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SUMMARY

Members of the YidC/Oxa1/Alb3 family universally
facilitate membrane protein biogenesis, via mecha-
nisms that have thus far remained unclear. Here, we
investigated two crucial functional aspects: the
interaction of YidC with ribosome:nascent chain
complexes (RNCs) and the structural dynamics of
RNC-bound YidC in nanodiscs. We observed that a
fully exposed nascent transmembrane domain
(TMD) is required for high-affinity YidC:RNC interac-
tions, while weaker binding may already occur at
earlier stages of translation. YidC efficiently catalyzed
the membrane insertion of nascent TMDs in both fluid
and gel phase membranes. Cryo-electron micro-
scopy and fluorescence analysis revealed a confor-
mational change in YidC upon nascent chain inser-
tion: the essential TMDs 2 and 3 of YidC were tilted,
while the amphipathic helix EH1 relocated into the
hydrophobic core of the membrane. We suggest
that EH1 serves as a mechanical lever, facilitating a
coordinated movement of YidC TMDs to trigger the
release of nascent chains into the membrane.

INTRODUCTION

Membrane protein biogenesis is a vital and fundamental cellular
process that includes membrane targeting, insertion, and as-
sembly of 256%-30% of all proteins found in living organisms.
While universal principles of the membrane protein biogenesis
have been extensively investigated over the last decade and
comprehensive studies have addressed molecular mechanisms
of the Sec translocon in great detail (du Plessis et al., 2011; Park
and Rapoport, 2012), relatively little is known about the func-
tional mechanisms of the essential YidC/Oxa1/Alb3 membrane
insertase family (Saller et al., 2012). Either alone or in association
with the Sec translocon, these conserved insertases are involved
in the biogenesis of essential membrane proteins (Samuelson
et al., 2000; Scotti et al., 2000; van der Laan et al., 2004). An
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important milestone has been recently reached, as crystal
structures of YidC proteins from Bacillus halodurans and Escher-
ichia coli have been solved (Kumazaki et al., 2014a, 2014b).
These structures describe the organization of the membrane-
embedded insertase as a conserved bundle of five trans-
membrane (TM) helices forming a hydrophilic groove at the
cytoplasmic side (Figure 1). The groove reaches halfway to the
periplasmic side and provides the path for the substrate; i.e.,
nascent membrane protein upon its insertion. Initial substrate
recognition is believed to occur at the cytoplasmic helical hairpin
CH1-CH2 that connects TM2 and TM3 in E. coli YidC and caps
the hydrophilic groove of the idle insertase (Kumazaki et al.,
2014a, 2014b). Deletions or mutations within CH1-CH2 lead to
the loss of cellular viability (Chen et al., 2014; Wickles et al.,
2014; Geng et al., 2015). Similarly, deletions within TM2 and
TM3 of YidC have lethal effects on cells (Jiang et al., 2003),
and these TMs have been described as the functional core of
the insertase that interacts with the substrate upon its insertion
(Kumazaki et al., 2014a). The non-conserved periplasmic P1
domain found in YidC homologs in many bacteria appears to
be non-essential (Jiang et al., 2003), with a remarkable exception
for a conserved amphipathic helix EH1 between P1 and TM2, as
deletions within EH1 render YidC non-functional both in vivo and
in vitro (Jiang et al., 2003; Kumazaki et al., 2014a).

The interaction of YidC with translating ribosomes is likely to
constitute an essential stage in co-translational membrane pro-
tein insertion that allows partitioning of the hydrophobic nascent
chain into the membrane in a direct way. A monomer of YidC in-
teracts with translating ribosomes both in the detergent environ-
ment and in the lipid bilayer (Kedrov et al., 2013; Wickles et al.,
2014), thus representing the functional insertase unit. Similar to
the SecYEG system, YidC specifically interacts with ribosomes
that expose hydrophobic nascent chains (Kedrov et al., 2013;
Wau et al., 2013). The positively charged C terminus and a short
cytoplasmic loop connecting TM4 and TM5 facilitate this interac-
tion (Geng et al., 2015), while the YidC variant lacking the C termi-
nus (YidCAC) isimpaired in ribosome binding (Kedrov et al., 2013).

Recent studies employing single-particle cryo-electron micro-
scopy (cryo-EM) have described the architecture of the deter-
gent-solubilized YidC in complex with translationally stalled
ribosomes (Seitl et al., 2014; Wickles et al., 2014). However,
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Figure 1. Structure of E. coli YidC Mem-
brane Insertase

(A) Structure of YidC in its idle state (PDB ID:
3WVF; Kumazaki et al., 2014b). The essential core
of the protein is rainbow colored with domains
indicated. The periplasmic domain P1 is shown in
gray in the side view and removed in the top view
for clarity. A putative insertion path of the nascent
chain via the central groove is indicated with a
dashed line.

(B) Primary structure of E. coli YidC with positions
of structural domains indicated. The color coding
for domains is the same as in (A). The regions
absent in the crystal structure are highlighted in
gray. The cytoplasmic CH1-CH2 hairpin is shown
with dashed bars. The positions of alanine resi-
dues introduced within TM2-CH1 helices are
indicated and highlighted in yellow. The positions
of cysteine residues introduced for fluorescence
and cross-linking analysis are indicated and
highlighted in red. The deletion EH1-A within the
EH1 helix is underlined with a dashed line.
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a structural description of the YidC-driven insertion process in
the membrane has been lacking. Although several membrane
proteins have been meanwhile visualized by cryo-EM in a near
physiological lipid environment (Frauenfeld et al., 2011; Efremov
et al.,, 2015; Gao et al., 2016), better structural analysis of
YidC:ribosome complex has been hindered by the small size of
the insertase (functional core ~30 kDa), by the lack of structural
symmetry, its high internal flexibility, and its dynamic mode of
ribosome binding. Here, we set out to investigate previously
unaccounted determinants of the YidC:ribosome interaction
and to build the molecular model of the membrane-embedded
YidC:ribosome complex based on cryo-EM and biophysical
analysis. Our results demonstrate how the nascent chain and
lipid properties influence the YidC:ribosome assembly and
document an unexpected conformational change within YidC
upon the co-translational substrate insertion.

RESULTS

YidC:Ribosome Interactions Are Dependent on Nascent
Chain Length

For investigating YidC:ribosome interactions at the mem-
brane interface, the recombinant YidC was purified, fluores-
cently labeled, and reconstituted into lipid-based nanodiscs
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(Denisov et al.,, 2004; Kedrov et al.,
2013) (Figure 2A). For mimicking trans-
lating ribosomes, we used stable ThaC-
stalled ribosome:nascent chain com-
plexes (RNCs) (Bischoff et al., 2014a)
that expose the subunit ¢ of the F4F,
ATP synthase (F,c), a model substrate
for YidC-mediated insertion (van der
Laan et al., 2004). The full-length RNC
Foc-FL contained fully exposed TM1
and the following loop region (Wickles
et al.,, 2014). Binding of the nanodisc-
embedded YidC (YidC-ND) to ribosomes was assayed using
fluorescence correlation spectroscopy (FCS) by measuring
changes in the translational diffusion of the fluorescently labeled
YidC-ND (Figure 2B) (Krichevsky and Bonnet, 2002; Wu et al.,
2012). Measuring the diffusion time of YidC-ND upon titrating
RNC Fc-FL allowed monitoring the formation of YidC-ND:RNC
complexes and revealed the dissociation constant (Kp) of 85 +
10 nM (Figure 2C). YidC-ND:RNC interactions weakly depended
on the membrane composition (Figure 2D), and YidC could
efficiently bind RNCs when embedded either in fluid phase
(DOPG, DOPE, and DOPC) or gel phase (DPPG and DPPC)
lipid membranes. However, removing phosphatidylethanolamine
(DOPE) lipids reduced the affinity approximately 3-fold, while
reducing the content of phosphatidylglycerol (DOPG) to
20 mol % strongly promoted spontaneous YidC-independent
insertion of the nascent chain (Figure S1). Thus, for further anal-
ysis of YidC-mediated insertion 30 mol % DOPG was taken as
aminimal fraction that simultaneously reflected the natural occu-
pancy of anionic lipids in E. coliinner membranes (Cronan, 2003).

We further analyzed the efficiency of the YidC interaction with
RNCs bearing shorter nascent chains, thus mimicking earlier
stages of membrane protein biogenesis. To investigate the
effect of nascent chain length on YidC:ribosome assembly, we
generated a set of RNC F.c, which differed by the length of
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Figure 2. YidC:Ribosome Interactions in Lipid-Based Nanodiscs

(A) Isolation of YidC-ND complexes via size-exclusion chromatography. Due to the size difference, YidC-ND (marked with asterisk; elution volume ~14 mL) elute
prior to lipid-loaded, empty nanodiscs (elution volume ~15 mL), so they could be separated from the co-reconstitution reaction (red line). The dashed line shows
the elution profile of empty nanodiscs. SDS-PAGE confirms the co-elution of YidC and MSP as constituents of nanodiscs (top).

(B) FCS-based assay of YidC-ND:ribosome interactions. Fluorophore-conjugated YidC molecules diffused through the illuminated confocal volume with the
lateral size wq and the vertical size z,. The average residence time within the focal volume (rp) determined from the auto-correlation curve is in inverse proportion
to the diffusion coefficient D of YidC that is determined by the hydrodynamic radius of the molecule. The size estimates for free and ribosome-bound YidC-ND are

shown.

(C) FCS-based affinity measurement of YidCP259C: AF488_ND to RNC F.c-FL in DOPG/DOPE/DOPC-based nanodiscs.

(D) Affinity of the YidC-ND:RNC F,c-FL complex at different membrane compositions (average + SD).

(E) FCS-based affinity measurements for YidC-ND:RNC Fc-FL using either full-length YidC or truncated YidCAC variant reconstituted into nanodiscs with gel
phase lipid membranes (35 mol % DPPG and 65 mol % DPPC). Only weak binding was measured for the YidCAC variant (Kedrov et al., 2013; Geng et al., 2015)
that lacks the positively charged C-terminal tail confirming YidC-mediated ribosome binding. See also Figure S1.

solvent-exposed Foc (Figures 3A and 3B). As the length of the
nascent chain decreased, we observed a weaker effect of
RNCs on YidC-ND mobility that reflected a decline in binding
(Figure 3C). While ~90% of YidC-ND were found in complex
with RNC F,c-FL or Foc-A5, the value dropped to 62% for
RNC F,c-A10 and further to 30% for the shortest RNC
Foc-A20, which exposed only a fragment of the TM domain
(Figure 3D). However, even the weakest YidC:RNC F,c-A20 in-
teractions exceeded binding of YidC-ND to non-translating
70S ribosomes (binding below 10%) or interactions of corre-
sponding RNCs with empty nanodiscs (Figure 3D). We conclude
that YidC can recognize and bind ribosome-exposed nascent
chains at early stages of translation, while binding efficiency rea-
ches its maximum level once the nascent transmembrane
domain is fully exposed outside the ribosomal tunnel.

Nascent Chain Resides at the YidC:Lipid Interface
Upon assembly of the YidC:RNC complex, several scenarios can
be envisioned with respect to position of the nascent chain:

(1) the nascent chain may reside at the extramembrane interface
of YidC, such as the CH1-CH2 hairpin; (2) it can be partially in-
serted and docked into the central hydrophilic groove of YidC;
(3) it could be fully inserted into the bilayer and retain contact
with YidC; or (4) it can transiently interact with YidC for insertion
and then be released into the lipid bilayer. To probe the position
of the nascent chain within the formed YidC-ND:RNC complex,
we used the disulphide cross-linking approach that was previ-
ously employed to analyze interactions of YidC both with co-
and post-translationally inserted substrates (Yu et al., 2008).
A single-cysteine F,c®2%C-FL nascent chain has been shown to
cross-link with YidCV43% in the detergent-solubilized state re-
sulting in a product of ~100 kDa. Thus, the nascent chain is posi-
tioned in proximity to TM3 after the YidC:ribosome complex has
assembled (Wickles et al., 2014). The cross-linked product was
also observed when YidC"43°C was reconstituted into nanodiscs
with 30 mol % DOPG, 30 mol % DOPE, and 40 mol % DOPC
lipids, and the efficiency of cross-linking depended on the
position of the cysteine within the nascent chain (Figure 4A).
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Cysteines at positions 23 and 24 of F,c resulted in the cross-linked
product, while no product was detected if a cysteine was intro-
duced at a proximate position 22. As placing a cysteine at different
positions within Foc did not influence YidC:ribosome interactions
(Figure 4A), the pronounced difference in YidC cross-linking effi-
ciencies observed between F.c'??® and F,c®23C/F,c"?*C was
likely due to a preferred orientation of the nascent chain relative
to the ribosome-bound YidC. Thus, we concluded that the TM
domain of the nascent chain was fully inserted into the membrane
by YidC and could still be found contacting YidC in a distinct
orientation proximate to TM3.

When conducting YidC:nascent chain proximity analysis,
we reproducibly observed that, in spite of the high affinity of
YidC-ND:ribosome complexes, the cross-linking occurred less
efficiently in nanodiscs than in the detergent environment (Fig-
ure 4B). That difference could either indicate poor membrane
partitioning of the nascent chain or a high degree of freedom
and potential lateral diffusion of the inserted nascent chain within
the nanodisc, but not within the detergent micelle. In agreement
with the latter hypothesis and pointing toward structural hetero-
geneity, a cryo-EM reconstruction of the YidC-ND:ribosome
complex in DOPG/DOPE/DOPC lipids showed no extra density
for YidC-ND at the expected position close to the tunnel exit
(data not shown). Thus, we set out to form a stable complex by
modulating the properties of the membrane. First, we reduced
the dimensions of the nanodisc by using a truncated variant of
the scaffold protein, MSP1D1-AHS5 (Hagn et al., 2013; Kucharska
et al., 2015) (Figure S2). The inner diameter of these nanodiscs
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~3 nm, would occupy ~25% of the sur-
face area, and thus still allow for putative
conformational dynamics and insertion of
the substrate nascent chain. Second, we
reduced the fluidity of the lipid bilayer by using gel phase lipids
(DPPG/DPPC), which supported YidC:ribosome complex as-
sembly (Figure 1D). To that end, cross-linking of the F,c®23C-
FL nascent chain to YidC was substantially enhanced when
using the modified system (Figure 4B), and the greater occu-
pancy was likely due to reduced lateral diffusion in the gel phase
membrane. Remarkably, efficient YidC:ribosome complex as-
sembly (Kp ~200 nM) and cross-linking to YidC was also
observed for the shorter nascent chain Fo,c®23¢-A10 (Figures
4C and 4D), indicating that the hydrophobic TM domain could
be inserted into the bilayer at early stages of F,c biogenesis.

RNC F ¢

Structure of the YidC-ND:RNC Complex

Current knowledge of the YidC:ribosome complex architecture
is largely based on cryo-EM structures observed in the detergent
environment (Seitl et al., 2014; Wickles et al., 2014). As deter-
gents are known to greatly affect interactions of ribosomes
with YidC (Kedrov et al., 2013), we set out to study the
YidC:ribosome structure in near physiological lipid membranes
of nanodiscs. To ensure a tight docking of the ribosome on the
insertase and to reduce YidC-independent spontaneous parti-
tioning of the nascent chain, a truncated variant of the nascent
chain, F,c-A10, was employed, and DPPG/DPPC lipids were
used to form YidC-containing nanodiscs. This YidC-ND:RNC
was subjected to cryo-EM and single-particle analysis for struc-
ture determination. In silico sorting yielded a stable subset of
particles (Figure S3), and the reconstruction showed a density
both for tRNA in the ribosomal P-site and an additional density
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(A) Left: binding efficiency of YidC-ND to RNC F,c-FL measured by FCS is not affected by a single-cysteine mutation within the nascent chain (average + SD). The
efficiency of the cross-linking between the F.c-FL nascent chain (NC) and YidCM*2°C_ND strongly depends on the position of the cysteine in the nascent chain
right). The YidC-ND was formed using 30 mol % DOPG, 30 mol % DOPE, and 40 mol % DOPC.
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C) FCS-based affinity measurements of YidC*™38-ND to RNC F,c-A10 in DPPG/DPPC gel phase membranes.
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at the tunnel exit for YidC-ND (Figure 5A), which was refined to
3.8 A resolution for the large ribosomal subunit and 4.5 A, for
the complex with YidC-ND (Figure S3). The intrinsic flexibility
of ligands at the ribosomal tunnel was reflected by a lower local
resolution for parts of the nanodisc (Figure S4A).

The conserved domain of YidC (EH1-TM2...TM6) was fitted in
the prominent density in the core of the nanodisc (Figures 5B and
S4; Experimental Procedures). In the resulting model, the C-ter-
minal part of YidC; i.e., TM4, TM5, and TM®6, is almost identical to
that in the crystallized idle form of YidC and also the detergent-
solubilized YidC:RNC complex (Figure 5C). In contrast, the func-
tionally important helices EH1, TM2, and TM3 undergo obvious
rearrangements upon ribosome binding and the nascent chain
insertion compared to the idle state. In our model, transmem-
brane helices TM2 and TM3 appear tilted by 9° and 20°, respec-
tively, so the central groove widens substantially, while the
amphipathic helix EH1 shifts from the membrane interface into
the apolar membrane core. The cytoplasmic side of TM3 is the

least resolved element of YidC, which agrees with its high B-fac-
tor values observed in available crystal structures (Kumazaki
et al., 2014a). An additional helical density was observed close
to TM3 and TM5 at the interface of the YidC and the lipid environ-
ment (Figure 5B). In agreement with the cross-linking analysis
(Figure 4) and previous cryo-EM reconstructions (Wickles
et al., 2014), this density has been assigned to the membrane-
inserted part of F,c. Differently from the earlier study, which trap-
ped Foc at the periphery of YidC (Wickles et al., 2014), in our
structure, the newly inserted TM domain is located at the exit
of the hydrophilic groove of YidC. The F,c TM is being held by
a pincer-like grip of YidC TM3 and TM5, thus representing an
earlier insertion state.

The cryo-EM reconstruction shows two contact points be-
tween YidC and the ribosome, which could be interpreted on
the basis of the insertase model (Figure S4D). YidC TM6 is posi-
tioned in close proximity to ribosomal H59, with a strong
connecting density in between, that has been assigned to the
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C-terminal tail of YidC that builds a primary contact with the ribo-
some (Kedrov et al., 2013; Seitl et al., 2014). Another contact site
is resolved between ribosomal proteins L23/L29 and YidC TM4-
TMS positioned underneath, and the short loop that connects
these two TMs has recently been shown to modulate ribosome
binding (Geng et al., 2015). Additionally, we observe an exten-
sion at the ribosomal protein L24, which is large enough to fit
up to three a-helical turns. Although no strong connection to
the YidC core is resolved, the extension could be assigned to
the part of the CH1-CH2 helical hairpin, the only cytoplasmic
element missing in our model. In the idle state of YidC, the hairpin
shields the central groove from the substrate access and would

2948 Cell Reports 17, 2943-2954, December 13, 2016

Figure 5. Cryo-EM Reconstruction of the
YidC-ND:RNC F,c Complex

(A) Electron density of the YidC-ND:RNC F,c-A10
complex, with 30S ribosome subunit in yellow,
50S in gray, tRNA and the F,c-A10 nascent chain
(NC) in cyan, YidC in red, and the DPPG/DPPC-
based nanodisc in transparent orange. The re-
constructed density was low-pass filtered at 7 A.
(B) Molecular model of the RNC-bound YidC in-
serting the F,c nascent chain (cyan) into the
membrane. The individual helices of YidC are
indicated in the top view (right). The positions of
cross-linking residues within YidC (position 430)
and Fc (position 23) are shown in red.

(C) Conformational dynamics of YidC. The RNC-
bound YidC (shown in colors) is overlaid on the
reference crystal structure (PDB ID: 3WVF). The
TM2, TM3, and EH1 helices undergo the largest
shifts upon the ribosome binding and the nascent
chain insertion. The cytoplasmic helical hairpin
CH1-CH2 is suggested to shift laterally (black ar-
row) to open the central groove for the nascent
chain insertion. See also Figures S3 and S4.

also sterically prevent the ribosome bind-
ing. When laterally shifted toward the L24
protein, the hairpin opens the path for
the nascent chain, while not interfering
with YidC:ribosome contact sites. The
hairpin has previously been suggested
to interact with the H59 RNA loop via res-
idues Tyr-370 and Tyr-377 (Wickles et al.,
2014). Though being lethal (Wickles et al.,
2014), double mutation of these aromatic
residues to alanines did not inhibit RNC
Foc binding (Figure S4E), thus question-
ing the role of the hairpin in ribosome
binding.

Conformational Dynamics of YidC

The conformational difference of YidC
between the idle and the ribosome-
bound/inserting states observed here is
mostly due to the tilting of TM2 and TM3
and the accompanying shift of the amphi-
pathic helix EH1 toward the center of the
membrane (Figures 5C and 6A). EH1 has
been described as an essential part of YidC, as deletions in this
region generated a lethal phenotype and inhibited YidC-medi-
ated membrane insertion (Jiang et al., 2003; Kumazaki et al.,
2014a). In agreement, we observed that removing a single helical
turn (sequence LWFI) at the N-terminal end of EH1 had a
strong suppressive effect on cell growth (Figure 6B), even though
the ribosome binding in vitro was not affected. In the
crystal structures of bacterial YidC, as well as that of a putative
archaeal YidC homolog (Borowska et al., 2015), the EH1 helix
appears at the membrane interface, with its N-terminal end
slightly tilted toward the bilayer core. However, the YidC EH1
helix is largely hydrophobic and contains two solvent-oriented
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Figure 6. Structural Dynamics of YidC upon Membrane Protein Insertion

(A) The displacement of YidC amphipathic helix EH1 into the membrane upon RNC binding alters intramolecular distances between EH1 and TM2 helices (colored
bars). A subset of evolutionary coupled residues in EH1 and TM2 achieve close contact in the RNC-bound conformation.

(B) Length of the EH1 helix is crucial for the cell viability. Deletion of four amino acids within the EH1 helix of YidC renders the protein non-functional and causes

cell death.

(C) Microscale thermophoresis analysis of YidC"/334C: ANBD_ND interacting with RNC Foc-A5. The raw traces (black) describe the efflux of YidC-ND from the high-
temperature region, as the total fluorescence intensity decreases upon infrared (IR) illumination. The ratio of the fluorescence intensity after reaching the
equilibrium in the temperature gradient (red) and prior IR illumination (blue) described the MST response of YidC-ND (inset) and was used for estimating the

binding affinity.

(D) Emission spectra of EH1-conjugated IANBD upon YidC interactions with RNC F,c-A5 or non-programmed ribosomes (“70S”). Adding RNCs resulted in the
substantial increase of IANBD fluorescence, likely reflecting the dynamics of the EH1 helix.

(E) Relative changes in the fluorescence intensity of IANBD conjugated to different positions within YidC upon RNC F,c-A5 binding, as measured at 540 nm
(average fluorescence change + SD). Altering the hydrophobicity of the EH1 helix modulates its dynamics upon RNC binding (inset). An additional negative
charge at position 334 strongly hinders the helix movement, as reflected by emission of IANBD fluorophore at position 342 measured at 540 nm. See also

Figures S5 and S6.

lysines (Figure S5A), which when snorkeling (Strandberg and
Killian, 2003), may allow the helix displacement toward the
membrane core.

Statistical analysis on co-evolution of individual pairs of resi-
dues within a protein has recently provided a valuable tool to pre-
dict protein structure and dynamics, as a correlation between
distant mutations often reflects residue contacts within the pro-
tein tertiary structure (de Juan et al., 2013; Ovchinnikov et al.,
2014). Remarkably, several evolutionarily coupled residue pairs
between EH1 and TM2; i.e., V351-1360, 1347-1360, L.343-1364,
L344-S357, and 1347-1364, are found among the highest scoring
pairs within the protein (GREMLIN Server: http://www.openseq.
org/ecoli.php?uni=P25714; Table S1), thus forming the most
conserved region within the YidC structure and building a contin-
uous coupling interface (Figures 6A and S5B), which is usually
indicative of close physical proximity of domains. Notably, in

the crystallized idle state of YidC, the distances between some
of these paired residues are at the upper limit (7-8 A for CB-CB
atoms; Table S1). As co-evolutionary couplings have an intrinsic
power to reflect both static and dynamic protein interactions
(Sfriso et al., 2016), those contacts between EH1 and TM2 are
potentially fulfilled in another conformation of the insertase.
Indeed, in our cryo-EM model, they reside within an optimal
range (below 7 A; Figure 6A), suggesting that these paired resi-
dues approach each other in the RNC-bound form YidC.

To probe the potential dynamics of the EH1 helix and to test
the structural model of ribosome-bound YidC, we introduced
IANBD, an iodoacetamide derivate of the nitrobenzoxadiazole
fluorophore, within EH1 (Figures S5D and S5E). As the fluores-
cence of IANBD increases in a hydrophobic environment, we
reasoned that it could serve as a sensor for polarity of the EH1
moiety and report on the putative RNC-induced displacement
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of the helix toward the lipid membrane core. Microscale thermo-
phoresis (MST) (Seidel et al., 2013) analysis on IANBD-labeled
YidC-ND showed pronounced changes in the MST response
upon titrating RNC F,c, but not non-translating 70S ribosomes,
providing with dissociation constants in the range 50-100 nM
(Figures 6C and S6). The environment-sensitive emission of
IANBD was then measured for YidC in its free and RNC-bound
states to probe the dynamics of the EH1 helix (Figures 6D and
S5F). Only minor changes ranging from —5% to 5% were
observed for IANBD at positions 269, 346, and 430, suggesting
that the environment of these residues was barely affected
upon RNC binding (Figure 6E). In contrast, a pronounced
response was observed for IANBD at positions 334 and 342 of
EH1, as the dye fluorescence increased 15 to 25% upon addition
of RNCs, but not of empty 70S ribosomes (Figures 6D and 6E).
Remarkably, the fluorescence change was sensitive to the net
charge of EH1, as only minor increase in IANBD fluorescence
was observed for the YidC*334P mutant upon RNC F,c-A5 bind-
ing (Figure 6E, inset), while the RNC F,c binding or cellular
viability were not affected (Figures S5D and S5G). The net
change-dependent increase in the fluorescence emission within
EH1 suggested a transition of the helix toward the hydrophobic
core of the membrane and thus experimentally supported the
concept of the YidC conformational change as derived from
the cryo-EM of the YidC:ribosome complex.

DISCUSSION

Molecular mechanisms of membrane protein biogenesis have
been extensively studied over the last decade with a primary
focus on functional dynamics of dedicated insertion machin-
eries, the Sec translocon, and YidC-type insertases. Crystal
structures of the YidC insertase in the membrane-mimetic envi-
ronment (Kumazaki et al., 2014a, 2014b), together with a cryo-
EM-based structure of YidC:ribosome complex in detergent
(Wickles et al., 2014), revealed the molecular architecture of
the insertase and have been used to suggest its functional mech-
anisms. Here, we employed YidC embedded within a lipid bilayer
to explore the molecular determinants of the YidC:ribosome as-
sembly and to reveal the structure of ribosome-bound YidC in
the near physiological environment.

While incorporation of YidC into lipid bilayers stimulates inter-
actions with translating ribosomes (Kedrov et al., 2013), we
observed that YidC:ribosome binding depends only marginally
on the particular lipid composition of tested model membranes.
Thus, the recognition and initial assembly of the complex are
likely determined by interacting surfaces of the ribosome, the
nascent chain, and YidC, while the physical properties of the
membrane environment fine-tune the interaction. However, our
analysis on spontaneous and YidC-mediated insertion highlights
the role of YidC in membranes rich of anionic lipids, thus pointing
to the necessity of YidC-type insertases in bacterial and mito-
chondrial membranes, which contain large fractions of phospa-
tidylglycerol and cardiolipin lipids. Further, fluidity of the bilayer
plays an important role in the downstream insertion and
release of the nascent chain, as the cross-linking efficiency for
YidC:nascent chain was substantially increased in gel phase
membranes. Our analysis further shows that the YidC insertase
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is capable to recognize and insert relatively short hydrophobic
domains of 15 amino acids emerging from a ribosome, but a spe-
cific investigation will be required to characterize the interplay
between the nascent chain, YidC, and targeting factors, such
as the signal recognition particle and its receptor (Facey et al.,
2007; van Bloois et al., 2004).

Our cryo-EM structural analysis has provided a view on the ar-
chitecture and dynamics of the YidC:RNC complex at near phys-
iological conditions. The suggested structural model correlates
with the previous study of the detergent-solubilized YidC:RNC
complex (Wickles et al., 2014). In both environments, the C-ter-
minal end of monomeric YidC interacts with the ribosomal RNA
H59 and the short interhelical loop 4-5 of YidC builds a contact
with L23/L.29 ribosomal proteins. Also the position of the nascent
chain egressing between YidC TM3 and TM5 is remarkably
similar between two structures. However, the detergent-solubi-
lized YidC core was described as a bundle of helices perpendic-
ular to the membrane plane, while diverse tilts are observed in
the membrane-based crystal structure and further tilting is
described by our YidC-ND:RNC model. One explanation for
the observed differences would be the low resolution of the pre-
vious cryo-EM study, which has been now improved by using a
direct electron detector. Alternatively, different tilts of TM helices
could be caused by the molecular environment, as the lateral
forces built by lipidic cubic phases or the lipid bilayer within
nanodiscs are very different from those in detergent micelles
(Cross et al., 2013). Further, in our model, the essential CH1-
CH2 hairpin of YidC is positioned in proximity to the ribosomal
protein L24. The strong electron density earlier observed at the
interface of detergent-solubilized YidC and ribosomal H59 and
interpreted as the CH1-CH2 hairpin could be rather assigned
to the 100 amino acid (aa) long and potentially structured C-ter-
minal end of the YidC variant used in the previous study (Wickles
et al., 2014).

The model of the YidC:ribosome complex suggests a large
conformational change occurring in the membrane core of the in-
sertase. While the C-terminal domain of YidC (TM4-TM6) resides
normal to the membrane plane and determines ribosome bind-
ing, the N-terminal helices TM2 and TM83 tilt within the membrane
plane by up to 20°. When compared to its idle state (Kumazaki
etal., 2014b), the structure of the ribosome-bound YidC appears
to be more open at the periplasmic side, so the polar N-terminal
end of the nascent chain may be translocated somewhat orthog-
onally to the membrane plane, rather than via the “sliding”
mechanism (Kumazaki et al., 2014a). The tilting of the TM2-
TMBS pair is accompanied by relocating of the amphipathic EH1
helix into the hydrophobic membrane core. Though limited by
the apparent flexibility and overall resolution ~10 A, the struc-
tural model of the RNC-bound YidC is strongly supported by bio-
informatics, and the biophysical analysis validated the proposed
dynamic behavior of the YidC EH1 helix upon the nascent chain
insertion. Interestingly, similar membrane relocating had been
recently described for the amphipathic helix of the TatA subunit
of the twin-arginine translocon, where the biophysical analysis
in model membranes has been supported by an NMR-based
structure (Chan et al., 2011; Rodriguez et al., 2013). Although
EH1 of YidC has been suggested to reside at the membrane
interface upon post-translational insertion (Imhof et al., 2011),



the dynamics of YidC upon ribosome binding and co-transla-
tional insertion observed here is clearly different.

For the observed dynamics of the essential YidC EH1 helix, we
consider several hypotheses regarding its functional signifi-
cance. The displacement of EH1 toward the membrane core is
likely to cause further thinning of the lipid bilayer that could stim-
ulate nascent chain insertion (Wickles et al., 2014). However, the
close contacts of EH1 to the TM2/TM3 pair, together with the
apparent length requirements of EH1, suggest that the helix
may act as an intramolecular mechanical lever that coordinates
a concerted movement resulting in tilting of TM3. This, in turn,
may trigger release of the nascent chain from the polar core of
YidC into the lipid environment due to a distortion of YidC’s hy-
drophilic groove. In another scenario, binding of the ribosome
and displacement of the helical hairpin CH1-CH2 may itself
cause the conformational change within the insertase to allow
the passage of the nascent chain into the lipid moiety. Here, it
would be desirable to trap and visualize an insertion intermediate
upon initial interaction with the hydrophilic core of YidC before
partitioning into the lipid bilayer, so the dynamics of YidC over
the whole functional cycle could be studied.

EXPERIMENTAL PROCEDURES

YidC Preparation

YidC overexpression plasmid pEM183 is based on pBAD-TOPO-TA (Thermo
Fischer/Invitrogen) and encodes for full-length E. coli YidC in which the struc-
turally disordered segment 206-215 (Oliver and Paetzel, 2008) has been re-
placed by eight histidine residues, resulting in an internal Hisqo-tag. Further
point mutations and deletions within YidC were conducted via conventional
molecular biology techniques, and resulting gene products were validated
by sequencing (Eurofins Genomics). Recombinant YidC variants were ex-
pressed, purified, and optionally labeled following previously described proto-
cols (Kedrov et al., 2013; Wickles et al., 2014) with minor modifications. E. coli
ER2566 strain (New England Biolabs) was used for YidC overexpression upon
induction with 0.2% arabinose at 37°C for 2 hr. Total membranes were isolated
upon cell lysis and a sedimentation step. For YidC purification, the total mem-
branes were solubilized in 1% Cymal 6, 300 mM NaCl, 200 uM TCEP, and
50 mM HEPES pH 7.2 and incubated with TALON beads (Clontech) at 4°C
in presence 10 mM imidazole. Beads were washed with 40 mM imidazole to
remove weakly and non-specifically bound proteins, and 300 mM imidazole
was used to elute YidC. Optionally, prior to the elution step, single-cysteine
variants of YidC were incubated with either 200 uM Alexa Fluor 488-Cs-malei-
mide or 400 uM NBD iodoacetamide (both Thermo Fischer/Molecular Probes)
to achieve site-specific fluorescent labeling. All chemicals were purchased
from Merck Millipore, Roth, or Sigma-Aldrich. Detergents were purchased
from Affymetrix and Anatrace and solvent-solubilized lipids from Avanti Polar
Lipids.

Nanodisc Preparation

MSP variants were expressed and purified as previously described (Kedrov
etal., 2013; Ritchie et al., 2009). Prior to nanodisc assembly, lipids were desta-
bilized with 0.5% Triton X-100, and DPPG/DPPC lipids were additionally incu-
bated at 41°C. Nanodisc assembly was initiated by mixing YidC, MSP variants,
and lipids at experimentally adjusted ratios, and detergents were removed by
overnight incubation with Bio-Beads SM-2 sorbent (Bio-Rad). “Empty” and
YidC-loaded nanodiscs were separated by size-exclusion chromatography
on a Superdex 200 10/300 column (GE Life Sciences) in 150 mM KOAc,
5 mM Mg(OAc),, and 25 mM HEPES pH 7.2. For studying spontaneous inser-
tion of Fyc into lipid-loaded nanodiscs, designed lipid mixtures were supple-
mented with 2% DOPE-Atto 488 fluorescent lipid derivative (ATTO-TEC
GmbH). When necessary, nanodiscs were concentrated using Amicon Ultra
Centrifugal Filters, MWCO 30 kDa (Merck Millipore).

A truncated variant of the major scaffold protein, MSP1D1-AH5, was de-
signed according to a previous report (Hagn et al., 2013) by removing the re-
gion that encodes for the fifth helical domain (sequence PLRAELQEGARQKL
HELQEKLS). Upon using the truncated MSP variant, the outer diameter of
the nanodisc decreases by 13% from 9.7 nm to 8.4 nm, as previously deter-
mined in EM experiments (Hagn et al., 2013). Reduced dimensions of nano-
discs were validated in FCS measurements: The diffusion co-efficient of the
truncated nanodisc increased by 12% from 49 + 3 cm?/s to 55 + 4 cm?/s (Fig-
ure S2), thus being inversely proportional to the diameter of the disc.

RNC Preparation

Translation-stalled RNCs were derived from the previously described
construct Foc-FL (Wickles et al., 2014), which nascent chain total length
(including the C-terminal HA tag and the stalling TnaC sequence) closely
matched the length of the fully synthesized F,c protein (82 aa versus 79 aa,
respectively). The F,c fragment was further stepwise shortened from its C-ter-
minal end resulting in nascent chains lacking 5 (“F,c-A5”, deleted sequence
QPDLI), 10 (“Foc-A10”, EGAARQPDLI), and 20 (“F,c-A20”, GIGILGGKFLE
GAARQPDLI) amino acids. RNCs were expressed and purified via metal-
chelating chromatography using Ni*-NTA beads (Clontech) as previously
described (Bischoff et al., 2014b; Wickles et al., 2014). For better mimicking
naturally occurring YidC substrates, 3C protease was used to remove N-termi-
nal hexahistidine tags from the nascent chains after the affinity chromatog-
raphy step, and 70S RNCs were subsequently isolated from 10%-40% linear
sucrose gradients. At the final step RNCs were pelleted and resuspended in
150 mM KOAc, 5 mM Mg (OAc),, 0.03% DDM, and 25 mM HEPES pH 7.2 at
concentration 3-5 M and stored at —80°C.

Chemical Cross-Linking

Nanodisc-reconstituted YidC variants (approximately 1 uM) containing a sin-
gle cysteine at position 430 in TM3 were incubated for 10 min at 30°C with
100 nM RNC Fc containing a cysteine within the TM domain of the nascent
chain. Fresh copper phenanthroline was added to concentration of 1 mM to
induce cross-linking and the reaction was conducted for 20 min at 24°C.
Optionally, formed disulphide bonds were reduced by adding 15 mM DTT
and incubation at 30°C. For characterizing the cross-linking efficiency, reac-
tions were loaded on non-reducing SDS-PAGE and the nascent chain in its
free or cross-linked states was detected upon western blotting against the
HA tag (Wickles et al., 2014).

Fluorescence Correlation Spectroscopy

FCS measurements were conducted using a home-built setup (Crevennaetal.,
2013) as previously described (Geng et al., 2015), using fluorescent markers
conjugated either to YidC or DOPE lipids. Each individual measurement was
conducted for 100 s, so data from ~100,000 to ~300,000 diffusing molecules
(average residence time ~300 us) were accumulated to build an auto-correla-
tion trace, and each measurement was repeated at least three times. Associ-
ation of the YidC-ND (radius ~5 nm) with RNC F,c (radius ~13 nm) slowed
the translational diffusion of nanodiscs and prolonged their average residence
time within the laser confocal volume of the FCS setup (Kedrov et al., 2013;
Geng et al., 2015), so YidC-ND:ribosome interactions caused a shift of the
auto-correlation curve along the time axis. Binding efficiencies were estimated
from two-component fitting of auto-correlation traces, and diffusion coeffi-
cients/residence times of free nanodiscs and ribosomes were measured and
used as parameters for fitting as previously described (Kedrov et al., 2013;
Wauetal., 2012). For estimating the YidC:RNC affinity, RNCs were titrated within
a specified range of concentrations, and for each RNC concentration the
apparent residence time of YidC-ND was measured and normalized by the
residence time of free YidC-ND. The measured dependence between normal-
ized residence times and RNC concentrations was fitted with the single binding
isotherm equation to estimate the dissociation constant.

Cryo-Electron Microscopy

For cryo-EM studies, 100 nM RNC F,c-A10 were mixed with approximately
5-fold excess of pre-concentrated YidCM*3°C-ND and 0.05% fluorinated
octyl-maltoside (FOM) was added prior to loading the sample on the grid, as
it has been described to stimulate uniform orientation of nanodiscs on the

Cell Reports 17, 2943-2954, December 13, 2016 2951

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

carbon-coated grids (Efremov et al., 2015), while being non-disruptive for lipid
bilayers (Popot, 2010). FCS measurements verified that FOM did not cause
aggregation of lipid-based nanodiscs, and the YidC:ribosome complex was
not affected. Samples were applied to carbon-coated holey grids according
to standard methods (Wagenknecht et al., 1988). Direct electron detector
Falcon Il (FEI Company) was used for data acquisition with a final pixel size
of 1.084 A on the object scale. Micrographs were collected on FEI Titan Krios
transmission electron microscope operating at 300 kV under low-dose condi-
tions of 2.4 e /A2 per frame, nine frames in total. CTFFIND3 was used to deter-
mine defocus values and to estimate the resolution (Mindell and Grigorieff,
2003), while introducing a 5 A resolution cutoff. Collected micrographs were
further visually inspected to exclude aggregates or ice crystals. Single
particles were picked from final 1,792 micrographs using the automated
SIGNATURE software (Chen and Grigorieff, 2007) using ten representative
projections of a 70S ribosome as references. Initial alignment of 3x binned
data was performed using the SPIDER software package (Shaikh et al.,
2008), providing an empty 70S ribosome as a reference, and resulted in a ribo-
some with strong densities for tRNA and a nanodisc. The alignment of the data
set was further refined and non-ribosomal particles were removed upon
SPIDER-based sorting, resulting in a data set of 144,976 ribosomal particles.
These particles were extracted with Relion software (Scheres, 2012) and
further processed using the FREALIGN v9.11 software (Grigorieff, 2007). All
sorting steps were carried out on 3x binned data. Initial sorting into five clas-
ses allowed us to discard both 50S subunits and ribosomes bound to addi-
tional factors. Further sorting using a 3D mask covering the 50S subunit and
the disc allowed us to discard ribosomes with weak densities for the nanodisc
and ribosomes with a strong orientation bias. The alignment of the remaining
42,658 RNC:nanodisc particles was refined using unbinned data, reaching
the final resolution FSCg 143 = 3.8 A for the large ribosomal subunit and 4.5 A
for the complex with YidC-ND, as measured by the Relion software. The
map used for YidC structure refinements was B-factor sharpened using
bfactor.exe of the FREALIGN distribution and filtered to 7 A.

Helical densities corresponding to TM helices of YidC and the inserted
nascent chain were separated from the unstructured and fuzzy density of
the surrounding lipids of the nanodisc. The YidC crystal structure of E. coli
was fitted into strong densities in proximity to the ribosomal tunnel. The C-ter-
minal part of YidC (TM4-TM6) was placed as a rigid body into helical densities
that extend from the membrane to form contacts with the ribosomal protein
L23/L29 and the RNA loop H59. The initial fit was further improved by adjusting
positions of N-terminal helices EH1, TM2, and TM3 individually: TM2 and TM3
were tilted within the membrane plane and an additional vertical shift was intro-
duced for the amphipathic helix EH1. In comparison to the functional core of
the protein, the extramembrane part of YidC was poorly resolved, in agree-
ment with higher B-factor values observed in crystallographic studies (Kuma-
zaki et al., 2014b) and earlier cryo-EM analysis conducted in the detergent
environment (Seitl et al., 2014; Wickles et al., 2014). High flexibility of the peri-
plasmic P1 domain that connects TM1 to the conserved core might contribute
to the diffuse and unresolved density for both entities. The N-terminal trans-
membrane fragment of F,c (residues LYMAAAVMMGLAAIGAAIGIG; PDB ID:
1C99; Rastogi and Girvin, 1999) was fitted to the additional rod-like density
at the YidC:lipid interface. YidC model was further refined using Phenix soft-
ware (Adams et al., 2010). To test the validity of the built model, FSC between
the experimental volume and the map of the model created with pdb2mrc
command in EMAN2 (Tang et al., 2007) was calculated using Relion.

IANBD Fluorescence and Analysis

IANBD, whose structure closely mimics the tryptophan side chain, was intro-
duced at non-conserved positions of Trp-334, Lys-342, or Trp-346 within the
EH1 helix (Figure S5). Alternatively, IANBD was conjugated either at the mem-
brane-embedded position 430 or the solvent-exposed position 269 within the
P1 domain. IANBD-labeled YidC variants were reconstituted into lipid-based
nanodiscs containing 35 mol % DPPG and 65 mol % DPPC and the fluoro-
phore emission spectra were recorded using FluoroMax-2 spectrophotometer
(HORIBA Jobin Yvon) at 22°C. The excitation wavelength was set to 470 nm
and the emission spectra were recorded between 500 and 600 nm.
YidC"“NBP_ND was diluted to ~30 nM and mixed with either RNC Foc-A5,
non-translating 70S ribosomes, or the corresponding volume of ribosome-
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free buffer. Background ribosome-related scattering was accounted for by
recording the spectra in absence of YidC-ND and subtracting that from the
IANBD spectra. The change in IANBD fluorescence caused by interactions
with ribosomes was derived by calculating a difference between the spectra
in presence and absence of ribosomes and the values at 540 nm were used
to calculate the relative change.

Microscale Thermophoresis

MST measurements on YidC""NBP-ND:RNC F,c-A5 were conducted following
the conventional experimental scheme. Briefly, series of RNC titration from
500 nM to 2 nM were prepared and mixed with equal volumes of YidC"ANED-
ND, so the final concentration of YidC was approximately 30 nM. After 5 min in-
cubation at 24°C, samples were loaded in “Premium” coated capillaries
(NanoTemper Technologies) and subjected to the MST analysis. Stability of
YidC-ND was evaluated by performing capillary scanning before and after the
measurements. Stability of RNCs was evaluated in independent measurements
using Alexa Fluor 488-labeled ribosomes (Beckert et al., 2015). Experiments were
conducted using a Monolith NT.115 instrument (NanoTemper Technologies) at
24°C and employing the blue LED illumination. Infrared laser power was set to
20%, 40%, or 60% and data recorded at 40% was used for further analysis.
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The accession numbers for the cryo-EM map of the RNC:YidC-ND complex
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Figure S1. Related to the Figure 2. Spontaneous membrane insertion of Foc depends on the lipid
composition. Spontaneous insertion of hydrophobic nascent chains in the lipid bilayer is a potential
pathway occurring in parallel to YidC-mediated insertion. (A) Auto-correlation curves of empty, YidC-
free, nanodiscs (98% DOPC, 2% DOPE-Atto 488) diffusing in absence and presence of 200 nM RNC
Foc. The slower diffusion of nanodiscs reflects spontaneous binding of RNCs in absence of anionic
lipids, such as DOPG. No interaction can be detected between nanodiscs and non-translating 70S
ribosomes. Thus, the RNC binding is mainly mediated by the Foc nascent chain, the hydrophobic domain
of which likely partitioned spontaneously into the membrane. (B) The efficiency of the spontaneous
YidC-independent insertion of Foc into the membrane depends on the content of anionic lipids DOPG.
Incorporation of YidC into nanodiscs will likely reduce the spontaneous insertion due to steric constraints
at the membrane interface and the excluded volume within the lipid bilayer. FCS recordings were
conducted in presence of 50 nM RNC Foc-FL and the binding efficiency was calculated from the two-

component model fitting.
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Figure S2. Related to the main text and Figure 4. Characterization of MSP1D1-AH5 nanodiscs. (A)
SDS-PAGE of over-expressed and purified MSP1D1-AH5 variant. (B) Size-exclusion chromatography
profile of empty and YidC-loaded nanodiscs formed by the MSP1D1-AH5 variant. (C) Lipid-loaded

nanodiscs formed by the truncated MSP variant demonstrated higher diffusion coefficient than the original

MSP1D1-based nanodiscs in agreement with the reduction in size (average diff. coef. + s.d.).
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Figure S3. Related to Figure 5. Cryo-EM of the YidC-ND:RNC complex. (A) Sorting scheme of the
cryo-EM data. The initial dataset of ribosomal particles displayed a strong density at the tunnel exit.
FREALIGN-based sorting into 5 classes (“Sorting #1”) allowed to separate partially dissociated
ribosome (class 5) and ribosomes bound to other factors or occasional non-ribosomal particles (class
4). Classes 1 and 2 represented slightly different conformations of the ribosome, and class 3
demonstrated certain bias in orientation of particles. Classes 1-3 were merged and further sorted using
a mask built of the large ribosomal subunit (50S) and a cylindrical density at the tunnel exit (“Sorting
#2”). Dimensions of the masking cylinder exceeded the nanodisc approx. 2.5 fold. The sorting allowed



excluding particles with a strong orientation bias (class 4) and with a weak density for YidC-ND (class
3). Remaining classes 1 and 2 differed by an extension of YidC-ND, probably reflecting orientations of
non-essential periplasmic P1 domain. These classes were merged and used for further refinement and
modelling. The number of particles and its fraction in the initial data set (%) is indicated for each class.
(B) Local resolution of the cryo-EM ribosome structure. Local resolution map of the surface (left) and
interior (right) of the RNC Foc-A10. The large ribosomal subunit (50S) was used for alignment of the
dataset, resulting in a higher local resolution for the subunit. (C) FSC curves for 50S ribosomal subunit
used for alignment (dashed line) and for the complex with YidC-ND (solid line). Corresponding average

resolution values at FSCo.143 are indicated.
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Figure S4. Related to Figure 5. Modelling the structure of YidC. (A) The local resolution map of
YidC-ND reflects its higher flexibility compared to the ribosomal proteins. For modeling the YidC
conformation its transmembrane helices were fitted in most prominent densities at the center of the
nanodisc. Positioning of the helices within densities through the membrane plane at different levels
(shown in blue/green/red) is shown on panels (right). (B) Fitting of YidC helices into cryo-EM densities.
(C) FSC curve of model vs. map of nanodisc-embedded YidC. FSCos value of ~10 A agrees with the
limited local resolution of YidC-ND. (D) Primary contacts of YidC with the ribosome. The major contact
site is built by C-terminal end of TM6 and the ribosomal RNA loop H59. Large density at the end of YidC
TM6 may reflect the partially folded C-terminus. Short loop between YidC TM4 and TM5 approaches
ribosomal protein L29 and L23. The pronounced extension near the ribosomal protein L24 likely reflects
the position of YidC CH1-CH2 helical hairpin. (E) Mutations in the CH1-CH2 hairpin of YidC do not
inhibit RNC binding. Nanodisc-reconstituted YidCY370A. Y377A (YidCAA) efficiently binds RNC Foc-FL (50
nM) as tested by means of FCS.
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Figure S5. Related to Figure 6. Structural dynamics of the EH1 helix. (A) The wheel plot
illustrates the amphipathic structure of the YidC EH1 helix, with a broad hydrophobic lipid-exposed
interface (top), and a few polar/charged residues oriented towards the aqueous solvent (bottom).
Positions of the IANBD fluorophore conjugated within EH1 are indicated. The wheel plot was
generated using the HeliQuest server: http://heliquest.ipmc.cnrs.fr. (B) The sequence logo of the
YidC EH1-TM2 region and evolutionarily coupled residues within. The sequence logo was generated
using the WebLogo server: http://weblogo.berkeley.edu (C) Positions of the IANBD fluorophore
conjugated to YidC are shown on the crystal structure of YidC in its idle state. (D) Point mutations
within the EH1 helix do not affect the in vivo functionality of YidC. (E) Specificity of IANBD conjugation

via the thioether bond was confirmed using a cysteine-less YidC variant as a negative control in the



labeling reaction. Occasional low-MW bands seen in SDS-PAGE likely originate from limited YidC
degradation, as using cysteine-less YidC also prevented their labeling with IANBD. (F) Relative
changes in IANBD fluorescence upon RNC Foc-A5 binding depend on the fluorophore position.
Variations in IANBD fluorescence levels between different positions within EH1 can be explained
based on the structure of YidC: The transfer from the lipid head-group region to the acyl chains moiety
upon ribosome binding should cause large changes in the polarity for the membrane interface-
oriented residues 334 and 342. In contrast, the residue 346 is initially oriented towards the
hydrophobic membrane core (A), and hence changes in the polarity and the associated IANBD
fluorescence upon the EH1 displacement are substantially lower for this position. (G) An additional
negative charge introduced into EH1 by mutation W334D does not affect RNC binding (diff. coef. +
s.d.). The binding assay was performed by means of FCS using AlexaFluor 488-labeled YidCP26°C
variants in DPPG/DPPC-based nanodiscs and 150 nM RNC Foc-FL.
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Figure S6. Related to Figure 6. Microscale thermophoresis on YidC'"NBD-ND: ribosome
interactions. (A) The MST response of nanodisc-reconstituted YidC'“NEP is not affected by non-
translating 70S ribosomes in agreement with the extremely low affinity. Left: normalized time-lapse
fluorescence recordings; right: calculated fluorescence change, i.e. MST response upon local heating
and thermal diffusion of fluorescently labeled YidC. (B) IANBD, an environment-sensitive dye
conjugated within the EH1 helix (positions 342 and 346) allows resolving assembly of the YidC-
ND:RNC complex, as the MST response is dependent on the RNC Foc-A5 concentration. Notably,
the MST response depended on the IANBD conjugation site within EH1, being the strongest for the
position 342 and the weakest for 346 that correlates with IANBD fluorescence increase (Fig. 6). No
interaction could be resolved when the dye is conjugated either at a solvent-exposed (position 269),
or a statically buried within the membrane sites (position 430), that is likely due to a mutual

compensation of several MST determinants, such as size and charge distribution.



Table S1. Related to Figure 6. Co-evolution of EH1-TM2 helices. A set of distanced residues
in EH1 and TM2 form evolutionary conserved pairs within the YidC structure (highlighted in
orange) and presumably build the interaction interface. Distances between Cp atoms of those
have been measured using the crystal structure of E.coli YidC (Kumazaki et al., 2014b). The
co-evolution analysis data was adopted from David Baker’s lab
(http://gremlin.bakerlab.org/ecoli.php?uni=P25714), and residues separated by less than 6
positions in the primary sequence have been omitted from the table.

Resl Res2 probability distance, A new dist., A distance, aa
64 85 21
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