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translocon expands the global view on the SecYEG

interactome in Escherichia coli
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The SecYEG translocon constitutes the major protein trans-
port channel in bacteria and transfers an enormous variety of
different secretory and inner-membrane proteins. The minimal
core of the SecYEG translocon consists of three inner-mem-
brane proteins, SecY, SecE, and SecG, which, together with
appropriate targeting factors, are sufficient for protein trans-
port in vitro. However, in vivo the SecYEG translocon has been
shown to associate with multiple partner proteins, likely allow-
ing the SecYEG translocon to process its diverse substrates. To
obtain a global view on SecYEG plasticity in Escherichia coli,
here we performed a quantitative interaction proteomic analy-
sis, which identified several known SecYEG-interacting pro-
teins, verified the interaction of SecYEG with quality-control
proteins, and revealed several previously unknown putative
SecYEG-interacting proteins. Surprisingly, we found that the
chaperone complex PpiD/YfgM is the most prominent interac-
tion partner of SecYEG. Detailed analyses of the PpiD—SecY
interaction by site-directed cross-linking revealed that PpiD
and the established SecY partner protein YidC use almost com-
pletely-overlapping binding sites on SecY. Both PpiD and YidC
contacted the lateral gate, the plug domain, and the periplasmic
cavity of SecY. However, quantitative MS and cross-linking
analyses revealed that despite having almost identical binding
sites, their binding to SecY is noncompetitive. This observation
suggests that the SecYEG translocon forms different substrate-in-
dependent subassemblies in which SecYEG either associates with
YidC or with the PpiD/YfgM complex. In summary, the results of
this study indicate that the PpiD/YfgM chaperone complex is a
primary interaction partner of the SecYEG translocon.
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The universally-conserved Sec translocon orchestrates pro-
tein transport at the cytoplasmic membrane in prokaryotes and
at the endoplasmic reticulum membrane in eukaryotes (1-6). It
consists of the three core components SecY, SecE, and SecG in
bacteria and Sec6la, Sec61y and Sec61f in eukaryotes. The
channel-forming subunit SecY/Sec6la is composed of 10
transmembrane domains (TMs)® and has a unique structure
composed of two water-filled cavities, which are separated by a
central constriction in the middle of the membrane, called the
pore ring (7). In Escherichia coli, the pore ring is composed of
six isoleucine residues, which project their hydrophobic side
chains radially into the lumen of the pore. The pore ring,
together with a short helix on its periplasmic side, called the
plug, is likely required for preventing uncontrolled ion move-
ment across the membrane in the resting translocon (8, 9). On
the cytosolic side of the membrane, extensions of the TMs pro-
trude into the cytosol and provide the docking side for SecA, the
signal-recognition particle (SRP) receptor FtsY, and the ribo-
some (10-13). SecA functions as a motor protein for the post-
translational protein transport and inserts into the cytosolic
cavity of SecY via the two-helix-finger domain (14, 15). In con-
trast, FtsY and the SRP-ribosome nascent chain complex form
a transient quaternary complex with the SecYEG complex dur-
ing co-translational insertion of bacterial membrane proteins
(13, 16-19). In line with its role in both protein translocation
across the membrane and protein insertion into the membrane,
SecY not only opens toward the periplasmic side of the mem-
brane but also toward the lipid phase. This is achieved by move-
ments of TMs 2B, 3, 7 and 8 at the front of the SecY channel,
which constitute a lateral gate that allows access of TMs to the
lipid bilayer (20 -23). The back of the SecY channel is encircled
by SecE, which in E. coli consists of three TMs. SecE contributes
to ribosome binding (24) and to the overall stability of the
SecYEG translocon (25, 26). In the absence of SecE, SecY is

3 The abbreviations used are: TM, transmembrane domain; CCCP, carbonyl
cyanide m-chlorophenyl hydrazine; DSS, disuccinimidyl suberate; iBAQ,
intensity-based absolute quantification; IMAC, immobilized metal-affinity
chromatography; INV, inner membrane vesicles; pBpa, para-benzoyl-L-
phenylalanine; pmf, proton-motive force; PFA, paraformaldehyde; SRP,
signal-recognition particle; PDB, Protein Data Bank; gAP-MS, quantitative
affinity purification-MS; pmf, proton-motive force; IPTG, isopropyl 1-thio-
B-p-galactopyranoside; DDM, n-dodecyl B-p-maltoside.
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rapidly degraded by the protease FtsH (27). In contrast to SecY
and SecE, SecG is not essential for protein transport and is
primarily required for the SecA-dependent translocation of
secretory proteins (28). SecG contains two TMs and a connect-
ing cytosolic loop and has only limiting contact to SecY and
SecE. As SecA-dependent translocation is unique to bacteria
andbacteria-derivedchloroplasts,SecGisreplacedbythenonho-
mologous Sec618 subunit in archaea and eukaryotes (29).

Reconstitution experiments have shown that SecYEG pro-
teoliposomes are capable of transporting model protein sub-
strates in the presence of the appropriate targeting factors, i.e.
SecA for secretory proteins or SRP/FtsY for bacterial mem-
brane proteins (30, 31). Thus, the SecYEG translocon repre-
sents the minimal membrane-embedded unit required for pro-
tein transport. However, multiple partner proteins of SecYEG
have been identified, which either improve protein transport in
general or facilitate the transport of particular substrates. One
example is the trimeric SecDFYajC complex, which is suggested
to function as a proton-driven membrane-integral chaperone
that enhances both the translocation and the insertion of pro-
teins (32-34). YidC, however, is specifically required during
membrane protein insertion (35), where it facilitates the release
of TMs from the SecY channel (36, 37) and supports TM folding
(38) and the subsequent assembly of individual membrane pro-
teins into oligomeric complexes (39). In addition to its SecYEG-
associated role, YidC and its mitochondrial or chloroplast
homologs Oxal/Alb3 can also act as SecYEG-independent
insertases for some membrane proteins (40, 41). In bacteria,
these are primarily small membrane proteins and membrane
proteins lacking extended periplasmic domains (31). The most
complex SecYEG assembly described so far is a heptameric
SecYEG/SecDFYajC/YidC complex that is referred to as a holo-
translocon (42). The holo-translocon was shown to be more
efficient in membrane protein insertion than the trimeric
SecYEG complex, but it appears to be less efficient in SecA-de-
pendent translocation of secretory proteins (42, 43).

In contrast to SecDFYajC and YidC, the function of other
SecYEG-associated proteins is less defined. One example is the
chaperone PpiD and its partner protein YfgM (44 —46). PpiD is
tethered to the bacterial membrane by a single transmembrane
domain and contains an inactive peptidyl-prolyl isomerase
motif within its large periplasmic domain (47). PpiD was shown
to interact with proteins exiting the SecYEG translocon (45)
and to enhance their release into the periplasm (48). Like PpiD,
YfgM is a single-spanning membrane protein with an extended
periplasmic domain. Both proteins have been identified as
complex in the bacterial membrane (49) and in contact with the
SecYEG translocon (44 — 46, 48). So far, little is known about the
presence of SecYEG-PpiD/YfgM complexes in the E. coli
membrane, but PpiD/YfgM was generally not considered to be
major contact partners of the SecYEG complex.

For a global analysis of the SecYEG interactome in the E. coli
membrane, we performed a quantitative affinity purification
MS approach (qAP-MS) either with or without cross-linking
and validated the most prominent interaction partners by site-
directed cross-linking and functional assays. Unexpectedly, our
data identified PpiD/YfgM as major partner proteins of the
SecYEG complex. Our data furthermore show that PpiD and
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YidC share largely overlapping binding sites on SecY. Both pro-
teins contact the lateral gate of SecY, but also deeply penetrate
into the aqueous channel and the periplasmic cavity. Neverthe-
less, binding of YidC or PpiD to the SecYEG translocon appears
to be noncompetitive, suggesting the presence of two distinct
SecYEG populations, one interacting with YidC and a second
interacting with PpiD/YfgM.

Results
Global identification of SecYEG-associated proteins in E. coli

For identifying SecYEG interacting proteins on a global scale,
a label-free qAP-MS approach was employed. SecY,;;;EG or
SecYEG (serving as control) was expressed in E. coli from plas-
mid pTrc99a. After cell breakage and fractionation, the mem-
brane fraction was solubilized with dodecyl maltoside, and the
solubilized material was loaded onto a Talon metal-affinity
chromatography (IMAC) column. For stabilizing potential
protein—protein interactions of the SecYEG translocon, on-
column cross-linking was performed on some samples,
using the homobifunctional cross-linker disuccinimidyl suber-
ate (DSS). The DSS-treated and -nontreated samples were then
eluted from the column after several washing steps and sub-
jected to digestion using trypsin followed by label-free quanti-
tative MS. Only proteins that were reproducibly detected with
=20% sequence coverage and at least two peptides were con-
sidered to be significant (Table S1). Significant interactors were
determined from label-free protein intensity ratios (SecY,; EG
versus SecYEG) by performing ¢ tests across replicate measure-
ments. This also takes into account that unspecific binding to
the IMAC column might increase in the absence of a His-
tagged protein. Resulting p values and fold changes are shown
in volcano plots for both the nontreated (Fig. S1A) and the
DSS-treated sample (Fig. S1B) visualizing significantly-en-
riched proteins. Enrichment ratios for proteins identified in
both samples were plotted against the total iBAQ intensities
(intensity-based absolute quantification) for both the non-
treated sample (Fig. 14) and the DSS-treated sample (Fig. 1B),
highlighting significant interactors by green symbols. In both
samples, SecY, SecE, and SecG were enriched, as expected.
However, in the on-column cross-linking approach, the values
for SecE were just below the defined threshold level (Fig. S1),
and SecE was therefore not highlighted in Fig. 1B. This could be
due to the presence of DMSO as a solvent for DSS. In general,
the at least 10-fold—enriched proteins were almost identical
between the DSS-treated and -nontreated sample (Pearsons’s
correlation coefficient r = 0.826; Fig. 1C; Table S1, and Fig. S1),
suggesting that they are rather stable interaction partners of the
SecYEG translocon. Among them are known SecYEG-interact-
ing proteins (Syd, SecD, YajC, SecA, YidC, PpiD, and YfgM).
We also identified TatA, the translocase of the twin-arginine—
dependent protein translocation pathway (50), suggesting that
the previously observed cooperation between the Sec and Tat
pathways in Gram-positive bacteria (51) also exists in E. coli.
The enrichment of proteins of the cellular quality control
(FtsH, HfIC, DnaK, Dna], HslU, and YcbZ) supports the previ-
ous assumption that protein transport via SecYEG is intrinsi-
cally linked to protein quality control (52, 53). However, the
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Figure 1. SecYEG interactome of E. coli. A, SecYEG or SecY,;;,EG was expressed in E. coli, and subsequently, SecYEG/SecY,,;,EG was purified via metal-affinity
chromatography and subjected to MS analyses as described under “Experimental procedures” (n = 4). The x axis displays the log,, intensity ratio of the
respective protein in the SecY,,;,EG (His)/SecYEG (Ctl) pulldowns. The y axis displays the log, , of the total iBAQ value. Specificinteractors of the SecYEG complex
are marked by green dots. B, as in A but protein—protein interactions were stabilized by on-column cross-linking using the chemical cross-linker DSS. C,
comparison of mean log, , ratios of DSS-treated (x axis) against the mean log,, ratios of nonDSS-treated samples (y axis). D, comparison of the mean log ratios
of SecYEG-interacting proteins from cells without (x axis) or with (y axis) simultaneous YidC expression. The analyses were performed after on-column

cross-linking. A complete list of all proteins is shown in Table S1.

detection of these proteins could also result from the higher
expression level of SecYEG in these experiments.

In addition, several membrane proteins were enriched,
although the physiological relevance of their interaction with
SecYEG is currently unknown (Table 1). Among them are pro-
teins, like Pal, that might be detected due to their high abun-
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dance, but also the outer membrane protein CusC, which is of
very low abundance and linked to heavy metal export (54). One
of the most enriched proteins was YicN, a predicted single-
spanning membrane protein of unknown function.

One of the best-characterized partner proteins of SecYEG is
YidC, which was enriched about 10-fold in the SecY,;; [EG sam-

J. Biol. Chem. (2019) 294(50) 19167-19183 19169
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Table 1
SecYEG interactome in E. coli

Listed are the most abundant proteins that were either found co-purifying with SecYEG or were cross-linked to SecYEG on-column. Indicated is their localization (C,
cytosolic; IMA, inner membrane-associated; IM, inner membrane; OM, outer membrane), the log,, ratio of SecYHisEG/SecYEG (His/Ctl), the known or predicted
function, and the cellular copy number of the protein in E. coli, based on ribosome profiling (54). T indicates that the copy number based on ribosome profiling is

significantly higher than the copy number based on other methods (89).

Log10 ratio Logl0 ratio
Protein Localization (—DSS) (+DSS) Function Copy no.
Known interactors of the
SecYEG translocon
PpiD M 2.76 2.20 Part of the PpiD—YfgM chaperone complex 3,717
Syd IMA 2.42 2.14 Regulator of SecY function 928
YfgM M 2.05 1.84 Part of the PpiD—YfgM chaperone complex 2,852
YidC IM 1.42 0.89 SecYEG-associated insertase 8,807
SecD M 1.34 1.46 Part of the SecDFYajC complex 2,699 1
TatA M 1.29 1.11 Tat-translocase 6,336
SecA IMA 0.95 113 SecYEG-associated ATPase 3,987
YajC M 0.73 0.82 Part of the SecDFYajC complex 26,903 1
Quality control proteins
DnaK C 1.45 1.32 Hsp70 chaperone 44,581
YcbZ C 1.36 1.05 Putative ATP-dependent protease 700
Dna] C 1.29 1.66 DnaK co-chaperone 5,688
HfIC M 1.25 1.4 Modulator of FtsH 923
HslU C 1.16 113 Part of the HsIVU protease complex 9,329
FtsH IM 0.88 1.01 SecY-associated protease 4,550
Putative novel interactors of
the SecYEG translocon
YicN M 1.89 1.68 Unknown 104
Pal OM 1.7 1.28 Peptidoglycan-associated lipoprotein 64,020
NipI M 1.68 1.76 Lipoprotein, involved in cell division 389
DamX M 1.66 1.53 Cell division protein 1,649
LIdD M 1.53 1.50 L-Lactate-dehydrogenase 445
LpxK M 1.48 0.99 Tetraacyldisaccharide 4'-kinase 264
CusC OM 1.42 1.23 Cu/Ag export system 5
DacA M 1.36 0.94 D-Alanyl-p-alanine carboxypeptidase 4,143
YdgA M 1.26 1.73 Unknown, implicated in swarming 1,875
DadA M 1.25 1.48 D-Amino acid dehydrogenase 1,586
YibN M 1.17 1.39 Putative sulfur transferase 8,459
YjiK M 110 0.968 Unknown 40
GlpD M 1.09 1.08 Glycerol-3-phosphate dehydrogenase 127
YccF IM 1.02 1.23 Unknown 800

ple, and similar enrichments were observed for SecD, which
together with SecF form the SecDFYajC complex. SecF was not
detected in all MS analyses and is therefore not listed in Fig. 1
(Table S1). Surprisingly, the most abundant proteins in both the
DSS-treated and -nontreated samples were the membrane-
bound chaperone PpiD and its cognate partner protein YfgM.
PpiD/YfgM have been previously identified as interaction part-
ners of SecYEG (45, 48), and it was shown that both PpiD and
YidC bind to the lateral gate of SecY (22, 46). Therefore, we
tested by using the on-column cross-linking approach whether
the simultaneous co-expression of YidC together with
SecY ;. EG would reduce the abundance of PpiD/YfgM. Both
YidC and SecYEG are functional in this co-expression system
and are detectable in the membrane as SecYEG/YidC com-
plexes (55). However, the co-expression of YidC did not signif-
icantly influence the enrichment of PpiD/YfgM with the
SecYEG translocon as detected by MS (Fig. 1D). This indicates
that the interaction of PpiD/YfgM with SecY is not influenced
by the YidC concentration, although both PpiD and YidC bind
to the lateral gate of SecY (22, 46).

Noncompetitive binding of YidC and PpiD to the SecYEG
translocon

The potentially noncompetitive binding of PpiD and YidC to
the SecYEG translocon was further analyzed by in vivo site-
directed cross-linking with a SecY variant that had the UV-
reactive phenylalanine derivative para-benzoyl-L-phenylala-
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nine (pBpa) site-specifically inserted into position 91 within
TM2b of the lateral gate. Upon UV exposure of E. coli cells
expressing SecY(I91pBpa)EG and subsequent purification of
the SecYEG complex and its cross-linked partner proteins, a
110-kDa cross-link product was detected by a-PpiD antibodies
(Fig. 2A). This cross-link product had been observed before and
was identified by MS as a SecY—-PpiD cross-link product (46).
The intensity of the SecY—PpiD cross-link did not significantly
change when YidC was co-expressed together with SecYEG,
further supporting that the SecY—-PpiD contact is largely inde-
pendent of the cellular YidC concentration. An additional UV-
dependent band at ~85 kDa was also recognized by a-PpiD
antibodies, which likely reflects a SecY-YfgM cross-link,
because the available polyclonal antibodies react with both
PpiD and YfgM (Fig. S2), and an 85-kDa YfgM cross-link to the
lateral gate had been observed before by MS (46).

When the same material was probed with antibodies against
YidC, the SecY-YidC cross-link at ~95 kDa was detected,
which strongly increased when YidC was co-expressed with
SecYEG (Fig. 2B). The strong SecY-YidC cross-link product
was also visible when the blot was decorated with SecY antibod-
ies (Fig. 2C), although the quality of the available SecY antibody
did not allow for the detection of the SecY-PpiD cross-link.
Thus, increasing the cellular YidC concentration increases the
SecY-YidC contact without influencing the SecY-PpiD con-
tact, which is in agreement with the quantitative MS analysis.

SASBMB
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Figure 2. Noncompetitive binding of PpiD and YidC to the lateral gate of SecY. A, SecY-PpiD interaction was monitored in BL21 cells expressing either
plasmid-borne WT SecYEG (WT) or SecY(191pBpa)EG, carrying the UV-dependent cross-linker pBpa at position 91 within TM2a of the lateral gate. When
indicated, YidC was co-expressed from the same plasmid. After in vivo UV exposure, the SecY was purified via a C-terminal His-tag using metal-affinity
chromatography, and the purified sample was analyzed on SDS-PAGE followed by Western blotting and immunodetection using a-PpiD antibodies. As a
control, SecY was also purified from samples that were not UV-exposed. The SecY-PpiD cross-linking product and PpiD co-purifying with SecY are indicated.
A UV-dependent band migrating at ~kDa (#) was also detected and could reflect a cross-link between SecY and YfgM, because the available antibodies against
PpiD also recognize YfgM. B, same material analyzed in A was analyzed with «-YidC antibodies, and the SecY-YidC cross-linking product is indicated. The
UV-dependent band observed in the absence of pBpa (¥) could reflect UV-induced radical formation of aromatic amino acids, but this was not further analyzed.
G, same material asin A was analyzed with a-SecY antibodies, but due to the low specificity of the antibody, only the SecY-YidC cross-link is detected in addition

to the SecY dimer and SecY monomer.

Invivo UV exposure of cells co-expressing YidC with WT SecY,
i.e. not containing pBpa, also resulted in a cross-linking product
(Fig. 2B, *). This band was significantly weaker and migrated
slightly above the SecY-YidC cross-link. This pBpa-indepen-
dent cross-link is probably the result of UV-dependent radical
formation of aromatic amino acids that favors nonspecific
protein—protein and protein—nucleic acid cross-links (56, 57).

In summary, although both YidC and PpiD bind to the lateral
gate of SecY, under the conditions tested here, they do not seem
to compete with each other.

The on-column cross-linking did not reveal increased
enrichment of YidC upon YidC co-expression (Fig. 1D). This
was different for the pBpa cross-linking approach, which
showed increased amounts of the SecY-YidC cross-linking
product upon YidC co-expression (Fig. 2B). This probably
reflects the different chemistry of both cross-linkers and differ-
ences in the experimental approaches. The in vivo pBpa cross-
linking will also detect transient interactions that are probably
lost in the detergent-solubilized and washed samples that were
used for in vitro DSS cross-linking. In addition, the pBpa cross-
linking approach is less dependent on the amino acid position
of the partner protein, because it primarily reacts with C-H
bonds (58). In contrast, DSS will form cross-links between pri-
mary amines, e.g. via the N-terminal methionine and via lysine
residues and thus requires the stable proximity between spe-
cific residues.
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PpiD and YidC reach into the periplasmic cavity of the SecY
channel

A common feature of both PpiD and YidC is that they both
contain large periplasmic loops. Although the exact function of
these loops is unknown, a part of YidC'’s periplasmic loop is
involved in contacting the SecDFYajC complex (59), whereas
the periplasmic loop of PpiD appears to facilitate the folding of
outer membrane proteins (60). The close interaction of SecY
with either YidC or PpiD prompted us to determine whether
this not only involves the lateral gate but possibly also the
periplasmic cavity of the SecY channel. Therefore, we gen-
erated several pBpa insertions in helix 2a, the plug domain of
SecY, which shields the pore ring between the cytoplasmic
and periplasmic cavities (Fig. 3A). E. coli cells expressing
SecYEG with pBpa at different positions within the plug
were UV-exposed and analyzed by immunodetection using
both a-PpiD and a-YidC antibodies. The 110-kDa PpiD-
SecY cross-link product was detectable for almost all plug
residues that were analyzed, but it was most prominent for
residues Ser-68, Phe-64, and Asn-65 (Fig. 3, A and B). In
addition, Ile-61 showed an additional cross-linking product
at ~100 kDa (*) and Met-63 at ~85 kDa (Fig. 3, #). Although
the latter could correspond to the SecY-YfgM cross-linking
product, the identity of the 100-kDa cross-link was not fur-
ther analyzed.
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Figure 3. Plug domain of SecY makes multiple contacts to both YidC and PpiD. A, cartoon showing the structure of the SecYEG complex (PDB 4V6M) with
the position of the plug helix (blue). Residues that were replaced with pBpa for in vivo cross-linking are indicated. B, BL21 cells expressing SecYEG variants
containing pBpa at different positions of the plug domain were UV-exposed when indicated, and SecYEG was purified via the C-terminal His-tag on SecY. The
purified samples were further analyzed by SDS-PAGE and Western blotting for identification of cross-linking products. The membrane was decorated with
a-PpiD antibodies, and the SecY-PpiD cross-linking products as well as the co-purifying PpiD are indicated. The lower part of the membrane was also decorated
with a-SecY antibodies for controlling that comparable amounts of SecY were loaded. However, because of the low quality of the a-SecY antibody, detection
required longer exposure times. The SecY(161pBpa) cross-linking product at ~100 kDa (*) reflects an uncharacterized product, whereas the 85-kDa product of
SecY(M63pBpa) (#) likely reflects the SecY-YfgM product. G, as in B, but the membrane was decorated with a-YidC antibodies, and the SecY-YidC cross-linking
products as well as the co-purifying YidC are indicated.
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the SecYEG complex (PDB 46VM). The positions where pBpa was inserted are indicated. B, in vivo cross-linking of BL21 cells expressing SecYEG with pBpa
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Samples were processed as described in the legend to Fig. 3 and decorated with either a-PpiD (B) or a-YidC antibodies (C). The lower part of the membrane was

decorated with a-SecY antibodies.

When the same material was decorated with a-YidC anti-
bodies, the 95-kDa YidC—SecY cross-link product was detect-
able for residues Met-63, Met-66, Phe-64, and Asn-65 and most
pronounced for residue Met-66 (Fig. 3C). Thus, YidC and PpiD
not only bind to the lateral gate via their respective TMs, but
their large periplasmic domains also reach into the periplasmic
cavity of SecY. Note that due to the lower quality of the SecY
antibody compared with the a-PpiD and a-YidC antibodies,
the lower parts of each gel panel required longer exposure.

Although the plug domain is conserved in prokaryotic and
eukaryotic SecY/Sec61a homologs, its deletion is tolerated (8,
9, 61-63), likely because additional residues move into the
vacated area (64). Nevertheless, the deletion of the plug causes
a prlA-like phenotype. The expression of priA alleles of SecY
lead to reduced subunit interactions within the SecYEG com-
plex and to a lower dependence of protein translocation on
functional signal sequences (63). Whether deleting the plug
influences the interaction of SecY with either PpiD or YidC was
analyzed by inserting pBpa into a plug deletion mutant. When
pBpa was inserted at position 91 within TM2b of the lateral gate
(Fig. 4A), the cross-link to both PpiD and YidC increased in the
absence of the plug domain (Fig. 4, Band C). For the YidC-SecY
interaction, this confirms previous data that had shown that a
prlA phenotype is associated with an increased SecY-YidC
interaction (22, 65). The same was now also observed for PpiD,
suggesting that the absence of the plug enhances the interaction
of SecYEG with both YidC and PpiD.

SASBMB

This was further analyzed by inserting pBpa into positions
Ile-191 (TM5) and Ile-278 (TM?7), which are both part of the
pore ring and located inside of the aqueous SecY channel. PpiD
cross-linked to both residues within the SecY channel, demon-
strating that PpiD has access to the channel interior (Fig. 4B).
The amount of cross-linked material increased when the
plug helix was deleted, indicating that access of PpiD to the
channel interior is controlled by the plug domain. Upon UV-
irradiation, we noticed a weak increase of PpiD co-purifying
with WT SecY and the Ile-278 variant. However, the reason
for this is unknown.

YidC contacts to the channel interior have been observed in
vitro using purified inner membrane vesicles (INV) (65). How-
ever, in contrast to PpiD, YidC does not show significant cross-
links to the SecY channel interior in vivo, and deleting the plug
domain does not significantly influence this (Fig. 4C).

In summary, although both PpiD and YidC contact the
periplasmic vestibule of the SecY channel, PpiD covers a larger
surface area of the plug domain and contacts, at least tran-
siently, also the SecY pore ring within the aqueous protein-
conducting channel.

Contribution of YidC and PpiD to protein transport

The deep protrusion of PpiD and YidC into the periplasmic
cavity of SecY, together with published data showing that PpiD
interacts with nascent chains that are trapped within the
SecYEG translocon (45, 48), would be in line with a role of PpiD
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and YidC in helping substrates to exit the SecYEG translocon.
This could also explain the increased translocation activity of
prlA translocons, because they show enhanced contact to YidC
and PpiD (Fig. 4).

This was analyzed by using a molecular force sensor, a
method that was established for monitoring the force that is
exerted on a nascent chain during protein transport (66). In
brief, leader peptidase (LepB) was fused to the Mannheimia
succiniproducens SecM—stalling sequence, which is arrested
within the ribosomal peptide tunnel during translation (Fig.
5A) (67, 68). This construct was expressed in WT cells in the
presence of **S-labeled methionine and -cysteine. After label-
ing for several minutes, the cells were denatured, and the
arrested protein was detectable as a stalled protein of lower
mass. However, if a pulling force is large enough to overcome
the stalling of the SecM peptide within the ribosomal tunnel,
then full-length LepB is synthesized. Thus, the fraction of full-
length versus arrested LepB can serve as indicator for the
exerted force.

When the LepB construct was expressed in E. coli WT cells
(MC4100), an increase in full-length LepB was observed over
time that was accompanied by a decrease of the arrested LepB
(Fig. 5B). When the same experiment was performed with cells
that had been treated with CCCP to collapse the proton-motive
force (pmf), a significant portion of the truncated LepB was still
detectable after 6 min of labeling. Thus, as shown before, this
approach is suitable for detecting the force that is applied on a
substrate during translocation across the SecYEG channel (66).
The data also show that efficient translocation requires the pro-
ton-motive force.

Quantification of the fraction of full-length LepB (Fp) in
MC4100 cells and in a AppiD/yfgM double-deletion strain did
not show a significant difference in the time-dependent accu-
mulation of full-length LepB (Fig. 5C). This was different for the
conditional YidC-depletion strain JS7131, which carries the
yidC gene under the control of the arabinose promotor (40).
When cells were grown in the presence of arabinose (YidC™),
the accumulation of full-length LepB was comparable with
MC4100 and AppiD/yfgM cells (Fig. 5C). However, when cells
were grown in the absence of arabinose (YidC™), the amount of
full-length LepB was significantly reduced (Fig. 5C). For exclud-
ing that secondary effects, like the reduction of the SecY con-
tent upon YidC-depletion, were responsible for the reduced
transport of LepB, the cells used for the pulse-chase experi-
ments were analyzed by Western blotting (Fig. 5D). Cells grown
in the absence of YidC had only negligible amounts of YidC,
whereas the levels of SecY, PpiD, and YfgM were unchanged
(Fig. 5D).

Collapsing the pmf reduced the pulling force on LepB, and
the effect of CCCP was also analyzed for the AppiD/yfgM strain
and the conditional yidC mutant. The CCCP effect on the pull-
ing force after 9 min of labeling was comparable between W'T
cells and the AppiD/yfgM cells or YidC-containing JS7131 cells.
However, upon YidC depletion, CCCP did not further reduce
the accumulation of full-length LepB (Fig. 5E). Immunodetec-
tion revealed that PpiD/YfgM were indeed absent in the corre-
sponding single- or double deletion strains, without signifi-
cantly affecting the SecY or YidC levels (Fig. 5F). Only the YfgM
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levels were slightly reduced in the absence of PpiD, further sup-
porting the notion that both proteins form a complex in the
E. coli membrane (44). These data indicate that PpiD/YfgM do
not execute a detectable pulling force on LepB traversing the
SecYEG translocon. This is different for YidC; in the absence of
YidC, the pulling force is significantly reduced. However, it is
difficult to determine whether this is a direct or indirect effect,
because the depletion of YidC also reduces the pmf (69). Still,
the deep penetration of YidC into the periplasmic vestibule of
SecY would support a direct effect that needs to be further
analyzed.

PpiD also interacts with YidC

The SecYEG complex cooperates with multiple partner pro-
teins, and this includes at least two periplasmic chaperones, the
PpiD/YfgM complex as shown above and Skp (70). However,
periplasmic partner proteins of the YidC insertase have not
been described so far. We therefore analyzed whether YidC
would also interact with periplasmic chaperones by using dif-
ferent cross-linking approaches in vivo and in vitro. In a first
approach, a His-tagged YidC variant was expressed in WT
E. coli cells and treated with the zero-length chemical cross-
linker paraformaldehyde (PFA). After purification of YidC and
its potential cross-linked partner proteins, the material was
probed with a-PpiD antibodies, which detected multiple PFA-
dependent bands. The most prominent PFA-dependent band
was detected at ~130 kDa, which would be in line with the
predicted mass of a YidC—PpiD cross-link product (Fig. 6A).
Noncross-linked PpiD was also present in the PFA-treated
sample, which is probably the result of partial cleavage of the
temperature-sensitive PFA-induced covalent bond (71).

Previous data had shown that the cytosolic C1-loop of YidC
and in particular residue Asp-399 is a hot spot for interactions
with SRP, FtsY, and SecY (55). This residue was therefore also
tested in vitro for interactions with PpiD. YidC(D399pBpa) was
expressed in WT cells, and INV were isolated. After UV-expo-
sure of INV, the material was analyzed by immunodetection
with a-PpiD antibodies, which detected a cross-link at ~130
kDa and a second UV-dependent band at ~110 kDa (Fig. 6B).
However, the latter was also present in WT INVs not contain-
ing the YidC(D399pBpa) variant. These data indicate that the
cytosolically exposed N terminus of PpiD is in close proximity
to the C1-loop of YidC.

pBpa was also inserted into position 249 of the periplasmic
loop of YidC, and potential cross-links were analyzed by MS.
This also revealed PpiD as a prominent contact partner of YidC
(Table 2). In addition, we observed contacts to the periplasmic
chaperone Skp, which like PpiD was suggested to be involved in
releasing substrates from the SecYEG translocon (70), to the
periplasmic chaperone FkbA and to leader peptidase LepB. In
summary, PpiD is not only in close contact to the SecYEG
translocon, but also to the YidC insertase, and this interaction
involves both the cytosolically-exposed loops and the large
periplasmic domain of YidC.

Discussion

Dynamic protein assemblies facilitate the transport of a large
variety of substrate proteins across biological membranes. This
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Figure 6. PpiD also interacts with YidC. A, in vivo p-formaldehyde (PFA)
cross-linking was performed with BL21 cells expressing YidC. After PFA treat-
ment, YidC was purified via metal-affinity chromatography, separated by
SDS-PAGE, and analyzed by Western blotting with a-PpiD antibodies. PpiD
and its potential cross-link to YidC are indicated. B, in vivo photocross-linking
was performed with BL21 cells expressing either YidC WT or YidC with pBpa
incorporated at position 399 within the cytosolic loop C1 of YidC. YidC was
purified via metal-affinity chromatography and analyzed by SDS-PAGE and
Western blotting with a-PpiD (top) or a-YidC (bottom) antibodies.

is exemplified by the Sec61 complex in the endoplasmic retic-
ulum membrane or the SecYEG complex in cytoplasmic mem-
brane of bacteria (1, 29). Both homologous complexes consist of
three core proteins, which associate with multiple partner pro-
teins. The best-characterized accessory proteins of the bacterial
SecYEG complex are YidC (22, 40, 65, 72) and the SecDFYajC
complex (32, 33, 73), which form together with SecYEG the
so-called holo-translocon (42). Although additional accessory
proteins of the SecYEG translocon have been identified and at
least partially characterized (74—-76), a global and quantitative
assessment of the SecYEG interactome was still missing.

Unexpectedly, our analyses identified YicN, PpiD, and YfgM
as dominant partner proteins of the SecYEG translocon in
E. coli. YicN is an uncharacterized protein that is primarily
present in enterobacterial genomes, but possible paralogs also
exist in some eukaryotic parasites. Global transcriptome anal-
yses suggest yicN induction upon heat stress (98), and the
enrichment of YicN with the SecYEG translocon could be part
of a stress response mechanism, which is currently under
investigation.

The close proximity of PpiD/YfgM and SecYEG has been
observed before by cross-linking (45, 46, 48); furthermore,
PpiD/YfgM and SecYEG were shown to form a complex in the
E. coli membrane (44, 49). A very recent E. coli membrane
interactome study also detected PpiD and YfgM as partner pro-
teins of SecY (77). However, PpiD/YfgM were generally consid-
ered to be minor SecYEG partner proteins, because no detect-
able protein transport defect was observed in their absence, and

a AppiD deletion strain did not show a strong phenotype (46).
However, because of the reported functional redundancy of the
periplasmic chaperone systems, phenotypes are often only
detectable when multiple periplasmic chaperones are deleted
(78, 79). In addition, a recent study re-evaluated the effect of
PpiD on protein secretion and found that at low SecYEG con-
centrations, PpiD stimulated the translocation of the outer
membrane protein OmpA or the periplasmic protein SfmC in
vitro and enhanced their detachment from the membrane (48).
These observations could indicate that PpiD is involved in
clearing the SecYEG translocon or in the subsequent release of
substrates into the periplasm. This would be in line with the
deep penetration of PpiD into the periplasmic cavity of the SecY
channel, as observed here.

It was recently shown that during the translocon-mediated
transport, pulling forces act on nascent substrates (66, 80, 81).
These forces are proposed to be generated at least partially by
the transmembrane electric potential and by interactions of
charged residues with membrane or protein surfaces (66). By
using the force sensor approach with an established arrest pep-
tide, our data demonstrate that the absence of PpiD/YfgM does
not reduce the force exerted on a translocating substrate. Thus,
although PpiD was shown to bind to a nascent chain arrested
within the SecYEG translocon (45), PpiD does not seem to
apply a pulling force on its substrates. This is in line with the
observation that PpiD contains an inactive peptidylprolyl-
isomerase domain (47), which likely excludes force generation
by substrate folding. PpiD could prevent back-sliding of the
polypeptide chain and thus enhance the directionality of pro-
tein transport or facilitate the handover of substrates from the
Sec machinery to the periplasmic chaperone network (82). Dif-
ferent from PpiD, the depletion of YidC reduces the pulling
force exerted on a nascent protein. This could be due to the
reduced pmf in the absence of YidC (69) and/or to a direct
involvement of YidC in pulling. A direct involvement of YidC in
substrate pulling might explain why the translocation of shorter
periplasmic loops in membrane proteins is SecA-independent,
whereas longer periplasmic loops (> ~30 amino acids) require
the ATPase activity of SecA (83, 84).

PpiD and YidC engage largely-identical contact sites on SecY
and are in contact with the lateral gate, the plug, and the
periplasmic vestibule. Thus, they basically align with the path a
substrate protein takes during SecY-dependent transport.
Despite using almost identical binding sites on SecY, our data
indicate that PpiD and YidC show noncompetitive binding to
SecY. This would point to the existence of different SecYEG

Figure 5. YidC but not PpiD/YfgM executes a pulling force on nascent SecY substrates. A, cartoon showing the LepB-SecM(Ms) force sensor used in this
study. The arrest peptide (AP) is shown in red, and the distance between the arrest peptide and the C terminus is 23 amino acids. B, LepB-SecM(Ms) was
expressed in vivo in WT E. coli strain MC4100 and labeled with [**S]methionine/cysteine. After the indicated time, whole cells were precipitated with ice-cold
trichloroacetic acid (TCA), and samples were after centrifugation and denaturation in loading dye separated by SDS-PAGE and analyzed by phosphorimaging.
Indicated are the full-length LepB-SecM(Ms) and the stalled version, lacking the C-terminal 23 amino acids. When indicated the protonophore CCCP was added
for dissipating the proton-motive force. G, as in B, but the AppiD/yfgM double deletion strain and the conditional YidC-depletion strain JS7131 were used for
expression. JS7131 was grown either in the presence of arabinose (YidC™) or in the presence of glucose (YidC™). The amounts of full-length and stalled LepB
were quantified after phosphor-imaging using the ImageQuantTL/ImageJ software, and the fraction of the full-length(Fy) is displayed. The values correspond
to the mean of at least three independent replicates, and the standard deviation is indicated by error bars. D, amounts of YidC, SecY, PpiD, and YfgM in JS7131
cells analyzed in C were determined by Western blotting of TCA-precipitated cells. E, fraction of full-length LepB after 9 min of labeling was analyzed in the
indicated strains in the presence or absence of CCCP for dissipating the pmf. Shown are the mean values of at least three independent experiments, and the
standard deviations are indicated by the error bars. p values were calculated with an unpaired t test (n =3). **** p value < 0.0001; **, p value < 0.01. n.s. is not
significant. F, amounts of PpiD, YfgM, SecY, and YidC in the indicated single and double deletion strains were analyzed as in D.
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Table 2
Interaction of YidC with periplasmic chaperones and leader peptidase

PpiD and YidC binding to the SecYEG translocon

A non-UV-irradiated (not cross-linked, —UV) and a UV-irradiated (cross-linked, +UV) sample of YidC(K249pBpa) purified from whole cells was separated on a 5-15%
SDS gel, and the proteins were visualized by Coomassie staining. The —UV and the +UV lanes were cut into equal slices followed by in-gel trypsin digestion and mass

spectrometry. Shown are the quantification for PpiD, Skp, FkbA, and LepB.

YidC(K249pBpa) in vivo cross-links

Molecular Gel molecular Relative intensity
Protein” mass” mass® (=UV/+UV)? Coverage® Peptides”
kDa kDa %
PpiD 68.1 168 0.02 48.6 24
Skp 16 79 0.00 37.3 7
FkbA 28.9 116 0.00 3.7 1
LepB 359 133 0.00 36.7 13

“ This is the protein identified.
® This is the calculated molecular mass.
¢ The molecular mass of the gel slice was determined by extrapolation.

4 The relative intensity observed in gel slices from the control lane (—UV) compared with the +UV lane is shown.

¢ The sequence coverage of the total sequence was by detected peptides.
/"This is the number of peptides detected.

subassemblies, in which SecYEG is either in contact with PpiD
or with YidC. This is in line with the observation that YidC and
PpiD were found in different SecYEG complexes on blue
native—PAGE (44, 46). Furthermore, PpiD was not detected in
the SecYEG-YidC-SecDF holo-translocon (43, 85).

The MS-based interactome analyses were performed in vitro
with sucrose gradient—purified and solubilized INVs, whereas
the pBpa cross-linking was performed in vivo. It therefore
appears unlikely that the association of SecYEG with either
PpiD or YidC is substrate-controlled, because the SecYEG
translocon in INVs is largely in its resting state and does not
contain bound substrates (86). An alternative explanation is
that the association of SecYEG with either YidC or PpiD is
controlled by additional partner proteins. A likely candidate
is the SecDF complex, which was suggested to tether YidC to
the SecYEG complex (33, 59). Although YidC binding to the
lateral gate of SecY is observed even in the absence of the SecDF
complex (22), the abundance of SecYEG/YidC complexes is
reduced in the absence of SecDF (87). The exact copy number
of the SecDF complex in E. coli is debated. Although biochem-
ical characterizations indicate a very-low copy number (~50
copies per E. coli cell (88, 89)), ribosome profiling data suggest
more than 2,500 copies (54). If SecDF is indeed required for a
stable YidC/YEG complex, SecDF would limit the amount of
detectable SecYEG/YidC complexes if sub-stoichiometric to
SecYEG. This would explain why the majority of SecYEG is in
contact with PpiD/YfgM as observed here. It should be noted
that the experiments described here are performed with a plas-
mid-encoded SecYEG copy and therefore at increased SecYEG
concentrations. However, YidC (~8,000 copies) and PpiD
(~4,000 copies) are much more abundant than the SecYEG
complex (~500 copies) (Table 1) (50). Thus, at the approximate
5-10-fold higher SecYEG levels as a consequence of the used
expression system (55), the number of SecYEG molecules
would approximately match the number of PpiD/YidC
molecules.

In summary, our data have identified the PpiD/YfgM chap-
erone complex as a primary interaction partner of the SecYEG
translocon. PpiD engages the same interaction surface on SecY
as the established SecY partner protein YidC, yet their binding
to SecYEG seems to be noncompetitive. This likely indicates
that SecYEG exists in a at least two subassemblies, the SecYEG/
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YidC complex, probably also containing SecDF, and the
SecYEG-PpiD/YfgM complex. These subassemblies might
enhance the efficiency of protein transport, e.g. the SecYEG—
SecDF-YidC would be optimized for inner membrane proteins
and the SecYEG-PpiD/YfgM for secretory proteins/outer
membrane proteins. This would be in line with the observation
that the SecYEG—SecDF/YidC complex is less efficient in trans-
porting secretory proteins (43), while the deletion of YfgM
reduces the stability of the outer membrane (44, 90). Our data
furthermore show that YidC also interacts with periplasmic
chaperones, like PpiD, Skp, and FkbA. Thus YidC, like SecYEG,
likely also acts in concert with accessory proteins during mem-
brane protein insertion. The possible existence of different
SecYEG subassemblies and heterooligomeric YidC complexes
adds yet another level of complexity to the bacterial protein
transport system that needs to be further explored.

Experimental procedures
Bacterial strains, plasmids, and bacterial growth

In this study, the following E. coli strains were used: BL21
(Merck, Darmstadt, Germany); Dh5a (91); MC4100 AppiD/
yfgM::kan (44); JS7131 (40); BL21 pTRc99aSecY ;. EG/pSup
(22); BL21 pTRc99aSecY,; . EG/pEVol or pTRc99aSecY,; EG-
YidC/pEVol plasmids (55). For in vivo *>*S-labeling, the plasmid
pRS1 (amp®) was designed, containing the pBR322 origin and
the coding sequence for Rop, which controls the plasmid copy
number. It contains the 77 RNA polymerase under the control
of the constitutive synthetic EM7 promoter, a lacl-controlled
T7 promotor upstream of the multiple cloning site, and the 77
transcription terminator downstream of the multiple cloning
site. This allows high level and IPTG-dependent in vivo expres-
sion. Custom cloning service for the plasmid, which was pro-
vided by VectorBuilder Inc.

The pRS1-LepB—SecM(Ms) plasmid was constructed by
Gibson assembly using the LepB—SecM(Ms) insert amplified by
PCR with the primer pING1-forward (5'-cagaagcagaaagaaggt-
aag-3') and pING1-reverse (5'-tgccacctgacgtctaag-3’), and the
pRS1 vector opened by reverse PCR with the primer pET-MCS
anti-opening forward (5'-ctcgagtagcataaccccttggg-3') and
pET-MCS anti-opening reverse (5'-catggggtatatctccttcttaaag-
3"). As template DNA for generation of the lepB-SecM(Ms)
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insert, the plasmid NB726 pING-Lep6LMSnoCys (kindly pro-
vided by G. von Heijne, University of Stockholm) (66) was used.
All PCR steps were performed with PfuUltra II fusion HS DNA
polymerase (Agilent) and the provided buffers according to the
manufacturer’s instructions. The insert-vector assembly was
performed with Gibson Assembly® Cloning Kit (New England
Biolabs) at a 1:3 ratio.

The SecY-pBpa plug variants (residues 61-71) and the plug
deletion mutant were constructed by site-directed mutagenesis
using the PfuUltra II fusion HS DNA polymerase kit (Agilent)
inserting TAG stop codons at the indicated positions using
pTrc99a-SecY,,; ,EG as template. This plasmid was also used for
removing residues 61-70 creating the plug-deletion variant of
SecY. All primers used for TAG stop-codon insertion or plug
removal are listed in the supporting Data.

In vivo and in vitro cross-linking

The in vivo paraformaldehyde cross-linking protocol was
performed as described previously (55).

For site-directed cross-linking BL21 cells containing the
pEVol plasmid together with SecY or YidC variants in pTrc99a
plasmids were cultured overnight in LB medium at 37 °C. 10 ml
of the overnight culture was further used for inoculation of 1
liter of LB medium supplemented with 1 ml of 0.5 M pBpa (final
concentration, dissolved in 1 M NaOH), 50 ug/ul ampicillin,
and 35 ug/ul chloramphenicol. The cultures were further incu-
bated at 37 °C until they reached the early exponential growth
phase (ODg,,, = 0.5—0.8) and were induced with 0.5 mm IPTG.
After induction, the cultures were grown for 2h at 37 °C, cooled
down on ice for 10 min, and harvested by centrifugation at
3,738 X ginaJLA 9.1000 rotor for 10 min. The cell pellets were
resuspended in 10 ml of PBS buffer (137 mm NaCl, 2.7 mm KCl,
10 mm Na,HPO, and 1.76 mm KH,PO,) and divided in two
multiwell plates. One plate was exposed to UV light on ice for
20 min (UV chamber: BLX-365, from Vilber Lourmat), and the
other plate was kept in the dark. After UV irradiation, the cell
suspension was transferred to 50-ml Falcon tubes, and cells
were collected by centrifugation at 4,500 X g for 10 min in an
Eppendorf A-4-44 rotor. Each cell pellet was resuspended in 10
ml of resuspension buffer (50 mm Tris/HCI, pH 7.5, 300 mm
NaCl, 10 mm Mg(Ac),) for subsequent YidC purification or 20
mm Tris/HCI, pH 7.5, 300 mm NaCl, 5 mm MgCl, for subse-
quent SecY purification. Next, the samples were lysed by
French pressing, and the cell debris was removed by centrifu-
gation at 30,000 X g for 30 min in an SS34 rotor. The superna-
tant was further centrifuged at 244,061 X g for 1.5 hina TLA
50.2 rotor for membrane sedimentation. Next, the membrane
pellets were solubilized in 1% (w/v) n-dodecyl B-p-maltoside
(DDM) dissolved in resuspension buffer supplemented with
10% (w/v) glycerol for 1 h at 4 °C. YidC or SecY was purified via
metal-affinity chromatography using TALON® metal-affinity
resin (Clontech). The samples were incubated for 1 h at 4 °C
with 1 ml/liter LB culture of pre-equilibrated TALON® metal-
affinity resin, washed five times with 10 ml/sample of washing
buffer (40 mMm imidazole, 10% glycerol (w/v), 50 mm Tris/HCI,
pH 7.5, 300 mm NaCl, 10 mm Mg(Ac),, and 0.03% DDM for
YidC purification or 5 mm imidazole, 10% (w/v) glycerol, 20 mm
Tris/HCI, pH 7.5, 300 mm NaCl, 5 mm MgCl,, and 0.03% DDM
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for SecY purification), and eluted four times in a total volume of
2 ml of elution buffer (200 mm imidazole, 10% glycerol (w/v), 50
mwMm Tris/HCl, pH 7.5, 300 mm NaCl, 10 mm Mg(Ac),, and 0.03%
DDM for YidC purification or 200 mMm imidazole, 10% (w/v)
glycerol, 10 ml of 20 mm Tris/HCI, pH 7.5, 300 mm NaCl, 5 mm
MgCl,, and 0.03% DDM for SecY purification). Next, the sam-
ples were precipitated with 1 volume of 10% trichloroacetic acid
(TCA) and denatured at 56 °C for 10 min in 35 ul of TCA load-
ing dye (prepared by mixing 1 part of solution III (1 m DTT)
with 4 parts of solution II (6.33% SDS (w/v), 0.083 M Tris base,
30% glycerol, and 0.053% bromphenol blue) and 5 parts of solu-
tion I (0.2 M Tris/HCI, 0.02 M EDTA, pH 8). Samples were sub-
sequently analyzed by Western blotting or by MS.

Preparation of material for mass spectrometric analyses

E. coli BL21 cells carrying plasmid pEVol and plasmid
pTrc99a-SecY,; EG or pTRc99aSecY,;;;EG-YidC were cul-
tured overnight at 37 °C in LB medium containing 50 ug/ml
ampicillin and 30 pg/ml chloramphenicol. 10 ml of the over-
night culture was further used for inoculation in 1 liter of min-
imal medium (1% w/v glycerol, 47.7 mm Na,HPO,, 22 mm
KH,PO,, 8.6 mm NaCl, 18.7 mm NH,Cl, 0.153 mm CacCl,, 0.59
mMm MgSO,, 2.07 um Na,MoO,, 4.198 um CoSO,, 37.49 um
MnSO,, 4.35 um ZnSO,, 6.29 um FeCl,, 16.17 um H;BO,, 40
mg/liter L-leucine, 1 mg/ml D-biotin, 1 mg/ml thiamine, 7
mg/liter chloramphenicol, 10 mg/liter ampicillin) until the cells
reached the early exponential growth phase (ODg,, = 0.5-0.8),
and protein expression was then induced with 0.5 mm IPTG.
After induction, the cultures were grown for 4 h at 30 °C, cooled
down on ice for 10 min, and harvested by centrifugation at
3,738 X gin a JLA 9.1000 rotor for 10 min. Each cell pellet was
resuspended in 10 ml of resuspension buffer (20 mm HEPES, pH
7.5, 300 mm NaCl, 5 mm MgCl,) to which 0.5 mm phenylmeth-
ylsulfonyl fluoride and 2 pills/liter cOmplete™ protease inhib-
itor mixture (Roche Applied Science®, Mannheim, Germany)
were added. Next, the samples were lysed by French pressing,
and cell debris was removed by centrifugation at 30, 000 X g for
30 min in an SS34 rotor. The supernatant was further centri-
fuged at 244,061 X gfor 1.5 hina TLA 50.2 rotor for membrane
sedimentation. Next, the membrane pellets were solubilized in
solubilization buffer (20 mm HEPES, pH 7.5, 300 mm NaCl, 5
mwm MgCl,, 10% glycerol, 1% DDM) for 1 h at 4 °C. Nonsolubi-
lized membranes were separated by centrifugation for 10 min at
18,407 X gin an Eppendorf FA-45-24-11 rotor at 4 °C. The super-
natant was transferred onto TALON® metal-affinity resin, which
was then washed twice with washing buffer (20 mm HEPES, pH
7.5, 300 mm NaCl, 5 mm MgCl,, 10% glycerol, 0.03% DDM, 5 mm
imidazole) and subsequently washed four times with imidazole-
free washing buffer. Furthermore, the material was washed four
times with imidazole-containing washing buffer and eluted in 2 ml
of elution buffer (20 mm HEPES, pH 7.5, 300 mm NaCl, 5 mm
MgCl,, 10% glycerol, 0.03% DDM, 200 mMm imidazole).

The chemical cross-linker DSS (Thermo Fisher Scientific,
Langenselbold, Germany) was dissolved in DMSO and incu-
bated with the samples for 30 min at 25 °C after the second
imidazole-free washing step (on-column cross-linking) or after
the elution step (solution cross-linking). A 100 mm DSS stock
solution was freshly prepared, from which either 50 ul were
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added to a total of 5 ml or 20 ul to a total of 2 ml. The final DSS
concentration was 1 mM. After the DSS incubation step, the
reaction was quenched by adding Tris/HCI, pH 7.5, froma 1 M
Tris/HCI stock solution to a final concentration of 20 mm.

Protein samples for MS analyses were precipitated with ace-
tone at —20 °C overnight and subsequently centrifuged with
18,407 X g in an Eppendorf FA-45-24-11 rotor at 4 °C for 20
min. After the supernatant was removed, the protein samples
were dried and denatured in 10 wl of 8 M urea (in 50 mm
NH,HCO,) Then, 1.1 ul of 50 mm Tris(2-carboxyethyl)phos-
phine (in 50 mm NH,HCO,) was added, and the sample was
incubated for 20 min at 37 °C with continuous shaking at 600
rpm. Subsequently, 1.23 ul of 500 mMm iodoacetamide (in 50 mm
NH,HCO,) was added and incubated for 20 min in the absence of
light. Finally, 3 ul of 100 mm DTT (in 50 mm NH,HCO;) and
subsequently 25 ul of 50 mm NH,HCO, were added. The protein
samples were digested overnight with 0.125 ug/ul trypsin at 37 °C
and then acidified with 0.1% TFA and centrifuged for 6 min at
13,523 X gin an FA-45-24-11 rotor. In-gel digestion of proteins
following site-directed cross-linking by UV irradiation of
YidC(K249pBpa) cells was carried out after cutting the —UV and
the +UV gel lanes into equal-sized slices as described previously
(10).

Peptide mixtures were analyzed by LC-tandem MS (LC-MS/
MS) using an Ultimate 3000 RSLCnano coupled to a Q Exactive
Plus (Thermo Fisher Scientific) mass spectrometer as described
(92) for SecYEG/SecY,4;,EG or an Ultimate inert HPLC system
(Dionex) coupled to an LTQ-FT (Thermo Electron Corp.), as
described previously (10) for YidC(K249pBpa). Proteins inter-
acting with SecY,;;EG were identified using the MaxQuant
software (version 1.5.5.1 (93)) searching against the UniProt
E. coli proteome set sequence database (version 2018_08, 4,344
entries) allowing a maximum of three missed cleavages of tryp-
sin, a mass tolerance of 4.5 ppm for precursor, and 20 ppm for
fragment ions. Methionine oxidation and hydrolyzed DSS at
lysines were specified as variable modifications and carbami-
domethylation of cysteine as fixed modification. The lists of
both peptide and protein identifications were filtered applying
a threshold for the false discovery rate of <0.01. Only proteins
detected in at least two biological replicates, identified with
=20% sequence coverage and a minimum of two peptides, were
considered as reliably identified. The LFQ algorithm was used
for label-free relative quantification with a minimum ratio
count of 1. Intensity ratios (SecY,;EG versus SecYEG) were
computed and, when needed because one value of a ratio pair
was zero, missing values were replaced using data imputation to
simulate signals of low abundant proteins near the detection
limit of the instrument (94). Missing values were based on the
mean and standard deviation of the distribution of all logarith-
mic intensities using a downshift of 2.1 and a width adjustment
of 0.2. To determine significant interactors, logarithmic ratios
were normalized for each replicate and subjected to two-sided ¢
tests across all replicates. Threshold values for p value and ratio
in volcano plots were defined using symmetric hyperbolic
curves separating false-positive identifications on the left side
(ratios <1) and a set of significant interactors on the right side
(ratios >1) (95). Final parameters used to ensure a false-positive
rate of <0.01 were a bend of 0.25, p value threshold of 0.05, and
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log,, ratio limit of 10. Relative protein abundances are best
estimated by iBAQ intensities that correct protein intensities
for the number of possible proteolytic peptides. For YidC
(K249pBpa) in vivo cross-linking experiments, MS data analysis
was carried out similarly, except that a maximum of two missed
cleavages of trypsin was allowed, a mass tolerance of 0.5 Da for
fragment ions was used, and no further filtering for the number
of peptides or sequence coverage was applied. Only proteins
having LFQ intensity gel lane profiles that showed a UV-depen-
dent mass shift relative to their calculated molecular mass were
accepted as specific interaction partners.

In vivo pulse labeling of LepB-SecM(Ms) ribosome-associated
polypeptide chains

10 ml of LB medium were inoculated with either MC4100
or MC4100 AppiD + yfgM:kan carrying the pRS1-LepB-—
SecM(Ms) plasmid. 12.5 ug/ml kanamycin and 50 ug/ml ampi-
cillin were used in the pre-culture of MC4100 AppiD +
yfgM::kan strain, whereas for the MC4100 strain only ampicillin
was used. The bacterial cultures were grown at 37 °C overnight,
harvested, and resuspended after washing in 1 ml of M63
medium (20 g/liter glycerol, 13.6 g/liter KH,PO,, 2 g/liter
(NH,),SO,, 0.5 mg/liter FeSO,, pH 7.0, adjusted with KOH, 0.5
mg/ml thiamine, and 0.1 mm of the 18-amino acid mix (all
essential amino acids with the exception of cysteine and methi-
onine)). 200 wl of the cell suspension were used for inoculation
of 20 ml of fresh M63 media supplemented with 50 ug/ml
ampicillin in 100-ml Erlenmeyer flasks. The cultures were
grown at 37 °C until they reached an ODg, of 0.5-0.9. Subse-
quently, 108 cells from each culture were collected and trans-
ferred to 2-ml Eppendorf tubes already containing 50 ug/mg
rifampicin to inactivate the endogenous RNA polymerase for
10 min at 37 °C. The volume of each tube was adjusted to 2 ml
with fresh M63 medium, and all cultures were incubated in a
thermomixer for 10 min at 37 °C. Then 0.1 mm of the protono-
phore CCCP was added when indicated, and the cultures were
incubated for 7.5 min at 37 °C. After the CCCP treatment, the
production of LepB—SecM(M:s) ribosome-associated polypep-
tide chains was induced by simultaneous addition of 0.1 MIPTG
and 2 ul of L-[**S]methionine and L-[**S]cysteine mix (7 mCi/
ml, PerkinElmer Life Sciences). Subsequently, 100 ul of each
sample were collected at the indicated time points and directly
precipitated by addition of 10% TCA and incubation on ice for
30 min. The precipitated proteins were recovered as pellets by a
12-min centrifugation at 15,871 X g in an Eppendorf FA-45-
24-11 rotor at 4 °C. Each pellet was denatured in 35 ul of TCA
loading dye at 56 °C for 12 min with 1,400 rpm continuous
shaking. The TCA loading dye is prepared by mixing 1 part of
solution IIT (1 m DTT) with 4 parts of solution II (6.33% SDS
(w/v), 0.083 m Tris base, 30% glycerol, and 0.053% bromphenol
blue) and 5 parts of solution I (0.2 M Tris base, 0.02M EDTA, pH
8). Subsequently, the samples were loaded onto a 15% SDS-
PAGE and run overnight at 17 mA before the gel was dried and
analyzed by phosphorimaging.

YidC depletion procedures

To deplete YidC, the E. coli strain JS7131 was used (40). The
efficient depletion of YidC was initiated by inoculation of 10 ml
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of LB + 0.2% arabinose with JS7131 carrying the pRS1-LepB—
SecM(Ms) plasmid, and cells were grown overnight at 37 °C.
Spectinomycin and ampicillin were present at a final concen-
tration of 50 wg/ml. 200 wul of the pre-culture were used for
inoculation of 20 ml of LB culture containing 0.2% arabinose
(for YidC expression), and the culture was grown at 37 °C until
it reached an ODg, of 0.5. The cells were subsequently har-
vested at 4,500 X g for 10 min in an Eppendorf A-4-44 rotor at
room temperature, washed with 10 ml of pre-warmed LB
medium lacking arabinose, and collected again by centrifuga-
tion. The cell pellet was further resuspended in 1 ml of 37 °C
fresh LB and transferred to a 19-ml pre-warmed LB medium
lacking arabinose. Growth was monitored at OD,, until the
ODy,, doubled, and then 10 ml of the culture were replaced
with 10 ml of pre-warmed LB medium, and the culture was
grown again at 37 °C until the ODg,, doubled. For complete
depletion of YidC, five steps of LB medium exchange were
required. In the fifth step the entire culture was centrifuged down
and resuspended in 20 ml of M63 medium and further incubated
at 37 °C for 30 min. 10® cells were collected for Western blotting
with a-YidC antibodies or antibodies against SecY, PpiD, and
YfgM, and the remaining of the culture was subjected to rifampi-
cin treatment and radioactive labeling as described above.

Immunodetection and antibodies

For immunodetection of SDS-PAGE, proteins were electro-
blotted onto nitrocellulose membranes (GE Healthcare). Mem-
branes were blocked with 5% milk powder in T-TBS buffer for
at least 1 h. Polyclonal antibodies against YidC were generated
in rabbits against the complete and SDS-denatured protein
(96). a-YidC antibodies have been validated before (87).
Antibodies against the SecY peptide MAKQPGLDFQSAKG-
GLGELKRRC were raised in rabbits by GenScript Biotech
(Leiden, Netherlands) and have been validated before (30, 55,
87). Polyclonal antibodies against PpiD/YfgM were a gift of Dan
Daley, University of Stockholm, and have been validated before
(Fig. S2) (44). Peroxidase-coupled goat anti-rabbit antibodies
(Caltag Laboratories, Burlingham, CA) were used as secondary
antibodies with ECL (GE Healthcare).

Reproducibility statement and statistical analyses

All experiments were performed at least twice as indepen-
dent biological replicates. Each replicate consisted of at least
two technical replicates. Only representative Western blottings
are displayed. Statistical significance between groups was estab-
lished using the unpaired Student’s ¢ test. p << 0.05 was considered
to be significant. Data analyses and presentation were performed
in Excel 2002 (Microsoft Corp.) and GraphPad Prism for Win-
dows version 7.00 (GraphPad Software, San Diego).
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