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Abstract

A defining step in the biogenesis of a membrane protein is the insertion of its hydrophobic
transmembrane helices into the lipid bilayer. The nine-subunit ER membrane protein complex
(EMC) is a conserved co- and post-translational insertase at the endoplasmic reticulum. We
determined the structure of the human EMC in a lipid nanodisc to an overall resolution of 3.4 A by
cryo-electron microscopy, permitting building of a nearly complete atomic model. We used
structure-guided mutagenesis to demonstrate that substrate insertion requires a methionine-rich
cytosolic loop and occurs via an enclosed hydrophilic vestibule formed by the subunits EMC3 and
EMCS6 within the membrane. We propose that the EMC uses local membrane thinning and a
positively charged patch to decrease the energetic barrier for insertion into the bilayer.

One sentence summary:

The structure of the human ER membrane protein complex provides insights into the mechanism
of membrane protein biogenesis at the endoplasmic reticulum.

Main:

The human genome encodes over 5000 integral membrane proteins, all of which contain
hydrophobic transmembrane helices (TMs) that must be inserted into the lipid bilayer (1). At
the endoplasmic reticulum (ER), multiple insertion pathways operate in parallel to
accommodate the enormous topological and biophysical diversity of these substrates (2-7).
The ER membrane protein complex (EMC) is a ubiquitously expressed and widely
conserved membrane protein insertase (3, 8-10), which both post-translationally inserts tail-
anchored proteins and co-translationally inserts some multipass membrane proteins (3, 11).
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One of the membrane-spanning subunits of the EMC, EMC3, belongs to the Oxal
superfamily of insertases, which includes the bacterial YidC, the archaeal Ylp1, and the
eukaryotic WRB (12, 13). An atomic model of the EMC would thus both provide insight
into substrate insertion at the ER, and further define the general principles of membrane
protein biogenesis across all domains of life.

Using cells stably expressing GFP-tagged EMC2, the human EMC was affinity purified
using an immobilized, protease-cleavable, GFP-nanobody and reconstituted into lipid
nanodiscs (fig. S1) (14). Using cryo-electron microscopy (cryo-EM), we generated a
reconstruction of the resulting nine-subunit EMC to an overall resolution of 3.4 A;
correction of inter-domain flexibility resulted in reconstructions of the cytosolic and lumenal
regions to 3.6 and 3.2 A resolution, respectively (Fig. 1; figs. S2, S3; Table S1).

The EMC extends ~200 x 70 x 100 A and has a tripartite organization: (i) the membrane
spanning region, composed of twelve TMs, nine of which form the central ordered core; (ii)
a basket-shaped cytosolic region anchored by EMC2 and 8; and (iii) an L-shaped lumenal
region comprised of EMCL, 4, 7, and 10. The cryo-EM density maps were sufficient to
unambiguously assign and build nearly complete atomic models for EMCL, 2, 3, 5, 6, and 8,
and the lumenal domains of EMC4, 7, and 10 (Fig. 1B, C; figs. S3-5, Table S2; movie S1).
In doing so, we found that EMC6 unexpectedly contained three TMs. We demonstrated that
the poorly hydrophobic TM1 of EMC6 (AG=3.8; (15)) inserted only upon assembly with
EMCS, a conserved strategy for stabilizing poor TMs at subunit interfaces (fig. S6) (16, 17).
We also observed weak density for three putative TMs extending from the lumenal domains
of EMC4, 7, and 10 (fig. S7; movie S2). The flexible nature of these TMs is consistent with
the limited roles of EMC4, 7, and 10 in EMC stability (18).

The membrane-spanning region of the EMC is pseudo-symmetric: three TMs of EMC6 abut
the three TMs of EMC3 at the complex’s midline. On either side, EMC5 and 1 anchor the
cytosolic and lumenal regions, respectively. In addition, the EMC contains at least two
helices within the lumenal plane of the bilayer contributed by EMC1 and 3 (Fig. 1D).
Similar to the amphipathic EH-1 helix of YidC, these helices may position the complex
within the membrane and locally remodel the bilayer (19, 20).

In the cytosol, EMC?2 acts as an architectural scaffold for EMC8 and the cytosolic regions of
EMCS3, 5, and 1, consistent with its essential role in stability of the EMC (Fig. 2A) (18).
EMC2 forms an a-solenoid that binds the three-helix bundle formed by the coiled coil and
C-terminus of EMC3 (Fig. 2A; fig. S8). The C-terminus of EMC1 forms m-stacking
interactions within a cleft of EMC2, and EMC2 clamps around EMCS8 through an extensive
hydrophobic surface (Table S3). Together, EMC2 and 8 form a composite interface with the
C-terminal tail of EMC5, which traverses through the center of EMC2 to the cytosolic face
of the complex. Mutations at the interfaces between EMC2, 3, 5, and 8 disrupted subunit
binding in vitro, verifying the atomic model (Fig. 2B, C; fig. S8).

Finally, the lumenal region is composed of the N-termini of EMCL1, 7, 10, and the tail of
EMC4 (Fig. 2D, E; fig. S8). EMCL1 contains two eight-bladed B-propellers, and stabilizes the
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entire complex, contacting six of the remaining eight subunits. EMC7 and 10 form B-
sandwiches that are anchored to EMC1 via primarily hydrophobic contacts (Table S3).

This atomic model permitted detailed interrogation of how EMC facilitates substrate
insertion. We first used site-specific crosslinking to establish EMC3 as the primary
interaction partner of a tail-anchored substrate with purified EMC (fig. S9). However, the
EMC contains two intramembrane surfaces that could be involved in insertion and are
consistent with an EMC3-substrate crosslink (Fig. 3A). On one side is a hydrophobic crevice
that runs perpendicular to the plane of the membrane and could accommodate a TM (fig.
S10). On the opposite side is a lipid-exposed cytosolic vestibule composed of EMC3 and 6,
which is partially enclosed by the TMs of EMC4, 7, and 10, and sealed by EMC3’s lumenal
helix (Fig. 3B; fig. S7; movie S2). Within this vestibule, EMC3 contains a positive patch in
the bilayer that is surrounded by hydrophobic residues (Fig. 3B; fig. S11). We postulated
that this hydrophilic vestibule formed the insertase based on analogy to YidC: the bacterial
homolog of EMC3 relies on positively charged residues in the membrane for insertion (fig.
S12) (19). Consistent with this model, the sequence conservation of the hydrophilic
vestibule is significantly higher than that of the hydrophobic crevice (fig. S11). In particular,
R31 of EMC3 is a positive charge in all eukaryotes.

We introduced mutations to residues of EMC3 and 6 that line the hydrophilic vestibule but
do not affect complex assembly, and tested their effect on substrate biogenesis using an
established assay for EMC insertion (Fig. 3C-E; fig. S13) (3, 11). The mutations R31A and
R180A in EMC3 destabilized representative post- and co-translational EMC-dependent
substrates (SQS and OPRK1), but had no effect on the matched EMC-independent controls
(VAMP2 and TRAM?2). Furthermore, a positive charge at these positions is required for
EMC insertion: R31E and R180E caused an insertion defect that was rescued by R31K/
R180K for some substrates (Fig. 3E; fig. S13). Mutations to the polar residues of EMC6 had
a modest, but detectable, effect on EMC-dependent insertion (fig. S13). We therefore
concluded that the hydrophilic vestibule of the EMC is required for insertion of both post-
and co-translational substrates.

It was recently noted that Oxal superfamily insertases contain methionine-rich cytosolic
loops that were proposed to interact with substrates, in analogy to SRP54 and Get3 (21, 22).
In the structure of the EMC, these loops were flexible. Nevertheless, mutation of
methionines adjacent to TM2 in EMC3 specifically disrupted biogenesis of co- and post-
translational EMC substrates (Fig. 3C, D; fig. S13). These methionines are positioned in the
cytosol just below the insertase vestibule, and could transiently orient a substrate on its path
into the membrane. We do not exclude a direct role for the cytosolic region in substrate
binding; however, we could not identify a suitable hydrophobic surface or groove in the
structure.

We therefore propose a model for EMC-mediated co- and post-translational substrate
insertion (Fig. 4). A substrate would first be captured and guided towards the membrane by
the flexible methionine-rich cytosolic loop of EMC3, possibly assisted by those of nearby
EMC4 and 7. Prior to substrate engagement, the lipid-exposed hydrophilic vestibule of the
EMC is axially sealed by the lumenal helix of EMC3 and laterally partially enclosed by the
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dynamic TMs of EMC4 and 7. The few contacts between EMC3 and 6 suggest this may be a
potential site for subunit rearrangement during insertion.

The EMC decreases the energetic cost of insertion in two ways. First, by inducing a local
thinning of the membrane by ~10 A. Similar to other translocases, EMC thus decreases the
distance that a substrate’s soluble lumenal domain must travel through the hydrophobic
bilayer (Fig. 4A; fig. S14; movie S3) (23-25). Second, the EMC positions polar and
positively charged residues within the bilayer, which could provide a way station for the
substrate’s lumenal domain, enforce the positive-inside rule, and potentially stabilize the
hydrophilic residues that are highly enriched in the TMs of EMC substrates (Fig. 4B) (26,
27).

Once within the membrane, the hydrophobic core of the substrate could interact with the
hydrophobic surface of EMC3 above and below these polar residues. The flexible nature of
the TMs of EMC4 and 7, which partially enclose the insertase, permit sampling of the lipid
bilayer, and may further serve a gating function and/or interact directly with substrate.
Finally, the shortened TMs of EMC3 and 6 cannot stably bind a membrane-spanning
substrate, favoring its partitioning into the bilayer and dissociation from the complex. The
substrate’s soluble lumenal domain would then encounter the B-propellers of EMC1, which
may serve as a platform for recruitment of co-factors at the site of nascent protein insertion
(26).

We therefore conclude that the Oxal superfamily insertases all rely on qualitatively similar
mechanisms for insertion, and there is a marked similarity between EMC3/6 and
WRBeCAML (17). More broadly, the presence of a hydrophilic cytosolic funnel is a
conserved feature of all protein conducting channels including Sec61, Hrd1, YidC, and now
EMC (Fig. 4C) (19, 25, 28). However, the significant increase in complexity of the EMC
compared to YidC or even Sec61 suggests that its well-defined insertase function represents
only a part of its more general role in membrane protein biogenesis and quality control.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The structure of the human EMC.
(A) Two views of the sharpened ‘overall’ density map (fig. S3) from the perspective of the

two intramembrane sides of the EMC colored by subunit. (B) Schematic representation of
the topology of the nine EMC subunits as determined by the structure. EMC8 and 9 are
functional paralogs, and their binding to EMC2 is mutually exclusive. For simplicity, we
refer only to EMCB8 throughout the text, though most observations will apply to both EMC8
and 9. Helices of EMCL1 and 3 that are positioned in the lumenal plane of the membrane are
labeled LH-1 and LH-3. Asterisks indicate newly determined topologies based on the
structure and experimental data. Note, we cannot unambiguously define the topology of
EMCA4, but structural data is most consistent with it containing a single TM (fig. S7). (C)
Atomic model of the EMC, in the same orientation as the density map in (A). (D) Close-up
of the nine core TMs of the EMC and their subunit assignment.
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Figure 2. Architecture of the cytosolic and lumenal regions of the EMC.
(A) View from the membrane of the cytosolic region of the EMC. (B) Close-up of the

primary interfaces between the cytosolic subunits of the EMC indicated in (A). Dashed lines
represent polar interactions, and asterisks indicate mutations that disrupt complex assembly
(fig. S8). (C) 3°S-methionine labeled wild type EMC2 or the indicated point mutants were
translated in rabbit reticulocyte lysate (RRL) and tested for binding to FLAG-tagged EMCS8,
EMC3 or EMCS5 by co-immunoprecipitation using anti-FLAG resin. (D) Side view of the
EMC lumenal region. (E) Cartoon model of the globular N-termini of EMCL1, 7 and 10.
EMC1 and EMC4 together form one of the four-stranded blades of the bottom R-propeller.
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Figure 3. Substrate insertion by the EM C requires a positive patch in the bilayer and a flexible
methionine-rich loop.

(A) Surface filling representation of the membrane-spanning region of the EMC colored
with hydrophobic residues in grey and polar residues in blue. Displayed are the two sides of
the complex: the ‘hydrophobic crevice’ (left) and the ‘hydrophilic vestibule’ (right) as in
Fig. 1A and C. (B) Close-up view of the hydrophilic vestibule formed by EMC3 and 6, with
polar residues shown in blue and displayed as sticks. Residues that were mutated in
functional assays are highlighted with asterisks (fig. S13). (C) HEK293 cells were generated
that stably expressed exogenous wild type or mutant EMC3, as well as the tail-anchored
substrates RFP-squalene synthase (SQS; EMC-dependent) or RFP-VAMP2 (EMC-
independent) (3). The relative RFP fluorescence, normalized to an internal expression
control (GFP), is plotted as a histogram. (D) As in (C) but with the co-translational
substrates Opioid Receptor Kappa 1 (OPRK1)-GFP (EMC-dependent) and TRAM2-GFP
(EMC-independent). (E) As in (C), analysis of the role of positive charge in the hydrophilic
vestibule.
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Figure 4. Model for membrane protein insertion by the EM C.
(A) Unsharpened EM density maps are shown at low (tan) and high contour (grey) to

highlight the thickness of the lipid nanodisc. Distances measured within the density are
shown in red (fig. S14). Insets are representative 2D class averages that depict the local
thinning of the lipid bilayer by the EMC. (B) Post- and co-translational EMC substrates are
released from either a TM chaperone (e.g. calmodulin) or the ribosome, respectively. The
flexible methionine-rich loop of EMC3 is positioned to capture substrates for insertion
through the hydrophilic vestibule along the surface of EMC3 and 6. The EMC decreases the
energetic barrier for insertion via local thinning of the membrane and a positively charged
patch in the bilayer. The TMs of EMC4, 7, and 10 enclose the cytoplasmic vestibule and
facilitate insertion. (C) Cut-away view of the space filling-models for the bacterial YidC
(PDB 3WO0S6), the fungal Hrd1-Usal/Der1/Hrd3 complex (6\VVJZ), mammalian Sec61
(3J7Q), and the human EMC. A hydrophilic conduit from the cytosol to the membrane is a
general feature of evolutionarily diverse protein conducting channels.
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