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elLife digest Protein complexes—stable structures that contain two or more proteins—have an
important role in the biochemical processes that are associated with the expression of genes. Some
help to silence genes, whereas others are involved in the activation of genes. The importance of
such complexes is emphasized by the fact that mice die as embryos, or are born with serious
defects, if they do not possess the protein complex known as Polycomb Repressive Complex 2, or
PRC2 for short.

It is known that the core of this complex, which is found in species that range from Drosophila to
humans, is composed of four different proteins, and that the structures of two of these have been
determined with atomic precision. It is also known that PRC2 requires a particular protein co-factor
(called AEBP2) to perform this function. Moreover, it has been established that PRC2 silences genes
by adding two or three methyl (CH3) groups to a particular amino acid (Lysine 27) in one of the
proteins (histone H3) that DNA strands wrap around in the nucleus of cells. However, despite its
biological importance, little is known about the detailed architecture of PRC2.

Ciferri et al. shed new light on the structure of this complex by using electron microscopy to produce
the first three-dimensional image of the human PRC2 complex bound to its cofactor. By incorporating
various protein tags into the co-factor and the four subunits of the PRC2, and by employing mass
spectrometry and other techniques, Ciferri et al. were able to identify 60 or so interaction sites within
the PRC2-cofactor system, and to determine their locations within the overall structure.

The results show that the cofactor stabilizes the architecture of the complex by binding to it at a
central hinge point. In particular, the protein domains within the PRC2 that interact with the histone
markers are close to the site that transfer the methyl groups, which helps to explain how the gene
silencing activity of the PRC2 complex is regulated. The results should pave the way to a more
complete understanding of how PRC2 and its cofactor are able to silence genes.

DOI: 10.7554/eLife.00005.002

et al., 2005). EED’'s WD40 beta propeller, in turn, interacts with H3K27me3 repressive marks. This
interaction is proposed to promote the allosteric activation of PRC2 methyltransferase activity
(Margueron et al., 2009; Xu et al., 2010). RbAp48 also contains a WD40 propeller required for inter-
action with both Suz12 and the first 10 residues of unmodified Histone H3 peptides (Nowak et al.,
2011; Schmitges et al., 2011).

Biochemical studies have shown that PRC2 co-purifies with the protein AEBP2 and it has been
proposed that this interaction aids in targeting of PRC2 to specific DNA sites and enhances its methyl-
transferase activity (Cao and Zhang, 2004b; Kim et al., 2009). This important cofactor is an evolution-
arily conserved protein present in two isoforms in humans, an adult-specific larger form (51 kDa) and
an embryo-specific smaller form (32 kDa), both containing three Gli-Krippel (Cys2-His2)-type zinc fin-
gers (He et al., 1999).

The PRC2 complex has been the focus of a significant number of biochemical and molecular studies
(for a recent review see Margueron and Reinberg, 2011), and atomic structures of the EED and
RbAp48 subunits have been reported (Margueron et al., 2009, Nowak et al., 2011; Schmitges et al.,
2011; Xu et al., 2010). A comprehensive picture, however, of the PRC2 complex and the manner in
which its different components interact to coordinate the regulated methyl-transferase activity remains
elusive. In this study we present the first structure of the entire PRC2 holoenzyme in complex with
AEBP2, describing its subunit architecture and the important interactions between their domains.
These results contribute significantly to our structural understanding of this chromatin regulator, allowing
us to suggest a possible molecular mechanism for PRC2's role in gene silencing.

Results

Reconstitution of the human PRC2-AEBP2 complex

In preliminary experiments, we reconstituted the tetrameric PRC2 complex (Ezh2/EED/Suz12/RbAp48)
in an insect cell expression system, following previous protocols established to reconstitute a func-
tional PRC2 complex (Pasini et al., 2004; Ketel et al., 2005; Margueron et al., 2008). When analyzed
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Figure 1. Reconstitution of the human PRC2-AEBP2 Complex. (A) Schematic representation of the components of the human PRC2 Complex and AEBP2.

(B) Size-exclusion chromatography of recombinant PRC2-AEBP2 complex and corresponding SDS-PAGE separation stained with Coomassie brilliant
blue. The molecular mass of the recombinant complex is ~275 kDa. Arrows and numbers indicate elution markers in the size-exclusion chromatography
experiments and their molecular masses (in kilodaltons), respectively (a.u.: arbitrary unit). (C) Negative-stain EM of the recombinant PRC2-AEBP2
complex. Individual particles have an elongated shape with a length of ~16 nm and a thickness of ~7 nm. Bar: 200 nm. (D) Comparison between

representative reference-free 2D class averages from non cross-linked (0%) and mildly cross-linked (0.015% glutaraldehyde) particles of the PRC2-AEBP2 complex.
DOI: 10.7554/eLife.00005.003
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by SDS page the purified complex appeared to be stoichiometric and biochemically homogeneous
(data not shown). However, further analysis to generate reference-free 2D class averages and a 3D
reconstruction were limited in resolution and lacked clear structural details (data not shown), indicating
the presence of extreme conformational flexibility and hampering further structural studies of this
tetrameric PRC2.

Since the AEBP2 cofactor is known to stably interact with the PRC2 complex and is required for
optimal enzymatic activity (Cao and Zhang, 2004b), we added AEBP2 to the expression system, with
the hope of locking the PRC2 complex in a conformation, both more active and more stable. We over-
expressed the five-component PRC2-AEBP2 complex using the shorter isoform of AEBP2 protein,
which is missing an extended unstructured region present in the longest isoform. Stoichiometric and
biochemically homogeneous PRC2-AEPB2 complex was purified from insect cell lysate by affinity chro-
matography using a Strepll tag on the AEBP2 subunit, followed by size exclusion chromatography
(Figure 1B). The subunits of the purified complex appeared to be stoichiometric by SDS page,
although we could not rule out the presence of a small excess of AEBP2, as this subunit was utilized
for tag-based purification. In our EM images we observed a small percentage of very small particles,
which could be attributed to views of the complex oriented perpendicular to the plane of the grid, or
to the presence of partial complexes (even AEBP2 by itself). These smaller particles were not consid-
ered in the generation of the 3D reconstruction (see ‘Materials and methods’). While inclusion of the
cofactor significantly improved the quality of the 2D class averages in EM analysis (Figure 1D, top
row), both detailed inspection and attempts to pursue a 3D reconstruction (not shown) indicated that
the stability of the complex remained limiting. In order to preserve complex stability for further struc-
tural analysis, we mildly cross-linked the PRC2-AEBP2 complexes using 0.015% glutaraldehyde. Under
these conditions we saw no apparent aggregation of the complex (Figure 1C). Importantly, comparison
of class averages of the non cross-linked and the cross-linked sample (Figure 1D, bottom row), shows
that the cross-linking had a positive effect on the stability of the complex, as judged by the increased
detail in the class averages (for similar number of particles and classes). Class averages show PRC2
having an elongated shape, with top and bottom density regions that are joined at a narrow central
point (Figure 1D).

Architecture of the PRC2-AEBP2 complex

Given the lack of structural information for the PRC2 complex, we carried out ab initio structural deter-
mination using the Random Conical Tilt (RCT) method (Radermacher et al., 1987) (Figure 2). Tilted
and untilted image pairs were collected (Figure 2A), and 20 reference-free 2D class averages were
calculated from the untilted classes (Figure 2B). RCT reconstructions were generated for each class
average using the corresponding tilted images (Figure 2B,C). A four-lobed organization was evident
in all the resulting models, indicating that the complex likely assumes one major architectural state.
Concurrently, we collected a large dataset (~40,000 particles) of untilted images, which were used to
generate 1000 reference-free 2D class averages. Euler angles were assigned to these class averages,
using each of the 20 RCT reconstructions as reference models. The results showed that the class aver-
ages were aligned in 3D in a self-consistent fashion, producing a similar complex architecture at the
low resolution expected at this stage, irrespective of the RCT structure used as a reference (data not
shown). Not surprisingly, Euler assignment using the RCT model from the most populated class gave
a reconstruction that had the most structural detail (Figure 2C, class 4). This reconstruction was then
used as an initial model (Figure 3A) for multiple rounds of projection-based angular refinement for
single particles of the full 0° dataset (Penczek et al., 1994). The final refined structure has a resolution
of 21 A, based on the 0.5 Fourier shell correlation criteria (Figure 3B) (van Heel and Schatz, 2005).
Due to the shape of the complex and its tendency to lie flat on the grid, we do not have an even
distribution of views. However, views around the longitudinal axis of the model (vertical axis in the
Euler plot) are well represented (Figure 3C). The quality of our model in representing the experimental
images was confirmed by comparing the re-projected 3D reconstruction of the PRC2-AEBP2 complex
with reference-free class averages (Figure 3D).

Figure 4 shows four orthogonal views of the PCR2-AEBP2 structure, displayed as an isosurface that
corresponds to the estimated molecular mass for the complex (275 kDa). The structure (roughly 160 A
by 120 A by 90 A) consists of four large lobes: A, B, C and D (each approximately 55 A in diameter),
interconnected by two narrower arms, Arm 1 at the top, and Arm 2 in the center. In the upper part of
the structure, Arm 1 spans the width of the complex horizontally, connecting lobes A and B. These
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Figure 2. Ab initio random conical tilt reconstruction of the human PRC2-AEBP2 complex. (A) Representative
untilted and 60° tilt-pair micrographs (80,000x magnification). Corresponding particles pairs indicated by yellow
circles. (B) RCT Volumes aligned to each of the 20 corresponding reference free class averages (from 6075 particles
in the 0° micrographs, each class containing between 150 and 800 particles, as indicated in parentheses).

(C) Alignment of the RCT volumes with respect to each other.
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