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‘We have demonstrated through structure-guided
design that neutralization of positive charges
in the nt-groove can dramatically decrease off-
target indel formation while preserving on-target
activity. These data show that eSpCas9(1.1) can
be used to increase the specificity of genome-
editing applications. Future structure-guided inter-
rogation of Cas9 binding and cleavage mechanism
will likely enable further optimization of the
CRISPR-Cas9 genome-editing toolbox.
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PROTEIN TRANSLOCATION

Structure of the Sec6l channel
opened by a signal sequence

Rebecca M. Voorhees and Ramanujan S. Hegde*

Secreted and integral membrane proteins compose up to one-third of the biological
proteome. These proteins contain hydrophobic signals that direct their translocation
across or insertion into the lipid bilayer by the Sec61 protein—conducting channel.

The molecular basis of how hydrophobic signals within a nascent polypeptide trigger
channel opening is not understood. Here, we used cryo—electron microscopy to determine
the structure of an active Sec61 channel that has been opened by a signal sequence.

The signal supplants helix 2 of Sec6la, which triggers a rotation that opens the central
pore both axially across the membrane and laterally toward the lipid bilayer. Comparisons
with structures of Sec61 in other states suggest a pathway for how hydrophobic signals
engage the channel to gain access to the lipid bilayer.

he universally conserved Sec complex forms

a gated protein translocation channel at the

eukaryotic endoplasmic reticulum (ER) and

bacterial plasma membrane (7). The central

component of this channel, SecY in bacte-
ria and Sec61o in eukaryotes, contains 10 trans-
membrane (TM) helices arranged around a central
pore (2). Two single-TM subunits in eukaryotes,
Sec61p and Sec61y, are peripheral to Sec61a. The
central pore in the inactive Sec complex is occluded
by a short “plug” helix that must be displaced
to allow translocation. The interface where TM
helices 2 and 3 contact helices 7 and 8 defines a
“lateral gate” for membrane access of polypep-
tides (I-3).

Crystal structures of the Sec complex (2, 4-6)
lack a translocating polypeptide and likely rep-
resent a range of inactive states. Depending on
crystal contacts or translocation partners, the lat-
eral gate and plug are in various states of open-
ing and displacement. However, the biological
relevance of these channel conformations has
been difficult to interpret without a well-resolved
and matched active structure. Previous structures
of translocation or insertion intermediates of the
ribosome-Sec complex determined by cryo-electron
microscopy (cryo-EM) were of moderate resolu-
tion (7-9), contained heterogeneous substrates
(9), required artificial stabilization (8), or were
at an uncertain stage of insertion (7). Although
these earlier structures provided the first views
of substrate-induced structural changes consistent
with lateral gate opening, the data could not
clearly resolve individual Sec61 TM helices or the
nature of their interactions with the signal. Thus,
a molecular understanding of how substrates
open the channel for translocation or insertion
is incomplete.

We devised a strategy to tag and purify the
canine ribosome-Sec61 complex engaged by the
first 86 residues of the secretory protein prepro-
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lactin (fig. S1). Translocation, protease-protection,
and photo-cross-linking experiments verified that,
like the well-characterized native 86-residue inter-
mediate (10-15), our tagged complex represents
a functional translocation intermediate engaged
by Sec61 (figs. S2 to S4). The nascent polypeptide
remains engaged with Sec61 during and after
purification (fig. S4), which makes it suitable
for structure determination by single-particle
cryo-EM.

The structure of this engaged ribosome-Sec61
complex was reconstructed from 101,339 particles
to an overall resolution of 3.6 A (figs. S5 and S6
and table S1). The local resolution of the Sec61
channel ranged from ~ 3.5 A near the ribosome
to ~7.0 A at the lumenal loops. Most TM helices
were at ~4.5 to 5.5 A resolution (fig. S6), which
revealed clear helical pitch and many bulKky side
chains in sharpened maps (fig. S7). All 12 TM
helices of the Sec61 complex could be unambig-
uously assigned, leaving a single helix we ascribed
to the signal sequence (Fig. 1, A and B, and fig. S8).
Density visible throughout the ribosomal exit tun-
nel and in parts of the Sec61 channel (Fig. 1C) sug-
gests a looped configuration for the nascent chain,
consistent with earlier cross-linking studies (11).

The well-resolved structure of a biochemically
validated early translocation intermediate per-
mitted detailed comparisons with other Sec61
states to gain insights into the conformational
changes accompanying channel opening. A previ-
ous cryo-EM structure of the porcine ribosome-
Sec61 complex lacking a nascent polypeptide (9)
represents a “primed” state preceding nascent
chain insertion. Relative to this primed structure,
the engaged channel is open laterally toward the
lipid bilayer and axially across the membrane
(Fig. 2). The ribosome-Sec61 interaction remains
fixed, with only minor movements of the asso-
ciated Sec61y and TM helices 6, 7, 8, and 9 of
Sec61a. The other seven TM helices of the Sec61
complex rotate as a rigid body by ~22° (Fig. 2A
and movies S1 and S2), which creates space be-
tween helices 2 and 7 for intercalation of the sig-
nal peptide (Fig. 2B). Notably, cryo-tomography
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Fig. 1. Structure of the signal peptide-engaged
Sec61 complex. (A) View of the lateral gate (top) or
from the ER lumen of the Sec61 complex bound to the
preprolactin signal peptide (cyan). The mobile regions
of Sec6lo are blue; the comparatively immobile regions
are red. The B and y subunits are pale green and tan,
respectively. Helices that compose the lateral gate are
labeled. (B) Experimental density for the structure
(mesh, filtered to 4.5 A resolution) superimposed on
the backbone trace of the structural model. (C) Density
observed for the nascent polypeptide through the
ribosomal tunnel and parts of the Sec61 channel.
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Fig. 2. Conformational changes to Sec61 upon engagement by a signal
peptide. (A) Positions of the transmembrane helices of the Sec61 complex in
the ribosome-primed (pale colors, PDB 3J7Q) and signal-engaged (bright colors)
states. The mobile regions of Sec6la are blue; the comparatively immobile regions
are red. Individual helices are labeled; the signal has been omitted for clarity.
(B) View of the asymmetrically opened lateral gate. (C) View of the pore ring
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engaged

residue positions (green spheres) in the quiescent SecY crystal structure (gray,
PDB 1RH5) and engaged Sec61 complex (red). The signal is cyan. (D) (Left and
middle) Surface view of the primed (gray, PDB 3J7Q) and engaged (red) states
of the Sec61 complex viewed from the ER lumen. The lumenal loops have been
removed for clarity. The signal peptide is cyan. (Right) cutaway view perpendicular
to the membrane of the engaged Sec61 complex showing an open channel.
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of the Sec61 complex in native ER microsomes
shows a similar configuration (6). Although the
heterogeneous and uncertain functional state of
the cryo-tomography structure complicates its
placement within the translocation cycle (17), it
does illustrate that our engaged structure is likely
to be compatible with a membrane environment.

Because the 22° rotation is oblique relative to
the plane of the membrane, lateral gate opening is
asymmetric: the lumenal end of the gate parts by
~15 A, whereas the cytosolic side remains closed
(Fig. 2B). Oblique rotation of helices 2, 5, and 10
away from helix 7 displaces a set of six conserved
“pore ring” residues (table S2) from their normally
planar configuration (Fig. 2C). The plug is appar-
ently destabilized by separation of the pore ring,
atop which it ordinarily sits (2), which leads to
an unobstructed conduit across the membrane
(Fig. 2D). Thus, opening of the Sec61 channel is
directly coupled to successful signal sequence rec-
ognition via its intercalation in the lateral gate.

To understand how the signal sequence reaches
this position, we asked whether Sec61 prim-
ing by the ribosome might favor subsequent
signal sequence engagement. For comparison, we
used the M. jannaschii x-ray structure of an
isolated Sec complex in its “quiescent” state (2),
whose overall architecture, TM helix interactions,
and key functional motifs (table S2) are well
conserved in mammals. Relative to the quiescent
channel, the ribosome-primed Sec61 complex
is partially destabilized in two ways. First, a
“polar cluster” of three residues on helices 2
and 7 that form stabilizing hydrogen bonds is
separated in the primed state (Fig. 3A). Hence,
the lateral gate is partially cracked in the precise
region eventually occupied by the signal pep-
tide. Second, the external surface of the primed
Sec61 complex (Fig. 3B) contains a hydrophilic
seam that is energetically disfavored by its ex-
posure to the hydrophobic interior of the lipid
bilayer. A similar conformational change is seen
in the bacterial SecY complex bound to SecA (6).
Thus, two diverse translocation partners from
different translocation pathways, the ribosome
and SecA, induce similar priming events by
binding to the cytosolic loops of the Sec61 and
SecY complex, respectively.

‘When viewed from the ribosomal exit tunnel,
nearly all of the surfaces on the primed Sec61
complex available to a nascent signal peptide are
hydrophilic. The only substantive hydrophobic
patch, deep within the channel pore, might serve
as the initial interaction site for a hydrophobic
signal (Fig. 4A). This hydrophobic patch is com-
posed of residues from the lateral gate and pore
ring (table S2) and is positioned adjacent to the
region of the lateral gate weakened by ribosome
priming (Fig. 4B). Packing of the hydrophobic
signal at this destabilized region may facilitate its
intercalation into the lateral gate, driven by the
energetically favorable exposure of the signal to
lipid, so that it eventually adopts the conforma-
tion seen in our structure.

The position of the engaged signal perfectly
supplants helix 2 and replaces its interactions
with helices 7 and 8 to stabilize the open channel
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polar

cluster

Fig. 3. The lateral gate is destabilized in the ribosome-primed Sec61 complex. (A) Comparison of
the quiescent SecY (left, PDB 1RH5) and primed Sec6l (right, PDB 3J7Q) complexes. Ribosome binding
results in partial destabilization of the lateral gate by shifting helices 2 and 3 away from the midline,
which disrupts the polar cluster (green). (B) Space-filling model viewing the lateral gate of the quiescent
(left) and primed (right) structures colored by hydrophobicity, in which orange is hydrophobic and purple
is hydrophilic. The hydrophilic seam produced by ribosome binding is indicated.

conformation (Fig. 4, C and D). Hydrophilic seg-
ments of polypeptide would not be energeti-
cally favored in this position, which explains why
they cannot open the channel. The conserved
hydrophobicity and length of helix 2 suggests
that the biophysical properties of helix 2 may
dictate what constitutes a functional signal for
translocation, a property that is similar, but not
identical across species. The concept of a hy-
drophobicity threshold set by an intramolecular
“placeholder” is also used by the signal recog-
nition particle at an earlier step of this pathway
(I18) and may be a general mechanism for in-
creasing recognition fidelity of widely divergent
sequences.

Our structure of the signal-engaged Sec61
translocon, together with earlier quiescent and
primed structural states, leads to a molecular
model for selective gating of the translocon by
hydrophobic signals. Ribosome binding con-
strains the cytosolic loops of Sec61 to enforce a

conformation in which Kkey lateral gate contacts,
including the conserved polar cluster, are weakened.
A hydrophobic patch close to this site attracts
hydrophobic signals to their point of initial en-
gagement. If the signal is sufficiently hydrophobic,
it can proceed further to displace the comparably
hydrophobic helix 2 and access the lipid bilayer
while simultaneously widening the central pore
to destabilize the plug. Thus, polypeptides ini-
tially sample the cytosolic vestibule of Sec61
and gain access to the lipid bilayer via the chan-
nel interior, contingent on both a suitably hy-
drophobic signal and an appropriately primed
translocation channel.

This stepwise model for translocon opening is
consistent with fluorescence and cross-linking
studies showing that signals are initially in an
aqueous environment (19) near Sec61o, (10-13) and
only access lipid after further elongation (13, 15).
Furthermore, mutants of the lateral gate, plug,
and pore ring residues in the hydrophobic patch
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quiescent channel

primed
channel

open channel

Fig. 4. Putative path of the signal peptide into the Sec61 lateral gate. (A) Space-filling model of the
cytosolic vestibule of Sec61 viewed from the ribosome, colored by hydrophobicity as in Fig. 3B. (B) Residues
comprising the hydrophobic patch are at the lateral gate. (C) The eventual position of the signal
peptide (cyan), relative to the stationary ribosome-bound regions of Sec6l, is essentially identical to
the position of helix 2 in the quiescent state. (D) Positions of helix 2 in the quiescent (gray) and
primed (yellow) states superimposed on the engaged Sec6l structure (red and blue). The signal
peptide is omitted for clarity but would reside precisely in the position of the quiescent helix 2.

or polar cluster region allow crippled signal se-
quences to mediate translocation (20-25). It is
possible that such mutants lead to a more dynam-
ic Sec61 channel that can open without signal
sequence intercalation into the lateral gate. This
would bypass the signal recognition step captured
by our structure and permit promiscuous trans-
location. Conversely, stabilization of lateral gate
contacts increases the hydrophobic threshold for
signal sequence-mediated translocation (24, 25).
Similarly, inhibitors that impede Sec61 opening
are thought to bind at the plug and lateral gate
junction (26, 27). Thus, defining the location of a
signal in the process of initiating translocation
permits molecular interpretations of earlier func-

SCIENCE sciencemag.org

tional data and provides a basis for future studies
of other stages in protein translocation. Analy-
sis of signals and TM domains of different bio-
physical properties in both defined and native
translocon complexes will be crucial for under-
standing how the Sec61 translocon is able to
handle the remarkably diverse substrates tran-
siting the membrane.
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Materials and Methods

Plasmids, antibodies, and recombinant protein

An SP64 vector-based construct encoding bovine pre-prolactin (pPL) was modified to
contain an N-terminal affinity tag (3XxFLAG) and short glycine-serine linker to generate
FLAG-pPL. The encoded protein sequence is shown in Fig. S1. The mammalian
expression construct for GTPase-deficient Hbs1 (Hbs1-DN) has been described [28], and
was purified as before [29]. Antibodies against uL.6 (Santa Cruz, anti-L9) and uS9 (Santa
Cruz, anti-S16) were purchased, and the antibodies against TRAPa, Sec61a, Sec61f and
TRAM were characterized previously [30, 11-13]. Anti-Flag affinity resin and 3X Flag
peptide were obtained from Sigma.

In vitro transcription, translation, and biochemical characterization

Preparation and purification of stalled ribosome nascent chain (RNC) complexes were
performed using minor variations of previously described methods [18,28-31]. All in
vitro translation reactions used the rabbit reticulocyte lysate system assembled as
described before [31]. Canine pancreas derived rough microsomes (RMs) were prepared
as described [32]. Analytic translation reactions for biochemical characterization were
carried out using **S-methionine to detect the translated products, while preparative scale
reactions for cryo-EM (described below) used unlabelled methionine. The template for in
vitro transcription of the truncated RNC was prepared by PCR from the FLAG-pPL (or
untagged pPL) constructs using a 5’ primer preceding the SP6 promoter, and a 3’ primer
at codon 85 of native pPL. The 3’ primer encoded a terminal valine as the 86" amino
acid, whose peptidyl-tRNA is relatively resistant to spontaneous hydrolysis. Template for
full length products used a 3 primer beyond the native stop codon. PCR products were
purified and used for in vitro transcription as described [31].

Analytical translation reactions to characterize the FLAG-pPL construct (fig. S2-
S4) were typically for 20-30 min at 32°C, with further manipulations and analysis
performed on ice unless otherwise indicated. Protease protection of full length products
(fig. S2A) used 0.5 mg/ml proteinase K at 0°C as described before [30]. Puromycin
treatment (fig. S2B) used 1 mM puromycin for 15 min at 32°C. For photo-cross-linker
incorporation, the charged suppressor tRNAs were obtained from tRNA Probes (catalog
numbers A12 and A13). They were added to the translation reactions at a final
concentration of ~1 uM. For cross-linking, the microsomes were sedimented from the
total translation reactions by layering the sample on 100 pl of 25% sucrose (w/v) in 120
mM KOAc, 50 mM Hepes, pH 7.5, 2 mM MgCl, and centrifuging for 30 min at 55,000
rpm in a TLASS rotor. After resuspension in the same buffer without sucrose, the samples
were irradiated for 15 min on ice ~10 cm from the light source of a UVP B-100 series
lamp (UVP LLC). Immunoprecipitations for Sec61a and TRAM cross-linked products
were as before [33]. The protease-protection assay for insertion into the Sec61 channel
(fig. S4) was performed as described previously [12, 13]. Where indicated, deacylation of
the tRNA prior to SDS-PAGE was performed by adjusting the sample to pH ~12,
incubation for 15 min at 37°C, and neutralization with sample buffer.
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Sample preparation for EM analysis

Preparative scale RNC purification for EM analysis utilized rabbit reticulocyte lysate that
was first depleted of 80S ribosomes by centrifugation for 75 min at 50,000 rpm in a
Beckman TLASS rotor. The resulting supernatant was used in a 3.5-ml translation
reaction containing canine pancreatic rough microsomes at a final A,z of ~12.
Translation occurs on membrane-bound ribosomes contributed from the microsomes,
maximizing translocon engagement. After incubation for 5 min at 32° C to initiate
translation, Hbs1-DN was added to ~133 nM, and incubated for a further 20 min at 32°
C. Note that the Hbs1-DN inhibits ribosome splitting and engagement of the ribosome-
associated quality control pathway [31], thereby ensuring a more homogeneous RNC
population. The resulting membranes were then pelleted by centrifugation for 20 min at
50,000 rpm in a TLASS rotor, and resuspended in membrane buffer (50 mM HEPES pH
7.5, 250 mM sucrose, 2 mM MgOAc,) to one-tenth the volume of the initial translation
reaction. Solubilization was carried out by addition of an equal volume of 2x
solubilisation buffer (3.5% digitonin, 100 mM HEPES pH 7.5, 800 mM KOAc, 20 mM
MgOAc;, 2 mM DTT) and incubated 10 minutes on ice. Samples were centrifuged for 15
min at 20,000 x g at 4° C to remove insoluble material, and then diluted 10-fold in
column buffer (50 mM HEPES pH 7.5, 200 mM KOAc, 15 mM MgOAc;, | mM DTT).
Note that the digitonin used throughout the solubilization and purification was purified
further from the commercially obtained preparation (from Calbiochem) as described
before [34].

Affinity purification was carried out in batch by incubation for 2 hours at 4° C
with anti-FLAG resin at a 1:100 ratio. The samples were then transferred to a micro-spin
column and washed with ~100 volumes (relative to the resin volume) of wash buffer (50
mM HEPES pH 7.5, 200 mM KOAc, 15 mM MgOAc,, 1| mM DTT, 0.25% digitonin).
Samples were eluted by incubation for 30 min at 22° C with 1 resin volume of wash
buffer supplemented with 0.2 mg/mL 3X FLAG peptide, separated from the resin by a
brief spin of the micro-column, and used immediately for grid preparation. The
concentration of ribosomes in this final preparation was ~100 nM as judged by Az. No
ribosomes were recovered from reactions lacking a tagged nascent chain, verifying
specificity of affinity purification.

Grid preparation and data collection

The eluted samples were applied directly to glow-discharged holey carbon grids
(Quantifoil R2/2), which had been coated with a ~70 A thick layer of amorphous carbon.
Using an FEI Vitrobot, 3 uL of sample was applied to the grid, followed by a 30 sec
incubation at 4° C, 9 sec of blotting, and flash-cooling in liquid ethane. Data were
collected on an FEI Titan Krios at 300 KV using FEI’s automated single particle
acquisition software and defocus values of 2-3.5 um. Images were recorded using a back-
thinned FEI Falcon II detector at a calibrated magnification of 104,478 (pixel size of 1.34
A). Individual frames from the detector were recorded as previously described [35].

Image processing

Contrast transfer function parameters were estimated using CTFFIND3 [36], and
micrographs that had evidence of astigmatism or drift were discarded. All automated
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particle picking, 2D and 3D classifications, and refinements were performed using
RELION as described below [37]. Unsupervised 2D class averaging was used to discard
any non-ribosome particles, resulting 136,639 ribosome-Sec61 particles. 3D
classification was utilized to identify the population of 101,339 ribosome-Sec61 particles
containing an unratcheted P-site tRNA as a proxy for presence of the nascent chain. Final
3D refinements of the resulting populations were performed utilizing statistical movie
processing [35], and particle polishing [38]. This resulted in a final reconstruction at
overall resolution of 3.6 A using the gold-standard FSC=0.143 criteria [39].

Model building and refinement

The model for the open Sec61 channel was built using the archaeal SecY crystal structure
[2] and the model for the idle channel [9]. The four transmembrane helices (6 through 9)
of Sec61a that directly contact the ribosome via their associated cytosolic loops required
little to no adjustments, while the remaining 6 helices (1-5, 10) and Sec61f could be
rotated as a unit and fit as a rigid body with minimal adjustments into the observed
density. The C-terminus of Sec61y required further minor adjustments. After fitting of the
Sec61 channel subunits, the remaining additional helical density was fit to the signal
helix using a combination of the observed density, the biophysical properties of the
surrounding helices, and the favourable localization of polar residues away from the lipid
bilayer (fig. S8). Refinement was carried out using REFMAC v5.8 [40] as previously
described [41, 42]. Secondary structure restraints were generated in ProSMART [43] and
were maintained throughout refinement to prevent over-fitting. Local resolution was
calculated using ResMap [44] and all figures were generated using Pymol [45] and
Chimera [46].
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FLAG tag linker pPL signal sequence (29 aa)
MDYKDHDGDYKDHDIDYKDDDDKAGSGGGSAGGGSADSKGSSQKGSRLLLLLVVSNLLLCOGVVS
TPVCPNGPGNCQVSLRDLFDRAVMVSHYTIHDLSSEMFNEFDKRYAQGKGFITMALV T

pPL mature domain (56 aa) T signal
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Fig. S1. Experimental strategy for sample preparation. (A) Sequence of the nascent
chain used to engage the Sec61 complex. The 3X FLAG tag (orange) and a flexible linker
(green) were inserted after the initiating methionine of pre-prolactin (pPL). The signal
peptide is in cyan, and the mature domain up to residue 85 of pPL, plus a final valine, is
in black. The underlined sequence was modelled in the structure. Extending the pPL
signal peptide at the N-terminus is unlikely to affect its function (as verified in Figs. S2 to
S4) given that the n-regions of signal peptides are highly diverse and variable in length.
(B) Schematic of the translationally stalled substrate bound to the Sec61 complex. As
shown in Fig. S2B, this complex is a functional on-pathway intermediate since release
with puromycin permits translocation. Note that the GTPase-deficient Hbs1 protein
included in the translation reaction prevents ribosome splitting by the ribosome-quality
control pathway that ordinarily recognizes stalled ribosomes. Of the 56 residues
following the signal peptide, ~35-40 residues are expected to be in the ribosomal tunnel,
leaving ~16-21 residues to traverse the Sec61 channel. After assembly, the complex is
solubilized using digitonin and high salt, and affinity purified via the FLAG tag before
application to EM grids. As shown in Fig. S4, affinity purification does not dislodge the
nascent chain from being fully inserted into the Sec61 complex.
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Fig. S2. Biochemical characterization of the FLAG-pPL construct. (A) In vitro
translation reactions containing >>S-methionine were programmed with transcripts coding
for full length pre-prolactin (pPL) or FLAG-pPL (see Fig. S1). Reactions were performed
without or with canine pancreatic rough microsomes (RM) as indicated. After translation,
aliquots were digested with proteinase K (PK) in the absence or presence of the detergent
(det) Triton X-100 at 0.5%. All samples were analyzed by SDS-PAGE and
autoradiography. Note that both pPL and FLAG-pPL are efficiently translocated into
microsomes as judged by signal peptide cleavage and protease protection of the
processed product. (B) FLAG-pPL or untagged pPL, truncated at residue 86 (numbering
of pPL), was translated in the presence of RM and **S-methionine and either left
untreated or reacted with puromycin (puro) before analysis by SDS-PAGE and
autoradiography. The positions of the tRNA attached precursor (pre.+tRNA), free
precursor (pre.), and signal-cleaved product are indicated. Note that a small amount of
tRNA is hydrolyzed during electrophoresis, but most remains attached. Treatment with
puromycin hydrolyzes the tRNA, resulting in translocation of the polypeptide as judged
by signal peptide cleavage. The cleaved FLAG-tagged signal is weakly visible due to it
single radiolabeled methionine. (C) Microsomes containing the 86-mer translocation
intermediate of FLAG-pPL or untagged pPL were isolated by centrifugation, solubilized
with digitonin-containing buffer, and subjected to affinity purification via the FLAG tag.
The eluted products were analyzed for recovery of Sec61 complex by immunoblotting
relative to serial dilutions of starting microsomes. Sec61 complex is recovered only with
the tagged substrate, indicating specificity of its recovery. (D) Immunoblotting of affinity
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purified FLAG-pPL 86-mer complexes (as in panel C) for Sec61 and ribosomal proteins
show that they are recovered at a ratio comparable to that observed in the starting rough
microsomes.
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Fig. S3. Analysis of signal peptide interactions by site-specific cross-linking. (A)
Amber codons at positions 11 or 18 were introduced into the pPL signal peptide. The 86-
mer intermediate of the unmutated or amber-containing constructs was translated in vitro
with *>S-methionine and one of two charged amber-suppressor tRNAs whose structures
are shown. Note that full length translation product (represented by the 86-mer peptidyl-
tRNA) is not produced when amber codons are present unless also suppressed by either
of the two tRNAs. Suppression efficiencies are ~10-25%. This permits incorporation of
the indicated unnatural amino acids, both suitable for photo-cross-linking, at defined
positions. (B) The indicated 86-mer peptidyl-tRNA intermediates of pPL or FLAG-pPL
constructs were assembled on rough microsomes as in Fig. S2B. The constructs contained
amber codons at the indicated positions, and the translation reactions contained the
¢ANB-Lys-tRNA®™ suppressor tRNA for incorporation of photo-cross-linker. The
microsomes were isolated by centrifugation, divided in two, and one half subjected to UV
irradiation for 15 min to induce photo-cross-linking. An aliquot of the total products was
analyzed (left panel), while the remainder was subjected to denaturing
immunoprecipitation (IP) using antibodies against either Sec61a or TRAM (right panel).
The left panel shows the position of the uncross-linked peptidyl-tRNA products, and the
major cross-linked species. Partial deacylation of the tRNA occurs during
electrophoresis, resulting in two major cross-linked bands. The IPs show that the cross-
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linked band (which becomes fully deacylated during the IP) is a mixture of Sec61a and
TRAM. The overall cross-linking efficiency and the ratio of Sec61 to TRAM cross-links
vary depending on cross-linker position [10-13]. The pattern of both efficiency and ratio
is the same for pPL and FLAG-pPL, strongly arguing that the two signals are positioned
in the translocon in very similar ways. Similar concordance was also seen for the other
cross-linker (not shown).
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Fig. S4. Analysis of nascent chain engagement of Sec61 by protease protection. 86-
mer peptidyl-tRNA translocation intermediates of either pPL or FLAG-pPL were
translated with **S-methionine as in Fig. S2B in reactions that either lacked or contained
rough microsomes (RM). One aliquot of the RM-targeted FLAG-pPL sample was
solubilized and affinity purified using conditions identical to those for structure
determination (lanes 11, 12), while the remaining samples were analyzed directly after
adjusting them with 1% digitonin to dissolve the membrane. Aliquots were treated with
proteinase K (PK) in the absence or presence of EDTA to disrupt the ribosome where
indicated. The samples were analyzed directly to visualize the peptidyl-tRNA species
(left gel) or after high pH induced hydrolysis of the tRNA (right gel). Key molecular
species (a-d) are indicated with arrowheads, and the interpretations of these respective
products are shown in the four diagrams under the gel. Species a’ to d’ are the deacylated
versions of species a to d, respectively. Hb indicates haemoglobin, produced and/or
labeled at low levels in the reticulocyte-based translation extract. As expected, PK
digestion of pPL or FLAG-pPL in the absence of RM produces a short tRNA-attached
fragment with ~35-40 residues protected by the ribosomal tunnel (lanes 2 and 7; species a
and c). In the presence of RM, pPL is now fully protected due to its insertion into the
Sec61 translocon (lane 4, species b) as shown previously [12]. By contrast, FLAG-pPL is
partially protected, resulting in a tRNA-attached fragment whose size is identical to the
fully protected pPL 86-mer (lane 9, species d). Thus, the FLAG tag and linker extension

9
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are accessible to protease, while the native pPL portion of the nascent chain is shielded
similarly to untagged pPL (compare diagrams b and d). This identical pattern of PK
accessibility is retained on samples after they have undergone affinity purification (lane
12, compare to lane 9), strongly suggesting that nascent chain insertion into the Sec61
translocon is not disrupted by the purification process.

10
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Fig. S5. Overview of particle classification and structure determination. (A)
Schematic of the data collection and particle classification scheme used to derive the final
density map. Note that the initial 3D reconstruction of all particles from down-sampled
micrographs without movie processing or particle polishing already shows very clear
density for the Sec61 complex in which individual transmembrane helices are readily
visible, including the signal peptide. At this threshold, the detergent micelle surrounding

11
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the Sec61 complex is not visible due to its heterogeneity relative to the homogeneous and
defined positions of the transmembrane helices of the Sec61 complex (and of course, the
ribosome). From this total particle dataset, in silico classification was used to identify the
~74% of particles containing an unratcheted ribosome and P-site tRNA, which was used
as a surrogate to identify those particles containing a nascent chain. This subset was used
to produce the final density map. (B) The unsharpened EM density map (left panel) is
shown with the final molecular model (right panel). The components are colored as
follows: 40S subunit (yellow), 60S subunit (blue), the peptidyl-tRNA (purple), the Sec61
channel (red), and the signal peptide (cyan). Note that this is the raw density map shown
at a single threshold without any segmentation. At the displayed threshold where each of
the individual transmembrane helices of the Sec61 complex and the signal peptide are
clearly visible and resolved, the detergent-lipid micelle is not observed. Thus, the
occupancy and homogeneity of the signal-Sec61 complex is very high, suggesting that it
represents a single uniform conformation.

12
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Fig. S6. Map and model quality. (A) Gold-standard Fourier Shell Correlation (FSC)
curve for the map of the engaged ribosome-Sec61 complex where the overall resolution
is demarcated using the FSC=0.143 criterion. (B) FSC curves for the isolated Sec61
region of the map. The curve for the final model versus the map derived from the
complete dataset is shown in black; red shows the curve for a model refined in the first of
two independent halves of the map; and blue shows that same model versus the second
independent half-map, which was not used for refinement. The vertical dashed line
indicates the highest resolution (4.25 A) used in these model refinements. (C) Local
resolution of the engaged channel, produced using ResMap [44], shown from either the
Sec61y side (left) or lateral gate (right). Two different thresholds are displayed in the
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upper and lower panels. The resolution of the Sec61 regions contacting the ribosome
approach ~3.5 A resolution, while the flexible loops on the lumenal side of Sec61 are ~7
A. In regions of Sec61 that are in the membrane (demarcated in the lower-left panel),
most of the TM helices range between ~4.0-5.5 A resolution.

14
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Fig. S7. Examples of map quality. Representative density from sharpened maps for
several of the TM helices from the Sec61 complex, filtered to 3.8 A, and their associated
molecular models. The quality of the data is such that placement of the helix and the
helical pitch is unambiguous for all helices in the channel, while many amino acid side
chains are visible in both the stationary (helices 6-9, v) and mobile (1-5,10, B) portions of
Sec61.
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Fig. S8. Assignment of a likely registry for the signal peptide relative to Sec61. The
sequence of the pPL signal peptide is shown, with the region modelled in our map
underlined. Highly hydrophilic/polar residues are indicated in blue, while highly
hydrophobic residues are green. The position of signal cleavage is indicated. (A) Signal
sequence. (B) Shown is a space filling model of the engaged Sec61 complex colored by
hydrophobicity, with orange indicating hydrophobic and purple hydrophilic surfaces. The
signal sequence helix is shown with sticks for side chains, colored using the same scheme
as in (A). The three particularly hydrophilic residues are unlikely to be facing lipid or the
hydrophobic surface of Sec61. Hence, a registry was chosen that not only best matches
with the density map (C), but also one in which hydrophilic residues can either snorkel to
the lipid head groups (R12) or face hydrophilic regions on Sec61 (N21 and Q26).
Conversely, the hydrophobic residues primarily face either lipid or hydrophobic Sec61
surfaces. Finally, the signal peptide cleavage site is likely to be at the lumenal side of the
lipid bilayer, since it will eventually be accessed by signal peptidase whose active site is
in the lumen. Conversely, the sequences preceding R12 (not modelled) are likely to be
facing the cytosol and outside the lipid bilayer given their high hydrophilicity. Thus, the
chosen registry fits best with known biological activities (site of signal cleavage and n-
region facing the cytosol) as well as biophysical considerations. Other registries for the
signal peptide either did not fit as well into the density map or resulted in unfavorable
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hydrophobic mismatch. (C) The density map for the modelled region of the signal
peptide (grey mesh) shown with the final atomic model (cyan) as in Fig. S7.

17
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Table S1. Refinement and model statistics.

Data collection

Particles

Pixel size (A)

Defocus range (mm)

Voltage (kV)

Electron dose (e/A?)

Map sharpening B-factor (A%

Model composition

101,339
1.34
2.0-3.5
300
27
-72.6

Engaged Sec61

Non-hydrogen atoms 3,912
Protein residues 514
Refinement
Resolution used (A) 4.25
Average B factor ( A?) 156
Fourier shell correlation (FSC)* 0.72
Rms deviations
Bonds (A) 0.011
Angles (°) 1.5
Ramachandran plot
Favored (%) 94
Outliers (%) 6
*FSC = X(Fobs F catc) / V(Z|Fobs|” Z|Featc])
Table S2. Conserved residues of key functional motifs.
s W e
Polar T86 T80
Cluster Q127 E122
N300 N268
181 175
V&5 V79
) 1179 1170
Pore ring 1183 1174
1292 1260
L449 L406
V85 V79
Hydrophobic patch 1112;99 1118730
1293 L261
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Movie S1. Morph between the ribosome-primed idle Sec61 complex (3J7Q) and the
engaged Sec61 complex. The view is from the plan of the membrane looking toward the
lateral gate; the ribosome would be on the bottom and ER lumen on the top. Only the
transmembrane segments and the ribosome-interacting cytosolic loops are shown for
clarity. Sec61 a, B, and vy are in red, light blue, and tan, respectively. The signal sequence
(cyan) appears in the engaged state at its position in the lateral gate.

Movie S2. Morph between the ribosome-primed idle Sec61 complex (3J7Q) and the
engaged Sec61 complex as viewed from the ER lumen. The lateral gate is on the bottom.
Only the transmembrane segments are depicted for clarity. At the beginning of the
animation, Sec61la, B, and y are in red, light blue, and tan, respectively. The helices that
rotate as a rigid body turn grey just before their movement. The signal sequence (cyan)
appears in the engaged state at the end of the animation.
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