is critically
required for global H3-K27 methylation in fly embryos. Among
the missense alleles analyzed, mutations in the cysteine-rich
CXC domain of E(Z), in conserved surface loops of ESC, and
in the VEFS domain of SU(Z)12 are notable for compromising
HMTase activity but not assembly of the complex. Thus, these
domains are implicated in facilitating E(Z) catalytic function.
Finally, we find that a recombinant worm MES complex, built
from three subunits, has robust HMTase activity which re-
quires both noncatalytic subunits. We discuss how worms and
flies may have evolved distinct strategies to build active
HMTase complexes.

MATERIALS AND METHODS

Expression and purification of protein complexes. Baculovirus expression of
recombinant proteins was performed using the Bac-to-Bac system (Invitrogen).
Anti-FLAG immunoaffinity purification of complexes was performed essentially
as described previously (34), except washes in BC buffer were performed up to
1.2 M KCl and elutions were performed in batch for 1 h with 0.8 mg/ml FLAG
peptide. Mutant complexes were prepared in parallel with a wild-type control
and purified at least twice independently for each complex. Protein complexes
were purified from insect Sf9 cells grown at 28 to 29°C, which corresponds to the
loss-of-function restrictive temperature for E(z)*? (C545Y), E(z)®’ (C603Y), and
E(2)% (C363Y).
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Baculovirus constructs and site-directed mutagenesis. Full-length cDNAs en-
coding FLAG-ESC, E(Z), SU(Z)12, NURF-55, and FLAG-E(Z) inserted into
pFastBacl were described previously (34). Additional FLAG-SU(Z)12 and hem-
agglutinin (HA)-ESC constructs were produced by inserting tag-encoding oligo-
nucleotides at the N termini of the respective untagged expression constructs.
pFastBacl derivatives for MES protein expression were generated using the
Gateway recombination system (Invitrogen). Full-length mes-2, mes-3, and mes-6
c¢DNAs were inserted into pPDONR201 (Invitrogen), generating mes entry vec-
tors. Destination vectors were generated by engineering pFastBacl to contain
either an attL cassette alone or a FLAG tag sequence followed by an attL
cassette. Recombination between mes entry vectors and destination vectors gen-
erated FLAG-tagged and untagged versions of MES-2, MES-3, and MES-6.
Site-directed mutations were generated using the Quick Change mutagenesis kit
(Stratagene) or the GeneTailor mutagenesis system (Invitrogen). In-frame de-
letions of E(Z) or SU(Z)12 domains were constructed using a PCR-based strat-
egy followed by sequencing to confirm intact open reading frames. Deletion of
E(Z) domain II spans residues 259 to 370, and deletion of the SU(Z)12 VEFS
domain spans residues 527 to 603.

HMTase assays and substrates. Histone methyltransferase assays were per-
formed as described previously (34). HMTase assays were repeated at least twice
using independently prepared complexes. Relative HMTase levels are based
upon visual comparison of signals obtained with various concentrations of com-
plexes. The estimate of threefold HMTase reduction resulting from loss of
NUREF-55 (Fig. 1A) is derived from four independent tests, two using FLAG-
ESC complexes and two using FLAG-SU(Z)12 complexes.

Polynucleosome substrates, consisting of 8- to 12-mers prepared from HeLa
cells, were used throughout this work except for experiments in Fig. 1E and 6C,
which used bovine free histones (Roche) as a substrate. Polynucleosomes were
prepared essentially as described previously (16), using nuclei extracted from
HeLa cells (National Cell Culture Center). After final sucrose gradient separa-
tion of polynucleosome arrays, fractions containing 8- to 12-mers were dialyzed
in 20 mM HEPES, pH 7.5, 0.1 M NaCl, 1 mM EDTA, 1 mM B-mercaptoethanol,
and 0.5 mM phenylmethylsulfonyl fluoride, and polynucleosomes were concen-
trated using Amicon Ultra centrifugal filter devices.

Generation of esc and E(z) mutant embryos and Western blot analysis. Wild-
type embryos were collected from stock y Df(1)w®’? at 25°C (0 to 16 h). E(z)
mutant embryos were collected from a homozygous E(z)®! stock at 18°C (0 to
24 h) or at 29°C (0 to 12 h). esc mutant embryos were collected as the progeny
of esc’? b prlesc? Cy0 adults at 25°C (0 to 16 h). esc’? is a 380-kb deficiency that
removes the esc locus, and esc? is an apparent null allele resulting from a
frameshift (12, 47, 56). Embryos were dechorionated in 50% bleach and flash
frozen in liquid nitrogen. Protein extracts were prepared by resuspending the
embryos in an equal volume of 2X sodium dodecyl sulfate (SDS) sample buffer
containing 0.4 mM phenylmethylsulfonyl fluoride, 1 wg/ml leupeptin, 1 pg/ml
chymostatin, 1 pg/ml pepstatin A, and 1 wg/ml antipain; crushing with a pestle;
and then incubating at 95°C for 10 min. Proteins were fractionated on 15%
SDS-polyacrylamide gel electrophoresis (PAGE) gels and transferred to Immo-
bilon-P (Millipore) (Fig. 2A) or on 10% gels followed by transfer to Protran
(Schleicher and Schuell) (Fig. 2B). The blots were blocked for at least 30 min in
5% nonfat dry milk and incubated in primary antibody overnight at 4°C. The
trimethyl-H3K27 antibody was used at 1:1,000, and the dimethyl-H3K27 and
dimethyl-H3K9 antibodies were used at 1:500. These antibodies have been de-
scribed previously (40) and were kindly provided by Thomas Jenuwein. The
antibody against unmodified histone H3 (residues 1 to 20; Upstate Biotech) was
used at 1:250. Antibodies against SU(Z)12 and E(Z) have been described pre-
viously (6, 34) and were used at 1:500 and 1:100, respectively. A monoclonal
antibody against a-tubulin (DM-1A; Sigma) was used at 1:2,000. Horseradish
peroxidase-conjugated goat anti-rabbit and goat anti-mouse secondary antibod-
ies (Jackson Immuno Laboratories) were used at 1:10,000. Signals were devel-
oped using an ECL chemiluminescence detection kit (Amersham).

RESULTS

SU(Z)12 and ESC are required for histone methyltrans-
ferase activity. We used a baculovirus expression system to
produce, purify, and test recombinant forms of the fly ESC-
E(Z) complex for assembly and HMTase activity in vitro. As
we described previously (34), the four-subunit ESC-E(Z) com-
plex prepared this way methylates histone H3 at lysine 27 with
an approximately fivefold substrate preference for polynucleo-
some arrays versus free histones. Polynucleosomes were used
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FIG. 1. Assembly and activity of recombinant subcomplexes missing individual subunits of the ESC-E(Z) complex. (A) Subunit compositions
(top) and HMTase activities (bottom) of subcomplexes obtained after omission of indicated subunits. Wild-type (WT) four-subunit complex (left
lane) and subcomplexes were affinity purified using FLAG-ESC. (B) As in panel A, except complexes purified using FLAG-SU(Z)12. The second
lane of each pair shows twice as much material loaded. The rightmost lanes show subcomplex obtained after coexpression of only SU(Z)12 plus
E(Z). An asterisk here, and in subsequent figures, denotes hsp70, which often contaminates baculovirus-produced complexes (10, 34). (C) Model
for the four-subunit complex deduced from stable interactions detected in panels A and B. The catalytic subunit, E(Z), occupies a central position
and can bind stably and independently to ESC and SU(Z)12. (D) Subunit compositions of subcomplexes obtained after coexpression of the
indicated subunits and purified using FLAG-E(Z). (E) HMTase activities of wild-type four-subunit complex versus trimeric complex lacking
NURE-55. Activities were compared on polynucleosome (Polynucs; top) and free histone (bottom) substrates.

as a substrate throughout this study, except where specifically
noted otherwise.

To determine which noncatalytic subunits are required for
HMTase activity, we compared enzyme activities of the four-
subunit complex to subcomplexes obtained when one or two
subunits were omitted from the coexpression mix. Figure 1A
shows subunit dropout experiments performed using FLAG-
tagged ESC for purification. Single loss of E(Z) yields FLAG-
ESC alone (lane 2), which indicates that ESC primarily inter-
acts with E(Z) in the normal complex. In contrast, single loss
of NURF-55 yields a trimeric FLAG-ESC/E(Z)/SU(Z)12 com-
plex (lane 3), which is catalytically active at levels about three-
fold reduced from wild type. Single loss of SU(Z)12 leads to
loss of NURF-55 as well, suggesting that NURF-55 association
is primarily through SU(Z)12; the resulting FLAG-ESC/E(Z)
dimer (lane 4) is catalytically inactive. These results show that

SU(Z)12 is vital for HMTase function, whereas NURF-55
makes only a minimal contribution to activity of the complex.

To assess contributions of ESC, we purified complexes with
the FLAG tag instead placed at the N terminus of SU(Z)12.
Figure 1B shows that the four-subunit complex prepared this
way has comparably robust activity. If ESC is singly deleted, a
stable subcomplex containing the other three subunits is ob-
tained (lanes 3 and 4). This complex has detectable HMTase
activity, but it is 25- to 50-fold reduced relative to the wild type.
Finally, coexpression of only FLAG-SU(Z)12 plus E(Z) yields
a stable dimer which is even further reduced in activity (lanes
5 and 6). Taken together, the subunit dropout experiments
identify SU(Z)12 and ESC as most critical for potentiating
E(Z) HMTase activity. In addition, these tests define the stable
subunit interactions that support complex assembly, which are
summarized by the model in Fig. 1C.
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FIG. 2. Levels of methylated histone H3 in fly embryos bearing an
ESC or E(Z) loss-of-function mutation. (A) Western blots were per-
formed on fly embryo extracts using antibodies that detect either
unmodified histone H3 (top row) or the indicated forms of methylated
H3 (bottom rows). Extracts were prepared from wild-type (WT) em-
bryos (lane 1), E(z)® embryos collected at permissive temperature
(18°C, lane 2), E(z)®! embryos at restrictive temperature (29°C, lane 3),
or embryos collected as progeny of esc’’/esc? parents (lane 4). (B) As
in panel A, except blots were incubated with antibodies against
SU(Z)12, E(Z), or tubulin (loading control) as indicated.

In addition to these results, several studies have described
subunit interactions of fly or mammalian versions of the ESC-
E(Z) complex (5, 35, 39, 59, 69). Two issues appear unresolved
after comparing the data sets. First, there are different views on
the location of E(Z) in the complex. One study of the mam-
malian complex suggests that EZH?2 is located peripherally and
assembles solely through contact with the ESC homolog, EED
(5). Two other studies of mammalian subunits also detect sta-
ble EZH2-SU(Z)12 interactions (39, 69) and suggest a more
central location for EZH2. Our results (Fig. 1A to C) are
consistent with another study of the fly complex (35), which
detected stable contacts of E(Z) with both ESC and SU(Z)12,
and support a central location for E(Z). Second, there are
different results on whether NURF-55 binds stably to E(Z). In
agreement with our SU(Z)12 dropout result (Fig. 1A), two
studies on the mammalian complex find that the NURF-55
homolog RbAp48 cannot stably associate with EZH2-EED in
the absence of SU(Z)12 (5, 39). However, studies of the fly
subunits have reported pairwise binding of NURF-55 to E(Z)
(35, 59). To directly assess this using our assay conditions, we
compared stable subcomplexes obtained after coexpression of
FLAG-E(Z) with NURF-55 plus or minus SU(Z)12. As shown
in Fig. 1D, the stable E(Z)-SU(Z)12 dimer and E(Z)-
SU(Z)12-NURF-55 trimer were obtained (lanes 1 and 3), but
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we failed to detect a stable E(Z)-NURF-55 dimer (lane 2) in
our system.

Since the mammalian homolog of NURF-55 has histone-
binding activity (64), it has been hypothesized to help mediate
substrate interactions. However, NURF-55 binds primarily to a
portion of histone H4 that is inaccessible in the nucleosome
context and it fails to bind nucleosome arrays on its own (30,
64). Thus, in addition to polynucleosome substrate, we also
tested ESC-E(Z) complexes lacking NURF-55 for activity
upon free histones. Figure 1E shows that, as with polynucleo-
somes, NURF-55 loss leads to a modest reduction in HMTase
activity on free histones.

ESC is required for H3-K27 methylation in fly embryos.
Previous work using a temperature-sensitive E(z) allele has
shown that H3-K27 methylation of bulk chromatin in fly em-
bryos depends upon E(Z) function (3). Thus, we consider E(Z)
to be the predominant sponsor of H3-K27 modification in flies.
If the ESC and SU(Z)12 contributions to E(Z) HMTase ac-
tivity (Fig. 1) are fundamentally required, then we would ex-
pect these subunits to be similarly key for H3-K27 methylation
in vivo. Figure 2A shows tests to directly assess the in vivo
requirement for ESC. Western blots were performed on fly
embryo extracts using antibodies that recognize methylated
forms of histone H3 (40). As expected (3), levels of methylated
H3-K27 are dramatically reduced in extracts from E(z)®’ em-
bryos collected at restrictive temperature, which serves as a
positive control. In the test sample (lane 4), we find that ex-
tracts from esc-null mutant embryos show similar bulk loss of
methylated H3-K27. These dramatic reductions are observed
with antibodies that detect either dimethyl- or trimethyl-H3-
K27, but no significant differences are seen with an antibody
that detects dimethyl-H3-K9. Figure 2B also shows that
SU(Z)12 and E(Z) persist at similar levels in these esc mutant
embryos. We conclude that the ESC noncatalytic subunit is an
obligate functional partner in E(Z) complexes in fly embryos.

Mutational analysis of E(Z) domains. As depicted in Fig.
3A, several E(Z) functional domains have been identified
based upon established in vitro roles and/or high homology
among E(Z) homologs in other species (19, 28). In agreement
with its assumed role as the core catalytic domain (43), we have
previously shown that the E(Z) SET domain is required for
HMTase activity in vitro and Hox gene repression in vivo (34).
In addition, pairwise binding studies have identified an N-
terminal ESC-interacting domain (EID) and homology do-
main I contains a binding site for another PcG protein, Poly-
comb-like (PCL), which may associate with the core ESC-E(Z)
complex in vivo (18, 38, 58, 60). However, molecular roles for
the highly conserved cysteine-rich CXC domain and homology
domain II have not been defined.

To address contributions of the CXC domain, we analyzed
two missense mutations, C545Y and C603Y, for effects upon
assembly and HMTase activity of the recombinant ESC-E(Z)
complex. These mutations correspond to E(z) loss-of-function
alleles, E(z)’? and E(z)®, respectively (6). Figure 3B shows
that both CXC mutant forms of E(Z) assemble into the four-
subunit complex comparably to the wild type. However, both
mutant complexes show reduced levels of HMTase activity.
Based upon the concentration ranges employed (Fig. 3B, bot-
tom right), we estimate that the C545Y complex is reduced
about 3-fold and the C603Y complex shows a more dramatic
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FIG. 3. Effects of E(Z) mutations on assembly and HMTase activity of ESC-E(Z) complexes. (A) Domain organization of E(Z) as defined by
comparison to mammalian homologs (19, 28). Percent identities between fly E(Z) and human EZH2 are shown for each domain. EID represents
the ESC-interacting domain (18, 58). Mutations analyzed in this study are indicated. WT, wild type. (B) Assembly (top) and HMTase activities
(bottom) of complexes containing E(Z) CXC domain mutations, purified using FLAG-SU(Z)12. (C) Assembly (top) and HMTase activities
(bottom) of complexes containing E(Z) domain II mutations. For Adomain II analysis (top left), subcomplexes obtained using FLAG-ESC or
FLAG-SU(Z)12 are shown. For C363Y analysis (top right), either the four-subunit complex with FLAG-ESC or just pairwise binding to
FLAG-SU(Z)12 is shown. The second lane of each pair shows twice as much material loaded. HMTase assays (bottom) were performed on

subcomplexes obtained with FLAG-ESC.

loss of at least 8- to 10-fold. Thus, one role of the CXC domain
is to augment HMTase activity of E(Z).

To analyze function of domain II, we tested mutant forms of
E(Z) bearing either an in-frame deletion of domain II (AIT) or
the C363Y missense mutation, which corresponds to the E(z)**
loss-of-function allele (6). Western blots showed that the
E(Z)AII protein is stably expressed in Sf9 cells after baculovi-
rus infection (data not shown). Assembly of E(Z)AII into ESC-
E(Z) complexes was assessed independently using FLAG tags

on either ESC or SU(Z)12. Purification with the former
yielded a FLAG-ESC/E(Z)AIl dimer, whereas purification
with the latter yielded a FLAG-SU(Z)12/NURF-55 dimer
(Fig. 3C, left). Both results suggest that domain II is required
for stable binding of E(Z) to SU(Z)12.

A more subtle assembly defect is observed with the C363Y
mutant. Figure 3C (middle panel) shows that four-subunit
complexes are obtained with E(Z)C363Y; however, the sub-
unit ratios appeared slightly altered, relative to the wild type
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FIG. 4. Effects of ESC mutations on assembly and HMTase activity
of ESC-E(Z) complexes. (A) Domain organization of ESC (37, 58).
Percent identity between fly ESC and human EED is shown for the
WD repeat region. Mutations analyzed in this study are indicated. WT,
wild type. (B) Assembly (top) and HMTase activities (bottom) of
complexes containing indicated ESC mutations. Complexes were pu-
rified using FLAG-ESC bearing the mutations.

prepared in parallel, suggesting that the mutant complexes are
not as stable. Specifically, FLAG-ESC appeared slightly over-
represented compared to other subunits. Given that complete
deletion of domain II disrupts binding to SU(Z)12, we tested
for direct pairwise binding of E(Z)C363Y to FLAG-SU(Z)12.
Figure 3C (right panel) shows that some dimer is recovered but
that SU(Z)12 binding to E(Z)C363Y is less efficient than that
to the wild type. Although assembly of the four-subunit com-
plex appears only partially affected, we find that C363Y-con-
taining complexes nevertheless show a dramatic reduction in
HMTase activity (Fig. 3C, bottom).

Mutations in ESC. The domain organization of ESC is de-
picted in Fig. 4A. Most of ESC is occupied by seven WD
repeats which together fold into a B-propeller (37, 58). This
structure provides a scaffold for protein interactions, and sev-
eral of the surface loops that emanate from the propeller core
have been implicated in binding to E(Z) (18, 58). Aside from
the highly conserved WD repeat region, there is a relatively
unconserved N-terminal tail of about 70 amino acids.

Several of the characterized esc mutant alleles are missense
mutations that alter surface loops in close proximity on one
side of the B-propeller. We chose to analyze M236K (esc”) and
V289M (esc’”) in the context of recombinant ESC-E(Z) com-
plexes, since they preserve the structure of the ESC B-propel-
ler and maintain binding to E(Z) in vitro (58). Thus, they
seemed most likely to create ESC loss of function without
simply destabilizing the protein or eliminating complex assem-
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bly. Indeed, we find that complexes harboring either mutant
form of ESC are able to assemble comparably to the wild type
(Fig. 4B). However, both mutants cause a significant reduction
of HMTase activity (Fig. 4B, bottom). V289M appears to be at
least fivefold reduced compared to the wild type, and M236K
shows an even more dramatic loss of activity. These results
suggest that these mutations produce loss of function in vivo by
compromising enzyme activity rather than the stability of ESC-
E(Z) complexes.

Mutational analysis of SU(Z)12 domains. Based upon se-
quence similarity among fly, plant, and mammalian homologs,
two putative functional domains were identified in SU(Z)12
(2). There is a C-terminal domain of about 80 amino acids,
termed the VEFS domain, plus a single Cys,-His, zinc finger
(Fig. 5A). The zinc finger appears insufficient for DNA binding
(2). The molecular roles of these domains are not known.
Besides these two domains, there is also high sequence simi-
larity throughout the N-terminal halves of fly and human
SU(Z)12 (2). The sole characterized Su(z)I12 missense allele is
located in this region (Fig. 5A).

To address roles of the VEFS homology region, we first
analyzed an in-frame deletion of the entire domain. Western
blots showed that this shortened version of SU(Z)12 accumu-
lates stably in the Sf9 cells used for complex production (data
not shown). Figure 5B shows that a FLAG-ESC/E(Z) dimer is
obtained upon coexpression of SU(Z)12AVEFS with the other
three subunits. This result is similar to that obtained when
SU(Z)12 is omitted from the expression mix (Fig. 1A) and
implies that the VEFS domain is required for stable binding of
SU(Z)12 to E(Z).

We next analyzed site-directed missense mutations of con-
served residues within the VEFS domain. Two of these,
D546A and ES50A, reside within a negatively charged DSE-
E-D motif located in the N-terminal half of the domain (Fig.
5A). The third mutation, D593A, targets a charged residue in
the C-terminal half. Figure 5B shows that all three of these
SU(Z)12 mutants support assembly of four-subunit ESC-E(Z)
complexes. Thus, while loss of the entire VEFS domain dis-
rupts E(Z) contact, apparently none of the three single VEFS
changes has that effect. Intriguingly, the three VEFS mutations
differ widely in their effects upon HMTase activity: D593A
retains wild-type levels of activity, ESS0A is modestly reduced,
and D546A shows at least a 10-fold reduction (Fig. 5B). These
results suggest that the DSE-E-D motif of the VEFS domain
plays a role in potentiating E(Z) HMTase activity.

The G274D mutation is a Su(z)12 loss-of-function allele that
retains some function in vivo (2). Given this genetic behavior,
we investigated if there was a discernible defect in G274D
recombinant complexes. Figure 5C (left panel) shows that
there is a modest assembly defect; although G274D four-sub-
unit complexes are obtained, the stoichiometry appears al-
tered, with ESC and E(Z) overrepresented compared to the
ratios in a parallel wild-type control. The simplest interpreta-
tion is that G274D binding to E(Z) is somewhat compromised.
Similar in degree to the assembly defect, a modest reduction in
HMTase activity is also observed with G274D (Fig. 5C, bot-
tom). Thus, the G274D partial loss of function in vivo corre-
lates with compromised assembly and reduced HMTase activ-
ity in vitro.

To address possible roles of the zinc finger, we generated
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two missense changes at conserved positions outside of the two
C and two H residues. Both mutations, 1.426D and E406A,
produce charge alterations in the zinc finger region in the
hopes of compromising the finger without disrupting its overall
structure, which presumably requires the Cys,-His, backbone.
Figure 5D shows that both missense mutants are comparable
to the wild type in complex assembly and HMTase activity.
Thus, either these mutations are inadequate to compromise
domain function or the role of the zinc finger is not revealed by
these in vitro assays. For example, the SU(Z)12 zinc finger
could be needed to specifically target the ESC-E(Z) complex
to PREs in vivo.

Requirements for subunits in the worm MES complex. We
initially determined whether the three identified subunits of
the worm MES complex (depicted in Fig. 6A) are sufficient to
assemble into a stable complex with robust HMTase activity.
Additional subunits could be required since the MES complex,
though well characterized (1, 68), has not been extensively
purified from worm extracts. Baculovirus constructs were gen-
erated to express each MES protein in either untagged form or
with a FLAG tag placed at the extreme N terminus. Figure 6B
shows complexes purified independently using FLAG tags on
MES-6 (left) or on MES-3 (right). A stable trimeric complex
was obtained in both cases. In the case of the FLAG-MES-6
complex, untagged MES-2 and MES-3 comigrate as a broad
doublet, which was confirmed by Western blot (not shown).
The addition of a FLAG tag to MES-3 alters its mobility so
that all three subunits are resolved in this version of the com-
plex (right panel). Both of these wild-type MES complexes
have robust HMTase activity (Fig. 6B, bottom). To confirm
that this activity is intrinsic to recombinant purified complex, a
mutant complex bearing an H698A mutation in MES-2 was
tested in parallel. This histidine residue (underlined) is in the
highly conserved (H/R)XXNHS motif of the SET domain and
is required for HMTase activity in E(Z) and other SET domain
proteins (34, 43, 55, 66). Figure 6B shows that the H698A
complex assembles normally but lacks detectable HMTase ac-
tivity.

The worm MES complex, like the corresponding fly com-
plex, targets H3-K27 in vivo (1). However, there is also evi-
dence that the fly and worm complexes differ with respect to
substrate specificities; the fly complex can methylate either
nucleosomes or free histones (34), whereas the worm complex
immunoprecipitated from embryo extracts can methylate nu-
cleosomes but not free histones (1). To determine if the re-
combinant worm complex shares this specificity, we compared
its HMTase activities on both types of substrate (Fig. 6C).
Although the recombinant worm and fly complexes show com-
parable HMTase levels on polynucleosomes, we find that the
worm complex cannot methylate free histones.

To determine how the worm complex is built and to define
contributions of the subunits to HMTase function, we per-
formed subunit dropout experiments similar to our analysis of
the fly complex (Fig. 1). Experiments using FLAG-MES-6 for
purification are shown in the left panel of Fig. 6D. If MES-3 is
omitted from the trimeric mix, then a stable FLAG-MES-6/
MES-2 dimer is obtained (middle lane) which lacks HMTase
activity. If MES-2 is omitted, then no complex forms and only
FLAG-MES-6 is purified (lane 3). The right panel shows pro-
teins purified using FLAG-MES-3. If MES-6 is omitted, then a
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FLAG-MES-3/MES-2 dimer is recovered (middle lane), which
lacks HMTase activity. In agreement with these results, we find
that the MES-2 SET domain subunit alone lacks HMTase
activity (Fig. 6D, rightmost lane). We conclude that both
MES-3 and MES-6 are required to partner with MES-2 to
produce robust HMTase activity. Furthermore, these results
imply a model for the worm complex where MES-2 is located
centrally and forms independent stable contacts with MES-3
and MES-6 (Fig. 6A). Thus, the ~255-kDa MES complex
detected in worm embryos (68), which is close in size to the
sum of the three MES proteins (~230 kDa), likely represents
an enzymatically active complex consisting solely of these com-
ponents.

DISCUSSION

Critical role for ESC. Our in vitro and in vivo data indicate
that the noncatalytic ESC subunit makes a critical contribution
to HMTase function of the ESC-E(Z) complex (Fig. 1, 2, and
4). In particular, since global levels of H3-K27 methylation are
similarly reduced by genetic loss of ESC or E(Z) (Fig. 2), ESC
appears to be an obligate functional partner for E(Z) HMTase
activity.

We can envision two main molecular explanations for the
ESC requirement. First, ESC could potentiate HMTase activ-
ity through direct interaction with E(Z). ESC binding could
trigger a conformational change in E(Z) that improves cata-
Iytic efficiency, and/or ESC residues could directly interact with
and influence the E(Z) active site. Alternatively, the main role
of ESC could be to bind nucleosomes. In this scenario, ESC
would boost HMTase activity by facilitating interaction of the
enzyme complex with its substrate. Based on several lines of
evidence, we favor a mechanism that works through direct
ESC-E(Z) contact. First, the ESC M236K and V289M muta-
tions, which significantly reduce HMTase activity (Fig. 4), are
located in surface loops previously shown to mediate direct
ESC contact with E(Z) (18, 58). Furthermore, M236K displays
dominant-negative properties in vivo (58). This genetic behav-
ior is consistent with an enzyme complex that assembles nor-
mally (Fig. 4) but is compromised in catalytic function. Second,
a recent report documents that ESC lacks nucleosome-binding
activity on its own and that addition of ESC to a trimeric
NURF-55/SU(Z)12/E(Z) complex has little additive effect on
ability to bind nucleosomes (35). Finally, ESC potentiation
through direct E(Z) binding is supported by evolutionary con-
siderations. Every organism examined that has an E(Z) ho-
molog, ranging from plants to worms, flies, and humans, has at
least one ESC homolog. In addition, 28 residues within the
ESC surface loops implicated in E(Z) binding are identical
from flies to humans (37, 49). This conservation may reflect a
tight functional requirement wherein direct ESC-E(Z) part-
nership, combining to produce HMTase activity, is maintained
by evolutionary pressure. Future studies will be needed to
define the precise biochemical mechanism by which ESC po-
tentiates HMTase activity, including tests for binding-induced
conformational changes in E(Z).

Studies on the mammalian homolog of ESC, called EED,
have also highlighted its important role as a regulatory subunit.
In human cells, multiple EED isoforms are expressed, which
differ in the extents of their N-terminal tails (26). These iso-
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forms are generated by alternative start codon usage of the
same EED mRNA. Intriguingly, incorporation of particular
EED isoforms into EZH2 complexes can shift the enzyme
specificity so that K26 of histone H1 is methylated in addition
to H3-K27 (26). Thus, it appears that the ESC/EED subunit
can influence both catalytic efficiency and lysine substrate pref-
erence. In the fly system, ESC isoforms produced from the

same mRNA have not been detected. Instead, alternative ESC
isoforms could be supplied by an esc-related gene (CG5202)
located about 150 kb proximal to esc. Since mutations in this
second esc gene, called esc-like (escl), have not yet been re-
ported, its in vivo contributions remain to be assessed. How-
ever, since genetic loss of ESC alone dramatically reduces
global methylation of H3-K27 in fly embryos (Fig. 2), we con-
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clude that ESC is the predominant functional E(Z) partner
during embryonic stages.

Functional contribution of SU(Z)12 and its conserved VEFS
domain. Our studies on recombinant complexes show that fly
SU(Z)12 is absolutely required for HMTase activity of the
ESC-E(Z) complex (Fig. 1 and 5). A key requirement for
SU(Z)12 in mammalian EZH2 complexes has also been estab-
lished based upon in vitro tests and loss-of-function studies in
vivo (5, 22, 39). How does SU(Z)12 contribute molecularly to
HMTase activity? Again, we can envision two main possibili-
ties: influence through direct contact with E(Z) or by mediat-
ing nucleosome binding. To address this, it is instructive to
consider our SU(Z)12 mutants affecting the conserved VEFS
domain (Fig. 5B). Deletion of the entire VEFS domain elim-
inates assembly of the fly complex by disrupting SU(Z)12-E(Z)
binding. Pairwise binding assays with mammalian SU(Z)12
have similarly shown that the VEFS domain is needed for
binding to EZH?2 in vitro (69). Thus, a conserved function of
this domain is to contact E(Z). However, we also have mis-
sense mutations within the VEFS domain, D546A and E550A,
which preserve full complex assembly yet have reduced levels
of HMTase (Fig. 5B). Taken together, these results implicate
the VEFS domain in both binding to E(Z) and potentiating its
enzyme activity, which suggests a connection between these
two functions. On the other hand, a recent report provides
evidence that SU(Z)12 contributes to affinity for nucleosomes
(35). Although SU(Z)12 cannot bind to nucleosomes by itself,
the SU(Z)12/NURF-55 dimer has nucleosome-binding prop-
erties that are similar to those of the four-subunit complex.
Thus, as also suggested for the human PRC2 complex (5), at
least one role of SU(Z)12 is to mediate nucleosome binding.
Further work will be needed to define the SU(Z)12 functional
domains required for interactions with NURF-55 and with
nucleosomes. Based on the available data, SU(Z)12 potentia-
tion of E(Z) HMTase activity may involve both direct E(Z)
contact and facilitated binding to nucleosome substrate.

Requirements for E(Z) domains besides the SET domain.
Although the SET domain is the most well-characterized func-
tional domain of E(Z), the adjacent cysteine-rich CXC domain
is also remarkably conserved from flies to humans (28) (Fig.
3A). To address CXC function, we analyzed in vitro properties
of two missense mutants, C545Y and C603Y. Both mutations
correspond to E(z) loss-of-function alleles; in particular, in
vivo effects of the E(z)® mutation (C603Y) have been well
documented. This mutation disrupts global H3-K27 methyl-
ation in embryos and causes loss of methyl-H3-K27 from a Hox
target gene in imaginal disks (3, 67) (Fig. 2). We find that
mutant complexes bearing E(Z)-C603Y can assemble normally
but show an approximately 10-fold reduction in HMTase levels
(Fig. 3B). C545Y causes a more modest HMTase reduction,
which parallels results obtained with the analogous substitu-
tion (C588Y) in human EZH?2 (27). These results suggest that
the CXC domain interfaces with the SET domain to produce
robust HMTase activity. In this regard, the CXC domain could
be considered similar to cysteine-rich “preSET” domains re-
quired for robust HMTase activity in other SET domain pro-
teins (43, 70). Another effect of these CXC mutations in vivo is
that they dislodge E(Z) from target sites in chromatin (3, 6,
67). Although the molecular basis for this dissociation is not
known, our in vitro assembly results (Fig. 3B) suggest that it is
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not due to wholesale destabilization of the ESC-E(Z) complex.
The dissociation may reflect another proposed role for the
CXC domain, which is to interact with the PcG targeting factor
PHO (67).

We also performed in vitro tests to investigate the role of
E(Z) domain II (Fig. 3C). Both the complete domain deletion
and the C363Y missense mutation show that domain II is
required for stable association of E(Z) with SU(Z)12. Thus,
the composite domain organization of E(Z) (Fig. 3A) reflects
division of labor among catalytic functions and requirements
for complex assembly. In addition, it appears that none of the
E(Z) domains are specifically built for nucleosome interac-
tions, as E(Z) plays little or no role itself in stable binding of
the complex to nucleosomes (35).

Possible roles for NURF-55. The NURF-55 subunit is dis-
tinct from the other three subunits in several ways. First, it
makes only minimal contributions to in vitro HMTase activity
in both the fly (Fig. 1) and mammalian (5) complexes. Second,
whereas the other three subunits appear dedicated to PcG
function, NURF-55 is present in diverse chromatin-modifying
complexes, including NURF, chromatin assembly factor 1
(CAF-1), and histone deacetylase complexes (30, 57, 61, 65).
The ability of the mammalian NURF-55 homologs RbAp46
and RbAp48 to bind to free histone H4 (64) has led to the
suggestion that NURF-55 may help chromatin complexes in-
teract with substrate. Indeed, the absence of a NURF-55-re-
lated protein from the trimeric worm MES complex could help
explain its inability to methylate free histones (Fig. 6C). The
free histone-binding property of NURF-55 has also prompted
the intriguing suggestion that silencing by the ESC-E(Z) com-
plex in vivo could involve methylation of histones prior to
nucleosome assembly (63). Since NURF-55 loss-of-function
alleles have not been described in flies, many questions about
roles of NURF-55 remain to be addressed. Even with alleles
available, the multiplicity of NURF-55-containing complexes
will likely complicate in vivo dissection of its PcG functions.

Divergence of worm and fly PcG complexes. The basic enzy-
matic function of the ESC-E(Z) complex, to methylate H3-K27, is
shared between the worm, fly, and mammalian versions. Another
similarity revealed from our study of recombinant worm com-
plexes is that robust HMTase activity depends critically upon
the two noncatalytic subunits. Although MES-6 and MES-3
can each individually bind to the catalytic subunit, MES-2, all
three subunits are required together to produce enzyme activ-
ity (Fig. 6). Since worm MES-6 is a WD repeat protein related
to fly ESC (25), it seems likely that MES-6 and ESC potentiate
HMTase activity through similar mechanisms. As discussed
above, we suggest this mechanism entails direct subunit inter-
actions rather than an influence upon affinity for nucleosomes.
However, a major puzzle is presented by the dissimilarity be-
tween worm MES-3 and fly SU(Z)12. Though each is required
for HMTase activity in their respective complexes, we are
unable to recognize any relatedness between these two pro-
teins in primary sequence or predicted secondary structure
arrangement. From an evolutionary standpoint, it appears that
SU(Z)12 represents the more ancient partner, as it is function-
ally conserved across plant and animal kingdoms (2, 14, 22).
MES-3, a novel protein, may have evolved more recently to
replace SU(Z)12 in the worm complex. Since a molecular role
attributed to SU(Z)12 in the fly complex is nucleosome binding
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(35), we speculate that MES-3 may supply this function for the
worm complex. There are many strategies for building nucleo-
some contact domains, as represented among divergent chro-
matin proteins, so MES-3 could have acquired functional sim-
ilarity without overt sequence similarity to SU(Z)12. In this
view, MES-3 function in the worm complex would require, at
minimum, affinity for nucleosomes and ability to bind MES-2.
In this regard, it is interesting that MES-2 appears to lack
domain II, which is needed in E(Z) for stable binding to
SU(Z)12 (Fig. 3C). Presumably, MES-2 has instead acquired a
site for stable MES-3 interaction (Fig. 6). In summary, we
suggest that the E(Z)/ESC and MES-2/MES-6 dimers have
been conserved as core subunits of the HMTase complex,
whereas the additional required partners in each complex,
SU(Z)12 and MES-3, have been allowed to diverge. Future
studies will be needed, including functional tests of chimeric
worm and fly proteins, to address such a model.
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