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Cryo-EM structure of the ribosome-SecYE complex in the

membrane environment
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The ubiquitous SecY-Sec61 complex translocates nascent secretory proteins across cellular membranes and integrates membrane
proteins into lipid bilayers. Several structures of mostly detergent-solubilized Sec complexes have been reported. Here we
present a single-particle cryo-EM structure of the SecYEG complex in a membrane environment, bound to a translating ribosome,
at subnanometer resolution. Using the SecYEG complex reconstituted in a so-called Nanodisc, we could trace the nascent
polypeptide chain from the peptidyltransferase center into the membrane. The reconstruction allowed for the identification of
ribosome-lipid interactions. The rRNA helix 59 (H59) directly contacts the lipid surface and appears to modulate the membrane
in immediate vicinity to the proposed lateral gate of the protein-conducting channel (PCC). On the basis of our map and
molecular dynamics simulations, we present a model of a signal anchor-gated PCC in the membrane.

The vast majority of proteins designated to be secreted or to be inte-
grated into the membrane bilayer have to pass the ubiquitous PCC,
termed the Sec61 complex in eukaryotes or SecYEG in prokaryotes!.
In the co-translational mode, when the hydrophobic signal sequence
or signal anchor of a nascent polypeptide chain emerges from the
ribosome, the ribosome-nascent chain complex (RNC) is targeted to
the membrane by the signal-recognition particle (SRP) and the SRP
receptor?. After transfer from the SRP system to the PCC, the ribo-
some continues translation while the nascent polypeptide is directly
guided from the ribosomal exit tunnel into the ribosome-bound
SecY-Sec61 complex for membrane translocation or integration.
The PCC is conserved among all organisms, and several crystal
structures of detergent-solubilized PCCs have been reported~,
sharing a common core of 12 transmembrane (TM) helices. This core
consists of one large and two small subunits, termed SecY-Secé610.,
SecE-Sec61y and SecG-Sec61, respectively (the latter is less con-
served). In Escherichia coli, SecY is composed of two pseudosym-
metric halves comprising the N-terminal TM1-TM5 and C-terminal
TM6-TM10 helices. SecY is flanked by the clamp-like protein SecE,
composed of three TM helices and an amphipathic helix, and SecG,
which consists of two TM helices. The PCC may open both perpen-
dicular to the plane of the membrane for the translocation of soluble
polypeptides across the membrane, and laterally for the integration
of TM helices into the membrane. To that end, the two clamshell-like
halves of SecY have been suggested to open on one side in order to
form a lateral gate that can accommodate the signal sequence or the

signal anchor?~”- Consistent with this idea, three recent crystal struc-
tures of SecYE show a partial opening of the lateral gate*°. After the
gating event, the polypeptide is thought to use the central hourglass-
shaped aqueous vestibule of the Sec complex as a conduit for transloca-
tion®. The central plug helix 2a of SecY would move, and the central
hydrophobic pore ring would provide a flexible seal to avoid ion leak-
age across the membrane!. Although a low-resolution cryo-EM struc-
ture of a programmed ribosome-SecYEG complex was interpreted as
comprising two copies of the SecYEG complex forming a joint pore®,
more recent biochemical, structural and simulation data show that
a single copy of the Sec complex is most likely forming the active
PCC!0-14_ A]l three-dimensional (3D) structures of the PCC bound to
the ribosome, however, were obtained using detergent-solubilized Sec
complexes®®~1113.15-19 1t has been shown that, in principle, the PCC
can be active in detergent solution?%; however, it is not clear to what
extent the absence of the lipid bilayer may influence the structure and
activity of the PCC. Thus, the conformation of the ribosome-Sec com-
plex in its natural environment remains to be elucidated. Furthermore,
questions regarding PCC-mediated membrane protein integration or
assembly can only be addressed in the presence of a bilayer.

A routine approach for the visualization of membrane proteins
within a membrane environment is therefore highly desirable.
Traditional 2D electron crystallography?! and the more recent single-
particle cryo-EM approach called RSC?? are limited by the difficulty of
generating 2D crystals and the rather low resolution, respectively. Here,
we report on a new approach for obtaining subnanometer-resolution
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Figure 1 Reconstitution and cryo-EM
reconstruction of a 70S RNC-Nd-SecYEG a
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complex. (a) Binding assay using purified RNCs & égé’ &/6@
(RNC) with an excess of reconstituted Nd-E Q?O éb/@ &/9 q?o Q‘eo

and Nd-SecYEG (Nd-Sec). Supernatant (S) -

and pellet (P) fractions were analyzed by SDS- s> S P i f. P : Ll 508
PAGE and SYPRO Orange staining. Nd-SecYEG 57. - = == — SecY
binds stably to RNCs, whereas Nd-E does

not. (b) Cryo-EM reconstruction of the active o5 [ e —
70S-RNC-Nd-SecYEG complex at 7.1-A 20 e W W — ApO-AT
resolution. The ribosomal 30S subunit is

shown in yellow, the 50S subunit in blue, 5. ! - — SecEG
SecY in orange, SecE in purple and the :

Nanodisc in white. (c) Density as in b, but cut
perpendicularly to the plane of the membrane
along the polypeptide exit tunnel; colors as

in b with P-site tRNA, signal anchor (SA) and
nascent polypeptide chain (NC) in green.

(d) All-atom model of the active 70S-RNC-
Nd-SecYEG complex. View and colors as in b,
proteins and RNA in ribbon representation, and
phospholipids in ball-and-stick representation
with phospholipid head groups (LH) in red-
orange, acyl chains in white and apo-Al in
light purple.

structures of membrane protein complexes
in a lipid bilayer environment. We integrated
the E. coli SecYEG complex into high-density
lipoprotein (HDL) particles, also termed
Nanodiscs, a defined and soluble nanoscale
phospholipid bilayer stabilized by a mutant form of apolipoprotein
Al (refs. 23,24), and subjected it, after reconstitution with RNCs, to
high-resolution single-particle cryo-EM.

RESULTS

Reconstruction of the ribosome-Nd-SecYEG complex

We purified E. coli RNCs?® carrying an elongation-arrested nascent
chain of 118 amino acid residues. The first 102 residues represented
the N terminus of the membrane protein FtsQ, preceded by a hemag-
glutinin (HA) tag and a histidine (His) tag for affinity purification.
This type II membrane protein contains an N-terminal signal-anchor
transmembrane (TM) helix that was shown to insert co-translation-
ally into the membrane and to remain in contact with SecY and lipids
after insertion?. Nanodiscs were reconstituted with a mutant form of
apolipoprotein Al (apo-A1 A1-43) as described before?3 using E. coli
total lipid extract in the absence or presence of purified recombinant
E. coli SecYEG complex. This resulted in Nanodiscs containing only
lipids (Nd-E) or containing SecYEG (Nd-SecYEG).

Nascent FtsQ-carrying RNCs were then reconstituted with an
excess of Nd-SecYEG and were used in binding assays to test whether
the RNC-Nanodisc interaction was dependent on SecYEG. Stable
binding of RNCs was observed only in the presence of Nd-SecYEG
(Fig. 1a), indicating that neither the ribosome nor the signal anchor
domain of the nascent FtsQ could interact with, or insert into, the
lipid bilayer in a SecYEG-independent manner. We therefore con-
cluded that the reconstituted complexes indeed represented RNC-
Nd-SecYEG complexes.

The cryo-EM reconstruction of this complex shows the appear-
ance of a programmed 70S ribosome at 7.1-A resolution with an
additional disc-like density beneath the ribosomal exit site (Fig. 1b
and Supplementary Fig. 1). This density had a diameter of 10-12
nm and a height of about 4-5 nm, tethered by several contacts to
the ribosome. The appearance of a clear tRNA density in the P-site

Nd-SecYEG

Nd-SecYEG | Apo-A1

confirmed the presence of the nascent FtsQ chain as peptidyl-tRNA.
It was possible to visualize the density of the nascent chain within the
ribosomal exit tunnel reaching from the peptidyltransferase center
(PTC) into the Nd-SecYEG density (Fig. 1¢). The ribosome contacted
the Nd-SecYEG density via several connections, yet leaving a gap on
one side of about 15-25 A between the ribosome and the Nd-SecYEG.
This gap is in agreement with data obtained from detergent solu-
bilized complexes!>1®1%, indicating the lack of a seal between the
ribosome and the membrane-embedded PCC?’. The gap suffices to
provide the space required for folding or egress of cytosolic domains
of membrane proteins.

To interpret the cryo-EM map on a molecular level, we docked
crystal structures and molecular models into the density and applied
molecular dynamics flexible fitting (MDFF)?8, resulting in a complete
molecular model for the 70S-RNC-Nd-SecYEG complex (Fig. 1d
and Supplementary Methods). This model was used as a starting
point for a 16-ns molecular dynamics (MD) simulation.

Structure of the Nanodisc

The region of the map representing the Nanodisc was expected to
consist of a lipid bilayer with an upper and lower membrane leaflet
stabilized by two belt-like apo-A1 A1-43 molecules surrounding it.
The observed density indeed shows the characteristic dimension of a
lipid bilayer with a thickness of about 43 A (Fig. 2a). Strong electron
density for the phospholipid head groups was present that could
be distinguished from the very weak density for the region occu-
pied by the acyl chains of the fatty acids (Fig. 2a). This distribution
resembles that observed in membrane-containing viruses?>*? and
in liposomes3!. In contrast to the phosphate head groups, the acyl
chains of the lipids yield very weak electron density because of their
composition of low-contrast carbon and hydrogen atoms. The overall
dimensions of the electron density representing the Nanodisc are in
good agreement with a molecular model for nascent discoidal HDL,
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. TM helices

Figure 2 Structure of the Nanodisc. (a) Left, side view cut perpendicularly to the plane of the membrane of the isolated electron density of the
Nanodisc-SecYEG complex (Nd—-SecYEG), showing the lateral gate of SecY. The electron density is represented as a transparent gray mesh with

the ribbon representation of the fitted model of a SecY (orange), SecE (purple) and the signal anchor (SA) sequence (green). Two layers of density

are visible (upper membrane interface, UMI, and lower membrane interface, LMI), separated by a region of lower density (hydrophobic core, HC)
containing transmembrane (TM) helices. Dimensions are indicated. Right, same view, with the fitted Nanodisc model containing lipids in ball-and-stick
representation. Phospholipid head groups (LH) are in red (oxygen) and orange (phosphate), acyl chains in white (AC, carbon-hydrogen groups). (b) Left,
horizontal section, sliced within the plane of the membrane within the hydrophobic core of the lipid bilayer. Rod-like features are visible in the interior
of the Nanodisc and account for density of a monomeric SecYEG complex. Right, horizontal section with fitted lipids.

determined using hydrogen-deuterium exchange mass spectrometry
or X-ray crystallography of the protein alone?43233, The outer ring
of the Nanodisc, suggested to be composed of two parallel copies
of apo-Al A1-43, also shows a stronger density than the lipid acyl
chains (Fig. 2). However, the density did not allow for the resolu-
tion of the protein belts. Nevertheless, we used a current molecular
model for apo-A1l (ref. 32) and added lipids to complete our mod-
eling effort for the MD simulation. Fragmented density outside the
main disc may be a result of heterogeneity of the disc diameter or of
the presence of nonlipidated N-terminal regions of apo-Al A1-43,
respectively. Within the bilayer, we found rod-like structures directly
beneath the ribosomal tunnel exit, apparently representing the TM
helices of the SecYEG complex (Fig. 2 and Supplementary Fig. 1c).
The resolution of the Nanodisc appears to be somewhat lower than
that of the ribosome. However, the appearance of the rod-like densi-
ties representing a-helical regions of SecYE indicates that the resolu-
tion for the SecYE complex in the Nanodisc is in the subnanometer
range. Our observation shows that the overall dimensions of the
membrane protein-containing Nanodisc resemble those of a small
circular lipid bilayer, which can be subjected to structure analysis at
subnanometer resolution.

Model of the ribosome-SecYE complex and contacts

Based on the previously observed contacts of the cytosolic loops
L8/9 and L6/7 of SecY-Sec61 to the ribosome!%!1:13 (Supplementary
Fig. 2), we fitted a homology model of E. coli SecYE into our density
by MDFF (Fig. 3a). Using the structure of SecYE in the SecYE-SecA
complex? as a template, we found that the C-terminal half of SecY

fitted remarkably well, and only small adjustments of the N-terminal
TM helices of SecY were necessary (Fig. 3a,b and Supplementary
Fig. 3a,b). The position of the short plug helix 2a remained essen-
tially identical to that observed in the SecYE-SecA structure. The
N-terminal TM helices of SecE were placed into two additional
rod-like densities, guided by the 2D crystal structure of the SecYEG
complex>+3> (Supplementary Fig. 3c,d). Although we also observed
some density in the region where SecG was expected* (Fig. 2b and
Supplementary Fig. 3d,e), we could not unambiguously identify its
exact position, indicating a higher degree of flexibility. Notably, the
fitted model left a rod-like density in the proposed lateral gate of
SecY unaccounted for, which we interpreted as the inserted signal
anchor helix of FtsQ (Fig. 2 and Supplementary Fig. 3d). The MD
simulation revealed a stable behavior of the fitted model of the PCC
(Supplementary Fig. 4a) that, together with a cross-correlation analy-
sis of the quality of the fit, supports its accuracy (Supplementary
Table 1). Furthermore, the connections between SecYE and the ribo-
some were maintained throughout the simulation (Supplementary
Fig. 5), and the position of the signal anchor TM domain was stable
with respect to the PCC (Supplementary Fig. 4b).

A multitude of contacts were identified between the ribosome and
SecYE as well as lipids (Fig. 3 and Supplementary Tables 2-6). The
cytoplasmic loops L8/9 and L6/7 of SecY reached into the ribosomal
exit tunnel and contacted ribosomal RNA (rRNA) helices H50-H53-
H59 and H6-H24-H50, respectively (Fig. 3a,c,e,f). Furthermore, both
loops also contacted the ribosomal protein L23 in different regions
(Supplementary Tables 2-6). Notably, the binding mode we observed
in the presence of a signal sequence and a lipid bilayer is very similar
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to the mode found in inactive complexes and in detergent solu-
tion!®1113.14 Thys, this interaction seems to represent the canonical
binding mode of the Sec complex to the universal ribosomal adaptor
site for both prokaryotic and eukaryotic complexes. An additional con-
tact was likely to represent the C terminus of SecY, contacting ribosomal
protein L24 and rRNA helices H24-H50 (Fig. 3a,e,f). A contribution of
the SecY C terminus to ribosome binding is in agreement with recent
findings for both the bacterial'4 and the eukaryotic system!? as well as
with mutational studies revealing translocation defects of C-terminally
truncated SecY?. In addition to SecY, SecE also contributes to the

L23-H50-
H53-H59

y
H24-H50
C-term

ARTICLES

interaction of the PCC with the ribosome (Fig. 3c,e,f), consistent
with previous data!®!1:1314 We observed several contacts between the
N terminus as well as the amphipathic helix of SecE and the ribosomal
adaptor site proteins L23 and L29, respectively. A stretch of conserved
residues in the amphipathic helix of SecE3” appeared to be involved in
contacting both SecY and 1L23-L29. Although they are in agreement
with several previous studies!?-!4, these findings are difficult to recon-
cile with the interpretation by Mitra et al.?

Notably, the Nd-SecYEG-bound ribosome interacted not only
with the PCC but also with lipids. A strong density between rRNA

H24-H50
C-term

L23-H50-
H53-H59
L8/9

" L2329

™10
SecE NC

Figure 3 Structure and connections of the membrane-embedded open SecYEG-RNC complex. (a) Cryo-EM reconstruction of the 70S—-RNC-Nd-SecYEG
complex; colors and abbreviations as in Figure 1. Insert, molecular model of the 50S subunit with electron density (left) and molecular model for
SecYE (right). NC, nascent chain; SA, signal anchor; TM, transmembrane. (b) Model of the open SecYE complex with SA (green) residing within the
lateral gate, view cut perpendicular to the plane of the membrane. Numbers denote transmembrane domains. (c) Close-up of the interaction area of
universal ribosomal adaptor site and SecYE. (d) Molecular model of the ribosome-SecYE-membrane interface with transparent density filtered at 9-10
A. Lipid head groups (LH) are indicated. (e) Cytoplasmic view of the molecular model of the Nd-SecYE complex with contacts to the 50S subunit
indicated by circles. (f) View of the ribosomal tunnel exit site; contact sites as in e.
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Figure 4 Path of the nascent chain and signal anchor. (a) Section through molecular models of the ribosomal exit tunnel and Nd-SecYE. The nascent
chain (NC) with the signal anchor (SA) is shown in green. The dotted line indicates the cytoplasm—-membrane interface. (b) Conformational changes of
L23. Comparison of the model of L23 (gray) of an inactive ribosome (PDB: 2i2v) and of L23 (pink) in the presence of a nascent chain (NC; green), SecY
(orange), SecE (purple) and lipid head groups. The intra-tunnel loop of L23 bends toward the nascent chain, close to L6/7 of SecY. (¢) Conformational
change of the B-hairpin loop of L24. Comparison of the model of L24 (gray) of an inactive ribosome (PDB: 2i2v) and of L24 (green) in the presence of a
nascent chain (green), SecY (orange), SecY C terminus (C-term), SecE (purple) and lipid head groups (LH). (d) View of the lateral gate of SecYE shown
as a surface representation. SecY is shown in orange, SecE in purple and the nascent chain in green. Conserved residues of SecY that contribute to the
central hydrophobic pore ring are indicated in red, and hydrophobic residues of the hydrophobic crevasse that have been found by mutational analysis
to be critical for SecY function® are indicated in pale yellow. (e) View of the position of the SA from the cytoplasmic side, sliced within the plane of the

membrane. Hydrophobic pore ring residues are indicated in red.

helix H59 and the disc is apparently mediated by a direct contact to
lipid head groups (Figs. 1b-d and 3d and Supplementary Movie 1),
which is in agreement with previous observations!'!4. In addition,
L24 showed a strong contact with the Nd-SecYEG density that may
also involve lipids. After the initial fitting of molecular models, we
carried out a molecular dynamics simulation of the ribosome-Nd-
SecYE-lipid model with a lipid bilayer that comprises 75% phos-
phatidylethanolamine and 25% phosphatidylglycerol, mimicking the
composition of the bacterial plasma membrane.

Initially, we fitted a flat lipid bilayer into the Nanodisc density; how-
ever, shortly after the start, the simulation showed a stable attraction
between lipids and rRNA helix H59 (Supplementary Movie 1). The
resulting lipid distribution resembled the electron density remarkably
well, indicating that H59 is indeed capable of establishing another
interaction site between the ribosome and the membrane-PCC com-
plex (Fig. 3d). In contrast, the additional interactions between L24 and
lipids, which were also in good agreement with our electron density,
were intermittent, as L24 was seen to interact preferentially with SecY
and the nascent chain later in the simulation. The direct interaction of
the ribosome with the lipid bilayer, in addition to the SecYE contacts,
may explain the rigid positioning of the entire disc with respect to
the ribosome and the asymmetrical position of the SecY complex in
the disc. Taken together, these data show that a multitude of contacts
between ribosome and the C-terminal half of the PCC as well as lipids
results in a robust coordination of the ribosome with respect to the
membrane surface (Fig. 3e,f). The observed conformation orients the
ribosomal surface around the tunnel exit almost parallel to the surface
of the membrane, while leaving a distance of about 20 A on one side

(Supplementary Fig. 6). The position of the lateral gate of SecYEG
with respect to the ribosomal-PCC contacts would easily facilitate
egress of the cytoplasmic domains of nascent peptides alongside the
H59 contact away from the main interaction sites.

Model and path of the translocating polypeptide chain

The resolution of the electron density allowed for the tracing of the
nascent polypeptide chain from the PTC through the ribosomal exit
tunnel (Fig. 1¢). Furthermore, in the membrane, one rod-like density
at the lateral gate of the PCC is best explained by the presence of the
inserted signal anchor of FtsQ (Fig. 4 and Supplementary Fig. 3b).
After passing the central constriction of the ribosomal tunnel with an
unaltered loop region of L22 (Supplementary Fig. 7a), the nascent
chain engages in a number of contacts in the lower half of the tunnel
involving the ribosomal proteins L23, L24 and SecY (Fig. 4a and
Supplementary Tables 2-6). Notably, protein loops participate in all
of these contacts and undergo conformational changes as compared
to structures of inactive complexes. The conserved loop of L23 that
reaches up the tunnel wall has been suggested to constitute a potential
interaction site for nascent proteins3®, possibly leading to an inside-
to-outside signaling of the nascent chain®. In our complex, the tip
of L23 (Fig. 4b) indeed shifts down as compared to empty ribosomes
analyzed by cryo-EM or X-ray crystallography (Supplementary
Fig. 7b). In the immediate vicinity, the nascent chain subsequently
contacts the tip of L6/7 of SecY that embraces the nascent chain. This
may indicate a putative role of L6/7 as a sensor for the presence and/or
the nature of the nascent chain inside the ribosomal tunnel. Notably,
when interacting with an empty ribosome, L6/7 of SecY showed a
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Figure 5 Molecular dynamics simulation and membrane insertion. (a) Plot of surface area formed between lipids and ribosomal helix H59 during the MD
simulation. (b) Surface representation of the Nd-SecYE complex seen from the ribosome after 16 ns MD simulation. Apo-Al is shown in light purple, SecY
in orange, SecE in purple and nascent chain in green, and the atoms of the lipid head groups are colored in orange (phosphate), red (oxygen) and blue
(nitrogen), respectively. Note the accumulation of positive charges in the region close to H59 and the disorder of the lipids forming a groove juxtaposed to
the signal anchor (SA). (c) Schematic depiction of the view in b using the same color code and indicating the probable path of the nascent TM domain for
integration into the bilayer. (d) Schematic depiction of the bacterial 50S ribosomal subunit (blue) bound to the SRP (red; 4.5S RNA and the N-terminal 54
NG domain) in the presence of a signal anchor sequence as observed before2°. The nascent chain (NC) with the signal anchor (SA) is shown in green.

(e) Schematic depiction of a hypothetical TM domain insertion intermediate showing the bacterial 50S ribosomal subunit (blue) bound to the SecYEG
complex (orange) in the presence of a signal anchor, accessing the hydrophobic lipid phase through a partially open lateral gate. (f) Schematic depiction of
the observed insertion intermediate with the signal anchor TM domain fully inserted into the lateral gate and exposed to the hydrophobic core of the bilayer.
Note the proximity of the SA position as observed in the targeting complex (d) and in the insertion intermediate (e,f). AC, acyl chains; LH, lipid head groups.

different conformation that occluded the tunnel'® (Supplementary
Fig. 8). This might be of functional relevance after termination and
reinitiation of translation when a newly arriving nascent chain could
regulate dissociation of the PCC from the ribosome by interfering
with L6/7. When finally exiting the ribosomal tunnel, the nascent
chain contacts the exposed B-hairpin of L24 (Fig. 4c). This hairpin
loop is also bent downward to probably contact the lipid surface and
the C terminus of SecY. Taken together, these observations suggest
that the nascent chain is carefully guided by protein loops through
the ribosomal tunnel to its site of insertion into the PCC.

At the resolution used, we could not trace the path of the com-
plete nascent chain within the PCC. Yet we aimed at building a full
model, and we therefore generated a hypothetical path of the nascent
chain within the SecY core, based on published biochemical data8 and
in agreement with our SecY model. Therefore, after fitting the TM
helices of SecY, we simply extended the nascent chain model from
the cytoplasmic to the periplasmic side through the central pore®, as
indicated by a dashed line (Fig. 4a). In our SecYE model, the central
opening leaves enough space for an extended polypeptide chain to
pass, yet a substantial flow of ions would be prevented in the presence
of a translocating peptide.

To obtain a complete model for MD simulations, we then con-
nected the nascent chain model (dashed line) with the signal anchor
within the proposed lateral gate of the PCC, resulting in the loop-like

arrangement expected for a type II membrane protein. Adjusting the
SecYE complex from the SecA-activated, pre-open conformation? of
the template to our map resulted in a laterally open conformation
(Supplementary Fig. 9). Notably, mainly the gate helices and the
N-terminal half of SecY underwent movements, whereas the TMs
of the C-terminal half superimposed well with the structure of the
pre-open state (Supplementary Fig. 9a). This conformation permit-
ted the fitting of the additional signal anchor helix into the rod-like
density within the lateral gate (Fig. 4 and Supplementary Figs. 1c,
3b, 9 and 10).

The resulting model provides a plausible scenario with an over-
all arrangement that is in agreement with previous biochemical and
structural data. In this model the signal anchor is exposed toward
the lipid bilayer, yet it remains tightly enframed by TM2b, TM7 and
TMS of SecY, which may indeed act as the lateral gate for TM domains
for insertion into the membrane®#40. This signal anchor position
explains chemical cross-link data that indicate that, at a similar chain
length, the signal anchor of FtsQ is in close proximity to both SecY
and lipids®®. Upon further chain elongation, complete release of the
signal anchor from SecY is likely to be triggered by additional factors,
such as YidC*1#2, The position of the signal anchor in the lateral gate
is also consistent with contacts to conserved hydrophobic residues
of SecY TM2, TM7 and TMS8 (refs. 5,8) (Fig. 4d,e) as well as with
contacts to residues that can be cross-linked to the signal sequence of
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proOmpA8. During the MD simulation, the signal anchor remained
stable with respect to SecYE (Supplementary Fig. 4). Notably, virtu-
ally no hydrogen bonds, but mainly hydrophobic interactions, were
observed between the signal anchor and SecY (Supplementary Fig. 10
and Supplementary Tables 2-6). Whereas a substantial number of
hydrogen bonds would reduce the TM domain’s ability to exit into the
bilayer, hydrophobic interactions would be in agreement with parti-
tioning according to the TM domain’s hydrophobicity. Although we
cannot exclude limited flexibility of the signal anchor, the robust den-
sity argues in favor of high occupancy in the observed position. Taken
together, these data indicate that the signal anchor is in a reasonable
and meaningful position in the structure. The positively charged
N terminus of the FtsQ signal anchor could remain on the cytosolic
side, stabilized by additional interactions with either the phospholipid
head groups or the negatively charged phosphate backbone of the
nearby rRNA helix H59. At the same time, the position of the signal
anchor would prevent phospholipids from entering the center of the
PCC. In conclusion, the suggested TM helix at the interface between the
lateral gate of SecY and the lipid bilayer as positioned in our model may
represent an intermediate step of TM integration into the membrane.

Insertion of a TM domain into the membrane

Both our map and the MD simulation revealed a stable attraction
between lipids and rRNA helix H59 (Figs. 3d and 5a, Supplementary
Fig. 11 and Supplementary Table 7). Notably, this lipid—-H59 inter-
action resulted in a redistribution of the lipids that affected the
immediate vicinity of the suggested TM domain insertion region
(Fig. 5a—c). The lateral diffusion of lipids is decreased around H59,
and the cytoplasmic leaflet of the membrane is less ordered. Similar
findings have been reported in a number of recent studies, highlight-
ing the fact that RNA-lipid interactions are based on electrostatic
attractions**-4¢, Notably, RNA binding to lipid bilayers may influence
and change the bilayer state*®. In particular, RNAs can even insert into
bilayers and perturb membrane permeability*4. In addition, it has
been shown that RNA-lipid binding may lead to lateral segregation
and the formation of domains with different compositions in the lipid
bilayer3. This is in good agreement with our cryo-EM-density and
MD-simulation finding that ribosomal rRNA H59 indeed attracts
the charged head groups (Supplementary Table 7), leading to a dis-
order in the lipid bilayer in proximity to the lateral gate of SecY. We
speculate that this induced disorder may favor membrane insertion
of TM domains by decreasing the energy barrier for the TM to access
the hydrophobic core of the lipid bilayer through the layer of charged
head groups. This is supported by the idea that insertion efficiency
is determined by the energetic cost of distorting the bilayer in the
vicinity of the TM helix, as predicted by MD simulations*’. By inter-
acting with positively charged N-terminal residues of TM domains,
H59 might even contribute to the correct orientation of TM domains
according to the positive-inside rule?s.

When comparing our model to the bacterial RNC-SRP complex?®,
we found the positions of the signal anchor domain to be in close proxi-
mity to each other (Fig. 5d and Supplementary Fig. 12). Notably,
apart from the previously observed removal of the NG domain of
SRP from its L23 binding site?®, only minor conformational adjust-
ments would be required for a concomitant binding of SRP and the
SecYEG complex to the ribosome. For transfer from the targeting
system to the PCC, the signal anchor could slide from the SRP54
M domain directly into the lateral gate-lipid region of the SecYEG
complex (Fig. 5e and Supplementary Fig. 12). A virtually continu-
ous hydrophobic environment for the insertion of the TM domain
into the lipid phase would be provided. The hydrophilic residues that

follow the signal anchor would then be oriented in the hydrophilic
central conduit of the channel, resulting in the loop-like insertion of
the nascent polypeptide (Fig. 5d-f).

DISCUSSION

Our subnanometer-resolution cryo-EM structure of the bacterial
ribosome-SecYEG complex in a Nanodisc allows for the molecular
interpretation of a membrane protein, the SecYEG complex, in its
natural lipid bilayer environment. We suggest an insertion intermedi-
ate of a type IT membrane protein using the proposed lateral gate of
the SecYEG complex for partitioning into the lipid phase. Molecular
dynamics simulations based on our structure reveal stable interactions
between ribosomal RNA and the membrane that may contribute to
the insertase activity of the PCC. Using nascent polytopic membrane
proteins, future studies will address the mechanism of more com-
plex membrane insertion events. This method may provide a general
approach to visualizing functional membrane proteins in the lipid
environment by high-resolution single-particle cryo-EM.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/nsmb/.

Accession codes. Coordinates of the atomic model and the cryo-EM
map have been deposited in the PDB with accession codes 3J00 and
3J01 and in the 3D EM database (EMD-1858), respectively.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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ONLINE METHODS

Generation of Nanodisc-SecYEG. SecYEG was purified as described previ-
ously® and then subjected to a gel-filtration step using a Superdex $200 10/30
column and eluted with Sec buffer (10 mM Tris-HCI, pH 8.0, 20% glycerol,
0.05% DDM, 100 mM NaCl). The pooled fractions were concentrated to a final
concentration of 2 mg ml~!. Apo-A1 was purified as described before*”. E. coli
phospholipids (Avanti Polar Lipids, E. coli total extract in chloroform) were
dried under a stream of nitrogen and stored in a vacuum exsiccator overnight
to remove residual solvent. Lipids were resuspended in cholate buffer (20 mM
HEPES, pH 7.2, 100 mM KOAc, 6 mM Mg(OAc),, 1 mM DTT, 25 mg ml™!
cholate) to yield a final concentration of 20 mg ml~! lipids. To reconstitute SecYEG
into Nanodiscs, 600 g apo-Al, 150 g SecYEG and 300 pg lipids were mixed in a
mass ratio of 4:1:2, reconstitution buffer (20 mM HEPES, pH 7.2, 100 mM KOAc,
6 mM Mg(OAc),, ] mM DTT, 0.1% DDM) added and the mixture incubated at
37 °Cfor 1 h. For the preparation of Nanodiscs without SecYEG, the reconstitu-
tion mixture contained an equivalent amount of Sec-buffer instead of SecYEG.
Subsequently, detergent was removed with Biobeads for 2h at room temperature.
The reconstitution mixture was subjected to a gel-filtration step using a Superdex
$200 10/30 column and eluted with NDG buffer (20 mM HEPES, pH 7.2,
100 mM KOAc, 6 mM Mg(OAc),, 1 mM DTT, 10% glycerol). Fractions contain-
ing Nanodiscs were pooled and concentrated to 8 pmol pl~!.

Purification of E. coli 70S RNCs. 70S RNCs carrying a nascent FtsQ polypeptide
chain were generated using the in vitro E. coli T7 S30 Extract for Circular DNA
(Promega) and purified as described before?® with 16 additional C-terminal
amino acids in the FtsQ construct. After the last centrifugation step, the result-
ing pellet was resuspended slowly in grid buffer (20 mM HEPES, pH 7.2, 50 mM
KOAc, 6 mM Mg(OAc),, 1 mM DTT, 500 ug ml~! chloramphenicol, 0.005%
Nikkol (0.5% pill per ml) and 125 mM sucrose), flash frozen and stored
at —80 °C.

Reconstitution of E. coli 70S RNC-Nd-SecYEG complexes. For binding assays,
RNC-Nd-SecYEG complexes were reconstituted by incubating 2 pmol RNCs
with 20 pmol Nd-SecYEG for 15 min at 37 °C in a final volume of 25 ul of buffer
D (20 mM HEPES-KOH, pH 7.2, 100 mM KOAc, 10 mM Mg(OAc),, I mM DTT,
250 pug ml~! chloramphenicol, 0.5% Complete Protease Inhibitor Cocktail Tablet
(Roche) per ml). Binding was tested by centrifugation through a sucrose cushion
followed by SDS-PAGE and SYPRO Orange staining.

For electron microscopy, RNC-Nd-SecYEG complexes were reconstituted by
incubating 10 pmol RNCs with 80 pmol Nd-SecYEG for 15 min at 37 °C in a final
volume of 90 ul of buffer D (20 mM HEPES-KOH, pH 7.2, 100 mM KOAc, 10 mM
Mg(OAc),, 1 mM DTT, 250 pig ml ™! chloramphenicol, 0.5% Complete tablet per ml).
To remove unbound Nd-SecYEG, the reconstitution mix was spun through a
sucrose cushion (20 mM HEPES, pH 7.2, 100 mM KOAc, 10 mM Mg(OAc),,
750 mM sucrose, 5 mM spermidine, 0.05 mM spermine, 0.5 mM PMSE 1 mM
DTT, 250 pug ml~! chloramphenicol). The resulting pellet was resuspended slowly
in grid buffer E (20 mM HEPES, pH 7.2, 100 mM KOAc, 10 mM Mg(OAc),,
1 mM DTT, 250 ug ml~! chloramphenicol, 0.5% Complete tablet per ml).

Electron microscopy, image processing and modeling. Samples were applied to
carbon-coated holey grids according to standard methods®!. Micrographs were
recorded under low-dose conditions on a Tecnai F30 field emission gun electron
microscope at 300 kV and scanned on a Heidelberg drum scanner with a pixel size
of 1.23 A on the object scale. The contrast transfer function was determined with
CTFFIND and SPIDER®2. After automated particle picking with Signature®3 fol-
lowed by visual inspection, a dataset of 520,000 particles was processed with the
SPIDER software package and classified into a subset according to Nd-SecYEG
presence. 85,664 particles from the E. coli RNC-Nd-SecYEG dataset were used
for the final contrast transfer function (CTF)-corrected reconstruction with the

resolution of 7.1 A based on the Fourier shell correlation with a cutoff value of 0.5.
Models of the E. coli 70S structure and tRNA, obtained by X-ray crystallography>*
(PDB: 212V) and cryo-EM> (PDB: 2WWL, 2WWQ), were fitted into the density
and refined by molecular dynamics flexible fitting (MDFF)?8.

Fitting of SecYE and nascent FtsQ. On the basis of the structure of the
Thermotoga maritima SecYEG* (PDB: 3DIN), an E. coli SecYE homology model
was created using HHpred®®. Because o-helical secondary structures are resolved
within the membrane environment, we obtained a highly reliable rigid body
fit by aligning the model according to known ribosomal connections based on
the cytosolic loops L8/9 and L6/7 of SecY and on characteristic secondary fea-
tures of densities representing TM helices 6, 8 and 9. Minor adjustments of the
TM helices were carried out using Coot*”. The N-terminal TM helices of SecE
were placed into two additional rod-like densities, the positions of which are
in agreement with the 2D crystal structure of the SecYEG®®*. These outlying
helices have initially been attributed to SecG>®, but in a later paper, after fitting
of the Methanococcus jannaschii structure into the map, reassigned as the two
N-terminal TM helices of SecE®®. An ab initio model of the nascent chain was
created using PyMOL (http://www.pymol.org/) and manually fitted into the cryo-
EM density using Coot. The combined SecYE-nascent-chain model was refined
using MDEFF in the presence of the full ribosome, which was constrained during
the fitting.

Model and fitting of the Nanodisc. A model of nascent discoidal HDL? was
used as a template to generate a model for Nd-SecYEG containing 75% phos-
phatidylethanolamine and 25% phosphatidylglycerol. In our model, we replaced
nonstructured elements of the so-called ‘solar flares’ by a corresponding o:-helix
with the same amino acid sequence. The Nanodisc model was manually fitted
into the density. The lipid bilayer was added to the model with an initially flat
profile. Lipids overlapping with SecYE were removed. No MDFF was performed
for the Nanodisc proteins or lipid.

Further methods. Further methodology (on MDFF and simulation, including
illustrations) are available in the Supplementary Methods.

49.van der Does, C., de Keyzer, J., van der Laan, M. & Driessen, A.J. Reconstitution
of purified bacterial preprotein translocase in liposomes. Methods Enzymol. 372,
86-98 (2003).

50. Denisov, |.G., Grinkova, Y.V., Lazarides, A.A. & Sligar, S.G. Directed self-assembly

of monodisperse phospholipid bilayer Nanodiscs with controlled size. J. Am. Chem.

Soc. 126, 3477-3487 (2004).

. Wagenknecht, T., Grassucci, R. & Frank, J. Electron microscopy and computer image
averaging of ice-embedded large ribosomal subunits from Escherichia coli. J. Mol.
Biol. 199, 137-147 (1988).

52. Frank, J. et al. SPIDER and WEB: processing and visualization of images in 3D
electron microscopy and related fields. J. Struct. Biol. 116, 190-199 (1996).
53.Chen, J.Z. & Grigorieff, N. SIGNATURE: a single-particle selection system for

molecular electron microscopy. J. Struct. Biol. 157, 168-173 (2007).

54.Berk, V., Zhang, W., Pai, R.D. & Cate, J.H. Structural basis for mRNA and tRNA
positioning on the ribosome. Proc. Natl. Acad. Sci. USA 103, 15830-15834
(2006).

55. Seidelt, B. et al. Structural insight into nascent polypeptide chain-mediated
translational stalling. Science 326, 1412-1415 (2009).

56.So6ding, J., Biegert, A. & Lupas, A.N. The HHpred interactive server for protein
homology detection and structure prediction. Nucleic Acids Res. 33, W244-8
(2005).

57.Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. Acta
Crystallogr. D Biol. Crystallogr. 60, 2126-2132 (2004).

58. Bostina, M., Mohsin, B., Kihlbrandt, W. & Collinson, |. Atomic model of the
E. coli membrane-bound protein translocation complex SecYEG. J. Mol. Biol. 352,
1035-1043 (2005).

59. Breyton, C., Haase, W., Rapoport, T.A., Kihlbrandt, W. & Collinson, |. Three-
dimensional structure of the bacterial protein-translocation complex SecYEG.
Nature 418, 662-665 (2002).

5

—

NATURE STRUCTURAL & MOLECULAR BIOLOGY

doi:10.1038/nsmb.2026


http://www.pymol.org/

	Cryo-EM structure of the ribosome–SecYE complex in the membrane environment
	RESULTS
	Reconstruction of the ribosome–Nd–SecYEG complex
	Structure of the Nanodisc
	Model of the ribosome–SecYE complex and contacts
	Model and path of the translocating polypeptide chain
	Insertion of a TM domain into the membrane

	DISCUSSION
	Methods
	ONLINE METHODS
	Generation of Nanodisc-SecYEG.
	Purification of E. coli 70S RNCs.
	Reconstitution of E. coli 70S RNC–Nd–SecYEG complexes.
	Electron microscopy, image processing and modeling.
	Fitting of SecYE and nascent FtsQ.
	Model and fitting of the Nanodisc.
	Further methods.

	Acknowledgments
	AUTHOR CONTRIBUTIONS
	COMPETING FINANCIAL INTERESTS
	References
	Figure 1 Reconstitution and cryo-EM reconstruction of a 70S RNC–Nd–SecYEG complex.
	Figure 2 Structure of the Nanodisc.
	Figure 3 Structure and connections of the membrane-embedded open SecYEG–RNC complex.
	Figure 4 Path of the nascent chain and signal anchor.
	Figure 5 Molecular dynamics simulation and membrane insertion.




