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In recent years, electron microscopy (EM) and single particle analysis have emerged as essential tools for
investigating the architecture of large biological complexes. When high resolution is achievable, crystal
structure docking and de-novo modeling allows for precise assignment of individual protein domain
sequences. However, the achievable resolution may limit the ability to do so, especially when small or
flexible complexes are under study. In such cases, protein labeling has emerged as an important comple-
mentary tool to characterize domain architecture and elucidate functional mechanistic details. All label-
ing strategies proposed to date are either focused on the identification of the position of protein termini
or require multi-step labeling strategies, potentially interfering with the final labeling efficiency. Here we
describe a strategy for determining the position of internal protein domains within EM maps using a
recombinant one-step labeling approach named Efficient Mapping by Internal Labeling (EMIL). EMIL
takes advantage of the close spatial proximity of the GFP’s N- and C-termini to generate protein chimeras
containing an internal GFP at desired locations along the main protein chain. We apply this method to
characterize the subunit domain localization of the human Polycomb Repressive Complex 2.

� 2015 Elsevier Inc. All rights reserved.
During the past several years, electron microscopy (EM) and Ciferri et al., 2012; Baskaran et al., 2014), Green Fluorescence Pro-

single particle analysis have described the architecture and func-
tion of several macromolecular machineries (Nogales and
Scheres, 2015). When high resolution is achievable, docking of
available atomic coordinates or de-novo modeling of protein struc-
tures allow for precise assignment of individual components and
localization of protein domains (Wiedenheft et al., 2011; He
et al., 2013; Chang et al., 2015; Baskaran et al., 2014). When high
resolution is not achievable or atomic coordinates are unavailable,
additional structural information is required to describe both
architectural and mechanistic details. This is particularly true for
small or flexible macromolecular complexes. Different approaches
have been developed to reconstitute and visualize protein
complexes containing individual subunits labeled at specific sites.
The majority of labeling studies utilize fusion protein tags,
expressed in-frame at either the N- or the C-terminal region of
the protein of interest. Successful applications of this technology
include Maltose Binding Protein (MBP) (Lander et al., 2012;
tein (GFP) (Choy et al., 2009; Ciferri et al., 2012), Dynein Interacting
Domain (DID) (Flemming et al., 2010) and actin polymer (Stroupe
et al., 2009). While these approaches offer the advantage of
reconstituting homogeneously labeled protein complexes, they
are also best suited for the labeling of small subunits, where the
localization of the N or C-termini matches reasonably well the
position of the entire protein (Lander et al., 2012). In contrast, this
subunit localization can be ambiguous if the N- and C-termini of
the labeled protein are several nanometer away from each other
or distant from important functional domains of interest. To
overcome this limitation, other additional strategies have been
adopted thus far. The first one makes use of monoclonal antibodies
raised against specific protein domains (Hutchins et al., 2010;
Chittuluru et al., 2011). While this technology has the potential
of being very efficient, generating a complete set of monoclonal
antibodies for each individual domain is often difficult and, when
possible, low labeling efficiency or high-flexibility of the bound
antibody could make the detection of the labeling challenging. A
second strategy, termed DOLORS, utilizes monovalent streptavidin
added post-translationally to an avi-tag sequence positioned
within the main chain of the protein of interest (Lau et al., 2012).
This method has the great advantage of specifically labeling any
desired domain within a protein complex, without using costly
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and labor-intensive antibody production. However, a potential
pitfall is represented by the multi-step process utilized for the
labeling, which could diminish the overall labeling efficiency and
tag-occupancy of the EM images.

In this manuscript, we present a strategy named Efficient
Mapping by Internal Labeling (EMIL) to identify and localize
internal domains within a multi subunit complex by electron
microscopy. This method takes advantage of the close spatial
proximity of the N- and C-termini of GFP (Supplementary
Fig. 1A) and combines the advantages of fusion protein-based tags
with the spatial resolution of the internal labeling. Previous work,
utilizing similar concepts, has been used to characterize functional
fusion proteins (Kratz et al., 1999; Roberts et al., 2009; Cockrell
et al., 2011; Sun et al., 2014).
Fig. 1. EMIL tagging strategy and its utilization in the characterization of the PRC2 com
locations, can be generated with a two-step cloning procedure. In the first step, the DNA p
the remaining DNA sequence, following the site of GFP insertion, is cloned into the sec
chimera composed of the N-terminal portion of the protein of interest fused to GFP throu
tagging applied to the domain characterization of the PRC2–AEBP2 complex. Black arrow
green mark indicates insertions with successful expression used for domain localization.
We designed vectors for Escherichia coli, insect cell and
mammalian cell expression systems for the production of protein
chimeras containing an internal GFP, connected through a short
loop, to desired locations along the main protein chain
(Supplementary Fig. 1B and C). GFP is a compact 27 kDa protein
that can be easily visualized by electron microscopy when attached
to the surface of a larger protein complex at defined location
(Choy et al., 2009). For this reason, GFP can be inserted inside a
polypeptide and serve as a marker for the identification of a
specific domain within a protein complex. We use this method to
characterize the domain organization of the Polycomb Repressive
Complex 2 (PRC2) bound to AEBP2 (Ciferri et al., 2012). The results
are presented here with a particular focus on the vector design and
cloning strategy used to reconstitute different complexes carrying
plex. (A) EMIL tagging cloning strategy. Protein chimeras, carrying GFP at desired
receding the desired point of GFP insertion is cloned into the first MCS. Successively,
ond MCS of a vector already containing the first insert. This procedure generates a
gh two ten-residue antiparallel spacers, followed by its C-terminal region. (B) EMIL
s and numbers indicate the position of the GFP insertions into the main chains. A
Red marks indicate chimeras that proved to be not amenable for structural studies.
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the internal labeling (Fig. 1A and Supplementary Fig. 1C).
Complementing other labeling systems and universally applicable
to any protein complex and expression system, this method can
provide unique information not achievable with other techniques.
1. pEMIL vector design

We designed a set of vectors for protein expression in E. coli,
insect cells and mammalian cells to generate chimeras containing
an internal GFP at desired sites along the main protein chain
(Supplementary Fig. 1C). Each of these plasmids was designed to
have the GFP sequence flanked by a DNA sequence encoding for
the 10-amino acid spacer GSGSNGSSGS and two multi cloning
sites (MCS), each with unique restriction enzyme sequences
(Supplementary Fig. 1C).

Protein chimeras, containing internal GFP at desired locations,
can be generated with a two-step cloning procedure indicated in
Fig. 1A. In the first step, the DNA coding for the protein sequence
preceding the desired point of GFP insertion, is cloned into the first
MCS. Successively, the DNA coding for the remaining sequence fol-
lowing the site of GFP insertion, is cloned into the second MCS of a
vector already containing the first insert. The order of cloning can
be swapped based on the presence of specific restriction sites
within the two halves of the protein of interest. Using this proce-
dure, it is possible to obtain a protein chimera composed of the
N-terminal portion of the protein of interest fused to GFP through
two ten-residue antiparallel spacers, followed by its C-terminal
portion (Fig. 1A). This method has several advantages. First, it is
applicable to all expression systems, allowing production of
labeled proteins even when post-translational modifications are
needed. Second, it is possible to simultaneously clone different
protein boundaries into the MCS, enabling generation of tag inser-
tion to multiple subunits at different desired positions. Third, the
Fig. 2. Domain organization of the PRC2 complex. (A) Architecture of the PRC2 complex in
forward projection images. Lobes (A)–(D) are indicated. (B–M) Reference-free 2D classes
view of the complex with the assigned localization for different PRC2 subunit domain
Individual domains are color-coded based on their original protein sequence as indicate
entire cassette carrying the protein chimeras can be quickly moved
from one vector for a specific expression system to another. Fourth,
the usage of GFP as a labeling system allows for fast assessment of
tag expression and incorporation into larger complexes using UV
light. Finally, covalent incorporation of the tag during protein pro-
duction ensures homogeneously labeled sample preparation
reflecting in maximum occupancy during single-particle EM
analysis.
2. Preparation of labeled complexes and EM analysis

Several factors were taken into consideration when designing
the specific position at which to incorporate the GFP tag. To local-
ize protein domains with a known crystal structure, we introduced
GFP into non-conserved exposed loops, not likely involved in pro-
tein–protein interaction, projecting towards the outside. Analysis
of the protein surface, obtained using common structural biology
software applications, could be very informative in indicating
hydrophobic regions or charged pockets, likely mediating protein
interaction. We generally designed our GFP chimeras in regions
other than these since it is expected that GFP insertion in proxim-
ity of these regions could potentially disrupt complex formation.
When high-resolution structures are not available, a larger number
of constructs might be required, using a trial-error approach. In
these cases, we found it effective to insert the GFP tag into non-
conserved loops localized inside, or in proximity of, the domain
of interest.

We used EMIL tagging to define the spatial organization of each
subunit and determine the localization of all PRC2 functional
domains. PRC2 is composed of the subunits EZH2, Suz12, EED
and RBAP48 (reviewed in Margueron and Reinberg (2011)) and
its activity is stimulated by the cofactor AEBP2. The structure of
the PRC2–AEBP2 complex was solved by negative stain electron
two orthogonal views (View 1 and View 2), shown as a 3D reconstruction and as 2D
of the labeled and unlabeled sample, the difference map between them, and the 3D
s color-coded. (N) Summarized domain architecture of the PRC2–AEBP2 complex.
d in panels (B)–(M).
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microscopy at a resolution of 19 Å (Ciferri et al., 2012), which does
not provide enough details to allow unambiguous docking of the
available EED, RBAP48 and EZH2 atomic coordinates. PRC2 archi-
tecture consists of four large lobes: A–D, interconnected by two
narrower arms, Arm 1 at the top, and Arm 2 in the center (Ciferri
et al., 2012). We tested a total of 20 different PRC2–AEBP2
complexes, each incorporating the GFP tag internally to one of
the subunits at a specific location (Fig. 1B). In the absence of the
high-resolution structure of the entire PRC2 complex, it is expected
that some GFP incorporation could interfere with proper folding or
complex formation. GFP insertions that assembled into functional
complexes are indicated in Fig. 1B with a green mark, while those
that did not are indicated by a red cross (Fig. 1B).

All complexes containing GFP insertions were purified and pre-
pared for electron microscopy analysis as described in Ciferri et al.,
2012. Samples were analyzed by negative staining EM and imaged
using a CCD camera. We used reference-free 2D classification to
sort particles positioned in different orientations, and cross corre-
lation to measure similarity between GFP-labeled and unlabeled
complexes oriented in the same view. We concentrated the analy-
sis on two orthogonal views where the structural features of the
PRC2 complex are clearly identifiable (Fig. 2A).

GFP labels, visible as protruding additional rounded densities
with a diameter of 40 Å, were observed for all the constructs that
assembled into stable complexes (Figs. 1 and 2). This analysis
allowed us to identify the position of EED and of all the domains
of EZH2, Suz12 and AEBP2 (Fig. 2A–H, L, M, Ciferri et al., 2012).

When GFP incorporation in a specific domain disrupts complex
formation, labeling of protein regions interacting with this specific
domain could be used to obtain similar results.

In the case of PRC2, none of the GFP insertions into RbAP48 sub-
unit assembled into a stable complex amenable to EM analysis,
suggesting that the GFP incorporation interferes with complex
formation (data not shown). To localize RbAP48, we inserted GFP
immediately after the WDB region of Suz12 (Suz12-GFP123),
shown to interact with RbAP48 (Nowak et al., 2011; Schmitges
et al., 2011). EMIL tagging localized Suz12 WDB domain
(Suz12-GFP123), and consequently RbAP48, within lobe D
(Fig. 2I). A summary of the complete domain architecture of the
PRC2–AEBP2 complex is summarized in Fig. 2N.

In conclusion, we have developed a technology to reconstitute
protein complexes carrying an internal label at a desired location
for structural characterization. We found that placing the GFP tag
into non-structured protein loops inside, or immediately adjacent
to, the specific protein domain of interest is particularly effective
in identifying subunits and regions of interest. Designing GFP
fusion chimeras is especially straightforward when crystal struc-
tures are available, but it is successful only if the GFP insertion does
not interfere with subunit incorporation and complex formation.

We were able to use the EMIL tagging to quickly characterize
the domain architecture of the PRC2–AEBP2 complex (Fig. 2A–N).
This technique can be successfully used to generate 3D reconstruc-
tions of labeled complexes if enough particles and different views
are available (Supplementary Fig. 2). EMIL tagging, complementing
other biochemical methods and being applicable to any expression
system, can inform on domain localization and complex architec-
ture, even in cases where only low or moderate resolution is
available.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jsb.2015.09.016.
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