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Abstract

The trimeric Sec61/SecY complex is a protein-conducting channel (PCC) for secretory and
membrane proteins. Although Sec complexes can form oligomers, it has been suggested that a single
copy may serve as an active PCC. We determined sub-nanometer resolution cryo-electron
microscopy structures of eukaryotic ribosome-Sec61 complexes. In combination with biochemical
data we found that in both idle and active states, the Sec complex is not oligomeric and interacts
mainly via two cytoplasmic loops with the universal ribosomal adaptor site. In the active state the
ribosomal tunnel and a central pore of the monomeric PCC were occupied by the nascent chain
contacting loop 6 of the Sec complex. This provides a structural basis for the activity of a solitary
Sec complex in cotranslational protein translocation.

The protein-conducting channel (PCC) of the canonical secretory pathway is formed in all cells
by the Sec61/SecY complex. It engages in the post- and co-translational translocation of
secretory proteins across, and the insertion of integral membrane proteins into the membrane
of the endoplasmic reticulum (ER) in eukaryotes and the plasma membrane of bacteria (1,2).
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In the co-translational translocation mode the ribosome with an emerging signal sequence is
targeted to the membrane by the signal recognition particle (SRP) and its receptor (3). Here,
the Sec complex acts as a receptor for the ribosome via its cytosolic loops (4). The alignment
of the ribosomal tunnel with a central pore of the PCC allows direct movement of the nascent
chain from the ribosomal tunnel exit across or into the membrane (5,6).

The PCC-forming heterotrimeric Sec complex consists of one large subunit (Sec61α in
Mammalia, Sec61p/Ssh1p in yeast, SecY in Bacteria) and two small subunits (Sec61β, γ in
eukaryotes and SecE, G in Bacteria). Conflicting models have been presented as to how many
of these heterotrimers are necessary to build an active PCC and what the actual path of the
polypeptide chain is. The Escherichia coli SecYEG complex forms back-to-back dimers in
two-dimensional crystals (7), and low resolution single particle electron microscopic (EM)
data revealed a pentagonal ringlike morphology of the PCC interpreted as oligomers (5,6,
8-12). The monomeric crystal structure of an archaeal SecYEß complex (13), in combination
with chemical cross-linking data (14), led to the interpretation that a single copy of the Sec
complex is sufficient to serve as an active PCC, even when assembled into a dimer for post-
translational translocation (15) or a tetramer for co-translational translocation (8). Recent low
resolution cryo-EM data of inactive ribosome-Sec complexes were interpreted to represent
single copies of Sec complexes (16,17) and crystal structures of the bacterial SecY-SecA
complex also show a single copy (18). However, because all these structures are either of low
resolution or lack translocating peptides, two main questions remain: (i) what conformational
and (ii) what oligomeric states can be adopted by the PCC in the different modes of activity,
such as signal sequence recognition, vertical and lateral gating.

Cryo-EM and 3D reconstruction

For structure determination by cryo-EM we used digitonin-solubilized purified Ssh1 complex
(Sec sixty-one homologue 1 from the yeast Saccharomyces cerevisiae) containing Ssh1p,
Sbh2p and Sss1p (19). This complex is active in the co-translational translocation mode only,
i.e. when ribosome-bound (20,21).

We reconstituted the Ssh1 complex with in vitro programmed 80S ribosomes carrying a nascent
polypeptide chain (ribosome-nascent chain complexes, RNCs) (6,22). The peptide includes
the first 120 amino acids of the type II membrane protein dipeptidyl aminopeptidase B (DP120)
together with its signal anchor sequence, long enough to allow a loop insertion into the PCC
(23). As in the case of the Sec61 complex (6), specific and stable binding of the Ssh1 complex
to RNCs was observed.

Cryo-EM analysis revealed heterogeneity of the sample and a thorough sorting regimen applied
to the dataset (Fig. S1) (24) resulted in a number of structures at sub-nanometer resolution,
three of which were analyzed further: the programmed (active) 80S-Ssh1 complex, the non-
programmed (idle) 80S-Ssh1 complex without a peptidyl-tRNA and the programmed 80S
ribosome with ES27 in exit conformation without Ssh1 complex (Fig. 1, Fig. S2). The 3D
reconstruction of all programmed ribosomes resulted in a 6.1 Å map of the yeast 80S ribosome
(Fig. S2).

As expected, the Ssh1 complex was bound at the exit site of the ribosome similar to the Sec61
complex (6). However, due to apparent flexibility of the ribosome-PCC connection, the PCC
density was not as well resolved as the ribosome. Two notable features of the PCC density
were observed: (i) the size of the density appeared to be smaller than previously observed and
(ii) a central pore was visible in the idle complex.
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Visualization of the nascent chain and ribosomal model of the tunnel exit site

When cutting through the densities, the idle complex without a tRNA revealed an empty
ribosomal tunnel leading directly to the central pore in the PCC density (Fig. 2A). In contrast,
the pore in the active PCC was occupied by additional density. Here, even applying different
contour- or filtering parameters did not lead to the appearance of a pore-like feature (Fig. 2B).
Notably, the active complexes revealed additional density also in the ribosomal tunnel,
representing the nascent polypeptide chain (Fig. 2B-C). For the RNC with ES27 in the exit site
conformation the nascent chain density could be traced from the CCA-end of the tRNA almost
continuously to the tunnel exit (Fig. 2C and F). For further analysis we generated a molecular
model of the tunnel exit region based on the yeast RNC map at about 6 Å resolution (24). It
includes models for the proteins rpL4, rpL17, rpL19, rpL25, rpL26, rpL31, rpL35 and rpL39
as well as the rRNA helices H5- H7, H24, H50 and the extension ES24 of H59 (Fig. 2D-E).

Oligomeric state and molecular model of the ribosome-bound yeast Ssh1

complex

A double-tag approach (25) was employed for analysis of the oligomeric state of the Ssh1
complex in the cell: a yeast strain was engineered in order to express in similar amounts two
differently tagged forms of Ssh1p; T7-Ssh1p and AU1-Ssh1p, both of which are functional
(4,24). Antibodies against one of the tags were used for non-denaturing immunoprecipitation
of digitonin-solubilized Ssh1 complex in the presence of RNCs. The second antibody was then
used to probe whether the second tag could be co-precipitated indicative of hetero-oligomer
formation. Yet, pull-down by the first antibody did not yield any detectable amounts of the
second tag, independent of the order of antibody usage (Fig. 3A). Therefore, the stably
ribosome-bound Ssh1 complex is likely to exist mainly as a single copy. However, we can not
exclude that the Ssh1 complex may assemble into a transient or detergent-sensitive oligomer
in the membrane.

Using this result, we analyzed the cryo-EM densities of the idle and active Ssh1 complexes in
order to dock homology models based on the crystal structure of the archaeal SecYEß complex
(13). Tetramers, trimers or dimers (12,26) could not be accommodated in the observed density
(Fig. S3). Only a single copy of the Ssh1 complex fit (Fig. 3B), which is in agreement with
our pull-down experiment, biochemical data (27-29) and low resolution cryo-EM data of
inactive complexes (16,17). The final models required minor adjustments mainly of
cytoplasmic loops L6 and L8 as well as the C-terminal tail (24). While the model accounts for
the majority of the observed density, a remaining belt-shaped density that surrounds the fitted
molecule (Fig. 3B, C and Fig. S3B) most likely corresponds to the detergent micelle. Taken
together, the yeast PCC consists of a single Sec61 (Ssh1) complex when bound to a non-
translating or a signal-sequence carrying ribosome. The overall conformation is very similar
between the idle and the active PCC suggesting that major structural transitions may not be
required for the PCC to switch between these states. The presence of density in the central pore
of the PCC bound to the active ribosome suggests that the pore of a single Sec complex is
indeed used by the nascent polypeptide chain.

Interaction of the PCC with the ribosome and the nascent chain

In both states we perceived four main connections similar to those observed for the yeast
ribosome-Sec61 complex (6) (Table S1). The main connections (C2 and C4) correspond to the
L8 and the L6 cytoplasmic loops of the PCC using, similar to inactive ribosome-Sec complexes
(16,17), the universal ribosomal adaptor site (22) comprising mainly the rpL25/rpL35 proteins
and rRNA helices H7 and H50 (Fig. 4A and B). We tested the contribution of the two loops
of Ssh1p to the ribosome interaction by performing ribosome-binding assays. Mutational
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analysis by charge inversion of conserved positively charged residues such as R411 in the L8
loop showed that this loop is indeed necessary for ribosome binding (Fig. 4C and D). In contrast
to findings for SecYEG (16), a mutation in loop L6 of the conserved R278 did not result in a
loss of ribosome binding, indicating that it may not directly participate in establishing the high
affinity interaction with the ribosome. Similarly in the yeast Sec61 complex point mutations
in L8 lead to severe defects in ribosome binding, while mutations of the basic residues in L6
do not reduce ribosome-binding affinity significantly (4). Two additional connections were
C1, established between rRNA helix H59 and probably the N-terminus of Ssh1p, and C3,
involving rpL26 and rRNA helix H24 and probably the C-terminus of Ssh1p including TM10.

The nascent chain was in very close proximity to and probably contacting the L6 loop of the
Ssh1 complex (Fig. 4B). Thus loop L6 may function in sensing or guiding the emerging peptide
to the pore of the PCC, consistent with its observed role in translocation (4,30).

The mammalian Sec61 complex bound to an active ribosome

We determined the structure of the mammalian Sec61 complex from Canis familiaris bound
to an active DP120 signal-anchor containing 80S ribosome (Triticum aestivum) (6,22) at 6.5
Å resolution (Fig. 5A). It was considerably larger than that observed for the yeast Ssh1 complex
and, when filtered to lower resolution, very similar to the previously observed densities of
mammalian Sec61 (8,17) (Fig. 5B).

Closer inspection, however, revealed distinct structural features such as central rod-like
densities surrounded by two belts of weaker and stronger density, respectively. A homology
model of the Sec61 complex was calculated and the helices fitted into the central rod-like
densities requiring only minor adjustments using Molecular Dynamics Flexible Fitting
(MDFF) (31) (Fig. 5C,Fig. S4). We observed the same four major connections to the ribosome
(6) (Fig. 5C) with the two central connections representing the cytoplasmic loops L6 and L8
of the Sec61 complex reaching into the ribosomal tunnel exit via the universal adaptor site
(Fig. S5, Table S2) similar to the inactive complex (17). Compared to the Ssh1 complex, the
loops were somewhat rotated without changing the overall position of the Sec complex (Fig.
S5). Thus, the binding mode appears to be well conserved and is basically the same in inactive
and active complexes.

The weak proximal and strong distal belt-like density surrounding the central Sec61 complex
did not show any rod-like features and apparently represents a mixed detergent/lipid micelle
as suggested before at lower resolution (17). As expected in a micelle we observed a
characteristic density distribution (32) of regions containing acyl chains or polar head-groups
of phospholipids (Fig. 5D; Fig. S4). Significant amounts of the phospholipids
phosphatidylcholine and -ethanolamine indeed co-purified with Sec61 in our preparation (Fig.
S6) confirming the presence of a mixed micelle. It appears likely that previous reconstructions
also represent single copies of the Sec61 or the SecYEG complex in micelles of varying sizes
when considering the appearance of the micelle-surrounded single copy Sec61 complex filtered
to lower resolution.

The identification of just one copy of the Sec61 complex indicates that also in higher eukaryotes
a single complex is stably recruited to the ribosome in the presence of a signal sequence and
is probably sufficient to function as the active PCC. This finding is difficult to reconcile with
previous interpretations of Sec complex dimers or even larger oligomers bound to the ribosome.

Conformation of the Sec61 complex and interaction with the nascent chain

The conformation of the ribosome-bound Sec61 complex (Fig. 6A) was compared with
available crystal structures (13,18,33) to address two questions: (i) how does the Sec61
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complex, in particular the proposed lateral gate behave in the presence of a signal anchor, and
(ii) how is the translocating peptide accommodated in the PCC? The ribosome-bound
conformation is most similar to the SecYEß structure of M. jannaschii (13) (Fig. 6B,Fig. S7).
The region of the proposed lateral gate around helices 2b and 7 of Sec61α was well resolved
and indicated only a small movement of helix 2b of clearly less than 5 Å when compared to
the SecYEß structure (Fig. 6B). In contrast, the opening movement observed in the SecYEG-
SecA crystal structure (18) and in the Fab-bound SecYE (33) shifted the entire helix more than
5 Å (Fig. S7). We observed density representing the nascent polypeptide in the ribosomal exit
tunnel and also in the central aqueous pore of the Sec61 complex (Fig. 6C and D). This density
was well defined in the last section of the ribosomal tunnel in which it is contacting the Sec61
L6 loop, but then becomes disordered. In the cytoplasmic vestibule of the Sec61 complex we
observed a rod-like density contacting the lateral gate helices 2b and 7, in the lumenal vestibule
we found weak and fragmented density. It has been shown previously that also in detergent
solution the Sec61 complex can productively engage in polypeptide insertion (6,34,35). For
the gating event preceding insertion we therefore expect that the signal anchor sequence in our
complex is in contact with the PCC. Thus, the rod-like density in the cytoplasmic vestibule
(Fig. 6) may resemble the signal anchor sequence, the position of which would be consistent
with previous cross-link data (36).

The question arises what functional state we observe in our complex. One possibility is that
the PCC is in the pre-open state described for the SecYEG-SecA complex (18) in which the
lateral gate is partially open but the plug is still occluding the central pore. This appears unlikely
because the overall conformation, in particular the lateral gate region, is very different (Fig.
S7C). It appears more likely that we have captured a post-insertion state with a closed or nearly
closed lateral gate region. Consistent with this, cross-links between helices 2b and 7 revealed
a closed lateral gate after insertion of the nascent peptide chain into the SecYEG complex
(37).

Based on our data several conclusions concerning co-translational protein translocation can be
drawn (Fig. 6 E). (i) Only a single copy of the Sec61 complex is recruited to the non-translating
and also the translating ribosome. (ii) In both the yeast Ssh1 complex and the mammalian Sec61
complex, we observed a nascent polypeptide and/or the signal anchor sequence accommodated
within this single copy PCC, thus, strongly indicating that its central pore serves as the conduit
for the nascent polypeptide chain. (iii) The lateral gate of the PCC can be in a closed or nearly
closed conformation after insertion of the translocating peptide. (iv) The mode of PCC binding
to ribosomes appears to be conserved between species, and is maintained in the presence or
absence of a signal sequence. (v) The main binding site for the PCC is the universal adaptor
site at the ribosomal tunnel exit that is contacted mainly by the cytoplasmic loop L8 of the
Sec61 complex, whereas loop L6 is also contacting the emerging nascent polypeptide. The
observed mode of Sec61 binding fits well with our previous findings that the universal adaptor
site also serves to bind SRP (22) – mutually exclusive with the PCC - but is then cleared upon
SRP receptor interaction to enable PCC binding (38).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Cryo-EM reconstructions of 80S ribosome-Ssh1 complexes

Cryo-EM reconstructions of the idle (A) and the active (B) 80S-Ssh1 complex at 9 Å resolution.
(C) Map of the 80S ribosome with ES27 in the exit conformation at 8 Å. Color code: 40S
subunit, yellow; 60S subunit, blue; P-site tRNA/nascent polypeptide chain, green; Ssh1
complexes (PCC), red.
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Fig. 2. Visualization of the PCC pore, the nascent polypeptide chain and molecular model

Cut density for the 60S subunit and the idle (A) and active (B) Ssh1 complex is shown as in
Fig. 1A. (C) as (A) except ES27 in exit position (dark blue) and P-site tRNA are shown. (D)

bottom view of the 6.1 Å RNC map as in Fig. 1. Density for rRNA and ribosomal proteins is
highlighted. Asterisk indicates tunnel exit. (E) as (D) showing molecular models. (F) left:
isolated density for the P-site tRNA and the nascent DP120 chain (NC) as in (C); right:
molecular model for the yeast P-site tRNAAsp and for the nascent DP120 peptide with
ribosomal proteins (E).
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Fig. 3. A monomeric ribosome-bound Ssh1 complex

(A) Native immunoprecipitation (IP) of epitope tagged Ssh1 complexes. Microsomes from
yeast cells expressing T7 and AU1 tagged Ssh1p were repopulated with RNCs, solubilized,
and subjected to native immunoprecipitation using anti-T7 or anti- AU1 antibodies. Total
extract (T), supernatant (S) and immunoprecipitate (P) fractions were analyzed by immuno
blot using an anti-T7-goat or an anti-AU1-rabbit antibody to detect T7-Ssh1 and AU1-Ssh1.
(B) Top: Close-up side views on idle (left) and active (right) PCC (as in Fig. 2A and B). Bottom:
Homology models of a monomeric Ssh1 complex (red) fitted into the densities of idle and
active Ssh1 complexes (transparent mesh); The cytosolic loop L8 of Ssh1p (red), Sbh1p (β,
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dark red) and Sss1p (γ, magenta) are indicated. The nascent chain (NC) is shown in green.
(C) as (B) showing top views.
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Fig. 4. Interaction of the PCC with the ribosome and the nascent chain

(A-C) Molecular models for rRNA and ribosomal proteins are shown as in Fig. 2 E, for the
Ssh1 complex as in Fig 3. Views focus on the cytosolic half of the Ssh1 model (A) and the
cytosolic loops L6, L8 and the C-terminus (B). (C) A close-up on interactions of cytosolic
loops L6 and L8. The positions of the conserved R278 and R411 are indicated (green). (D)

Purified Ssh1 complexes from wild type and L6 and L8 mutants were incubated in the presence
or absence of yeast ribosomes before centrifugation yielding supernatant (S) and pellet (P)
fractions. After SDS-PAGE, Sbh2p was detected using anti-FLAG antibodies.
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Fig. 5. The RNC-bound mammalian Sec61 complex is a monomer surrounded by a micelle

(A) Cryo-EM reconstruction of the 80S RNC-Sec61 complex at 6.5 Å resolution. Top: side
view, bottom: bottom view. (B) Isolated density for the Sec61 complex low-pass filtered at 12
Å (top) and at 22 Å (bottom). Connections C1- C4 are indicated. (C) Side view of the ribosome-
bound Sec61 complex. The Sec61 model is shown in red, models for ribosomal proteins and
rRNA as in Fig. 2 D. The monomeric Sec61 complex fitted into the central portion of the
density surrounded by a rim of extra density representing mixed detergent/lipid micelle. (D)

Upper left section: side view of the cut densities for the Sec61 complex (red), the surrounding
mixed micelle (grey) and the nascent DP120 polypeptide chain and/or the signal anchor
sequence (green). Right: Schematic drawing of the mixed micelle of phospholipids (grey) and
detergent molecules (blue) surrounding the PCC (red ribbons). Middle section: Isolated
densities and schematic drawing as in upper section in a top view (left) or sliced within the
plane of the membrane (right). Lower section: Sliced top views, represented as in middle
section (left) or as red ribbons for the Sec61 model and transparent mesh for the electron density
(right).
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Fig. 6. Conformation and nascent polypeptide chain-interactions of the RNC-bound mammalian
Sec61 complex

(A) Fit of the Sec61 model (red ribbons) into the density (grey transparent mesh). Side views
on the lateral gate (top) and on the cytosolic loops L6 and L8 (bottom). (B) Crystal structure
of the M. jannaschii SecYEβ complex (grey) (13) superimposed on Sec61 model. The C- and
N-terminal halves are shown in red and blue, transmembrane (TM) helix 7 in yellow and TM
helix 2 in cyan. β- (dark red) and γ-subunits (SecE, magenta) are indicated. (C) Side view (top,
as in A) and top view (bottom, as in B) of the Sec61 model and extra density for the nascent
polypeptide chain (green). (D) Side view as in (C) (top) but rotated to focus on the nascent
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chain (green). Color code as in Fig. 2E. (E) Schematic representation of an actively translating
and translocating eukaryotic ribosome-Sec61 complex with a single copy acting as PCC.
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