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The insertase YidC chaperones the polytopic
membrane protein MelB inserting and folding
simultaneously from both termini
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In brief

Blaimschein et al. monitors the folding
pathways of single melibiose permeases
MelB into the membrane. MelB itself
forms two folding cores from which it
stepwise inserts and folds into the
membrane. However, this self-insertion
process is prone to misfolding. It is
observed how YidC accelerates and
chaperones this folding process.
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SUMMARY

The insertion and folding of proteins into membranes is crucial for cell viability. Yet, the detailed contributions
of insertases remain elusive. Here, we monitor how the insertase YidC guides the folding of the polytopic
melibiose permease MelB into membranes. In vivo experiments using conditionally depleted E. coli strains
show that MelB can insert in the absence of SecYEG if YidC resides in the cytoplasmic membrane. In vitro
single-molecule force spectroscopy reveals that the MelB substrate itself forms two folding cores from which
structural segments insert stepwise into the membrane. However, misfolding dominates, particularly in
structural regions that interface the pseudo-symmetric a-helical domains of MelB. Here, YidC takes an
important role in accelerating and chaperoning the stepwise insertion and folding process of both MelB
folding cores. Our findings reveal a great flexibility of the chaperoning and insertase activity of YidC in the
multifaceted folding processes of complex polytopic membrane proteins.

INTRODUCTION

Membrane protein biogenesis is essential for cell viability.' In
bacteria, the highly conserved SecYEG and YidC pathways facil-
itate the insertion and folding of membrane proteins into the
cytoplasmic cell membrane.?™ The Sec translocon, consisting
of the subunits SecY, SecE, and SecG, together with accessory
proteins, forms a multi-protein complex called the holo-translo-
con, which inserts polytopic membrane proteins into the
cytoplasmic membrane.>® YidC can act as part of the Sec
holo-translocon or independently to facilitate the insertion and
folding of mostly smaller, single- or double-spanning membrane
proteins.”*® Interestingly, YidC has also been shown to promote
the insertion and folding of the much more complex polytopic
membrane protein lactose permease LacY.”"

YidC is an essential cellular insertase and chaperone having
highly conserved homologues in all kingdoms of life.'*"®
Furthermore, YidC protein sequences in Gram-negative bacteria
share high similarities of up to 99%.'* The crystal structure of
YidC revealed a coiled-coil domain in the cytoplasmic loop C1
and five core transmembrane a-helices forming a hydrophilic
groove that opens toward the cytoplasm and reaches halfway
through the lipid bilayer.'® During the insertion process, the
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nascent amino-terminal hydrophilic segment initially binds to
the cytoplasmic loop C1 from which it is guided to the hydrophilic
groove.'® This groove can accommodate hydrophilic segments
of the nascent polypeptide for their translocation through the
lipid membrane,'” while the hydrophobic transmembrane a-he-
lices of the substrate interact with the so-called greasy slide
comprised of transmembrane a-helices lll and V of YidC to even-
tually insert into the membrane.'® However, how YidC supports
the insertion and folding of larger polytopic membrane proteins
remains to be fully understood.

Studying the folding processes of membrane proteins at the
single-molecule level remains a challenge in molecular biology
despite their importance to understand the link between tertiary
structure and function. Many biophysical studies involve
chemical or thermal denaturation to study these processes,
which do not consider important physiological factors, such as
membrane, buffer solution or temperature relevant to protein
folding.'®~*" Atomic force microscopy (AFM)-based single-mole-
cule force spectroscopy (SMFS) has proven to be a versatile tool
for monitoring the insertion and folding process of individual
structural segments into native or synthetic membranes until a
membrane protein has been folded.®??">° Furthermore, the
insertion and folding of membrane proteins can be studied in
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Figure 1. Insertion of MelB into the cell membrane in the presence of YidC and in the absence of SecYEG

(A and B) Schematics of experimental design in the conditionally SecYEG-depleted E. coli strain LR1655. (A) In the presence of arabinose, SecE is expressed and,
thus, SecYEG (green) is present in the inner membrane (IM) whereas the chromosomally encoded YidC (orange) is not affected by arabinose.> From the
ribosome (purple) newly synthesized MelB (red) is inserted into the inner membrane via an unknown pathway. As soon as inserted into the membrane, the
radioactively pulse-labeled MelB can be cleaved by the externally added protease K (scissors). (B) In the E. coli strain LR1655 SecE is not expressed in the
absence of arabinose and thus SecYEG is not detectable in the IM. Depletion of SecE leads to a rapid loss of SecY and consequently the SecYEG complex.*®
Because radioactively pulse-labeled MelB is digestible by externally added proteinase K this demonstrates the successful membrane insertion of MelB in the
absence of SecYEG and in the presence of YidC. The schematics work analogously for the YidC-depleted E. coli strain MK6.

(C) Western blot of YidC in the MKB6 strain and SecY in the LR1655 strain showing a complete depletion of insertase or translocase, respectively, after substitution

of arabinose with glucose during bacterial growth.

(D) Radioactively pulse-labeled MelB isolated by immunoprecipitation and separated by SDS-PAGE. In the absence of YidC (MK8, glucose) or SecYEG (LR1655,

glucose), MelB is present in the IM and digestible by the protease K (scissors).

great mechanistic detail in the presence of insertases and chap-
erones such as YidC. Previous studies on lactose permease
LacY provided a first insight into how SecYEG and YidC guide
the folding process of a polytopic inner membrane protein.® %2
However, further investigations are needed on other polytopic in-
ner membrane proteins to conclude which part of the described
folding process is intrinsic to the membrane protein or to the
insertase.

Here, we investigate the insertion and folding process of the
melibiose permease MelB of Salmonella typhimurium in the
presence and absence of YidC in vivo and in vitro. MelB is a
prototype for the major facilitator superfamily (MFS) and ex-
hibits the typical MFS-fold.?”?® Structurally, 12 transmembrane
a-helices are organized into two pseudo-symmetric a-helical
bundles, which are connected by a 31 amino acid (aa) long
cytoplasmic middle-loop C3. Usually, polytopic membrane pro-
teins require SecYEG to insert into the cytoplasmic mem-
brane.”® However, using a conditionally depleted SecYEG
Escherichia coli strain in combination with protease mapping,
we find that MelB can be inserted into the cell membrane in
the presence of YidC and absence of SecYEG. To further
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investigate this phenomenon, we use SMFS to mechanically
unfold MelB partially and let the unfolded MelB polypeptide
insert and fold into the membrane in the absence and presence
of YidC. We find that the pseudo-symmetric a-helical bundles
of MelB form two independent folding cores, which cannot
complete folding in the absence of YidC because the structural
regions that interface both cores show a high probability of
misfolding. YidC assists in this rather complex insertion and
folding process by chaperoning and accelerating the individual
insertion and folding steps and by inserting and folding the
weakly hydrophobic structural elements that connect the two
bundles of the transporter.

RESULTS

MelB can insert into cell membranes in the absence of
SecYEG if YidC is present

Using protease mapping,°® we investigated whether MelB re-
quires the SecYEG translocase or/and the YidC insertase to
insert and fold into the cytoplasmic membrane of E. coli
(Figures 1A and 1B). The plasmid pK95 encoding His-tagged
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Figure 2. Force peak pattern reveals the mechanical unfolding intermediates of natively folded MelB

(A) Schematics of the mechanical unfolding of a single MelB (red, PDB 7L17) from the E. coli polar lipid membrane using SMFS. The tip of the AFM cantilever is
pushed onto MelB with a force of 700 pN for 0.5 s to promote the unspecific attachment of the elongated polyGly C-terminal end to the tip. The cantilever tip is
then retracted until MelB is fully unfolded and finally extracted from the lipid membrane.

(B) Characteristic force-distance curve recorded upon mechanically unfolding MelB from the lipid membrane in SMFS buffer solution (20 mM Tris-HCI, pH 7.5,
20 mM melibiose, 100 mM NaCl) and at = 25°C. Each force peak was fitted with the worm-like chain (WLC) model (STAR Methods) to reveal the mean contour
length given in amino acids (aa) at the top of each WLC curve.

(C) The superposition of 574 force-distance curves shows the characteristic force peak pattern recorded upon the mechanical unfolding of MelB. WLC fit and
mean contour length is given for each force peak.

(D) Histogram of unfolding force peaks fitted with a Gaussian mixture model. Each differently colored force peak is labeled with the mean contour length and
standard deviation in aa.

(E) Mapping of structural segments S1-S7 that stabilize MelB against mechanical unfolding. The appearance of the force peak at aa 311, which depends on the
presence of MelB substrates, is =6% in the buffer solution (20 mM Tris-HCI, pH 7.5, 100 mM NaCl, 20 mM melibiose) used.*” Due to the varying detection
probability, the corresponding structural segment was labeled as S4b. The coloring of the structural segments corresponds to the unfolding force peaks shown in
(D). Each white star localizes the contour length of the corresponding force peak (aa numbers in brackets), counted from the mechanically unfolded C-terminal
end. Labeled are transmembrane «-helices I-XII, the 42 aa long polyglycine (polyGly) extension [GSM(G+4)EAVEEAVEEAVEEA(G+4)S], and the 9xHis-tag.

MelB was transformed into E. coli strains MK6 and LR1655 The mechanical unfolding pathway of MelB shows a

that can be depleted for YidC and SecE, respectively. In characteristic force peak pattern

both strains an arabinose-controlled promoter led to the com-  To assess how YidC assists MelB in inserting and folding into the
plete depletion of either YidC or SecYEG after 3 h of growth  lipid membrane, we first characterized the mechanical unfolding
(Figure 1C). At this point, the cells were pulse-labeled for pattern of natively folded MelB by SMFS. For this, we purified
3 min with 3®S-methionine, converted to spheroplasts, and and reconstituted MelB into E. coli polar lipid membrane (Fig-
treated with protease K (Figure 1D). MelB was visualized by ure S1A). After having adsorbed the MelB proteoliposomes on
phosphorimaging after immunoprecipitation. In YidC-depleted mica and localizing the MelB membranes in buffer solution by
MKG® cells and in SecYEG-depleted LR1655 cells, the radioac- AFM (Figure S1B), we gently pushed the tip of the AFM cantilever
tively labeled MelB was essentially digested by protease to (700 pN for 0.5 s) onto a membrane patch to promote the unspe-
the extent observed under non-depleted conditions. Testing cific attachment of the MelB polypeptide (Figure 2A). To increase
MelB insertion in the absence of both YidC and SecYEG the probability of attaching the C-terminal end, MelB had been
was unsuccessful because E. coli is not viable if it lacks elongated by an unstructured 42 aa sequence.*? Upon retraction
both chaperones. Therefore, we conclude that MelB can of the AFM cantilever, the C-terminal polypeptide was mechan-
insert into the cytoplasmic membrane of E. coli in the pres- ically stretched, thereby forcing MelB to unfold stepwise. This
ence of YidC and in the absence of SecYEG, or in the mechanical unfolding of MelB was recorded as a force-distance
presence of SecYEG and in the absence of YidC. Thus, the curve (Figure 2B).*® To reveal the contour length of the polypep-
presence of either YidC or SecYEG is sufficient to insert tide stretches unfolded in each unfolding step, we fitted each
MelB into the cell membrane.®’ force peak using the worm-like-chain (WLC) model.>* Repeating

Structure 37, 1419-1430, November 2, 2023 1421
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this procedure multiple times revealed a reproducible sawtooth-
like force peak pattern of the force-distance curves with up to
eight force peaks (Figures 2C and 2D).*? Each force peak within
the force peak pattern describes the unfolding of a structural
segment that stabilizes MelB against the mechanical unfolding
from the C-terminal end (Figure 2E). The sequence of force
peaks in such a force peak pattern thus describes the unfolding
intermediates that a membrane protein takes along its mechan-
ical unfolding pathway.*® For MelB, we detected eight structural
segments S1, S2, S3, S4a, S4b, S5, S6, and S7, which describe
eight unfolding intermediates that the transporter takes upon
transiting from the natively folded state to the fully unfolded
state. It has been shown that such unfolding force peak patterns
of polytopic membrane proteins are sensitive to ligand-binding,
lipid composition, functional state, mutations, fold, and supra-
molecular assembly.***~*" Along this line, the probability of de-
tecting the force peak at aa 311 that corresponds to structural
segment S4b has been shown to depend on the presence of
MelB substrates (e.g., sugar, cation) and is =6% in the buffer so-
lution (20 mM Tris-HCI, pH 7.5, 100 mM NaCl, 20 mM melibiose)
used here.®? Taken together, the observed well-defined and
reproducible force peak pattern, thus, describes the mechanical
unfolding steps and pathway of natively folded MelB.

Fully unfolded MelB cannot insert into the lipid
membrane by itself or in the presence of YidC
Next, we wanted to investigate whether the fully unfolded and
extracted MelB polypeptide can self-insert into the lipid mem-
brane in the absence or presence of YidC. Therefore, we co-re-
constituted YidC and MelB into E. coli polar lipid membrane.
YidC homologues in Gram-negative bacteria have very high
sequence similarity, which is =95% between YidC from E. coli
and S. typhimurium (Figure S2, STAR Methods). MelB and
YidC were co-reconstituted in an equimolar ratio of 1:1. The suc-
cessful co-reconstitution was confirmed by SDS-PAGE and
AFM imaging (Figures S1A and S1C). SMFS unfolding experi-
ments showed the co-reconstitution and native fold of MelB
and YidC, and that MelB and YidC distributed in close proximity
in the membrane (Figure S3). Furthermore, membrane proteins,
although adsorbed to mica, can diffuse within the mem-
brane.*>** Thus, we can conclude that both co-reconstituted
MelB and YidC are present in the lipid membrane, show their
native fold, and are in sufficient proximity to eventually interact.
Next, the cantilever tip was pushed onto the membrane to
unspecifically attach the C-terminal end of a single MelB and
to mechanically unfold and extract the MelB polypeptide from
the membrane (Figures 3A and 3B). In principle, this attachment
allowed the N-terminal end of the fully unfolded MelB polypep-
tide to freely insert and fold into the membrane, which is also
the case during cytoplasmic membrane protein biogenesis.'
The mechanically unfolded and extracted MelB polypeptide
was then brought and kept in close proximity to the membrane
(=10 nm). The distance between the cantilever tip and the mem-
brane ensured that the tip could not contact and attach to other
MelBs that reside in the membrane. After allowing the unfolded
polypeptide to interact with the membrane for 2 s, we term this
time frame folding time, the AFM cantilever was fully retracted
and a force-distance curve was recorded. This second force-
distance curve was analyzed to detect whether the MelB poly-

1422 Structure 37, 1419-1430, November 2, 2023
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peptide inserted and folded into the membrane. From 142
initially unfolded MelB transporters, only a few force-distance
curves recorded force peaks during the second retraction. How-
ever, these force peaks did not match the force peaks observed
for the correctly inserted and folded structural segments of
natively folded MelB. Consequently, these force peaks indicate
that the unfolded polypeptide has adopted stable interactions
with the membrane surface, misfolded outside the membrane,
or inserted itself into the membrane and adopted non-native
conformations. Subsequently, such events were interpreted as
misfolded states of the MelB polypeptide.

To further test whether YidC assists MelB insertion into the
lipid membrane, we repeated the experiment with the co-recon-
stituted MelB and YidC sample (Figure 3C). After a folding time of
2 s, none of the force-distance curves recorded from 785 initially
fully unfolded MelB transporters showed force peaks that could
be assigned to the characteristic force peak pattern of natively
folded MelB. Thus, we conclude that in our in vitro experiments
the fully unfolded and extracted MelB polypeptide cannot insert
and fold into the lipid membrane without or with the help of the
YidC insertase. In view of our in vivo experiments mentioned
before in E. coli, one could speculate that in vivo YidC is assisted
by other molecules (e.g., chaperones or membrane proteins) to
insert and fold MelB into the cytoplasmic membrane. However,
which molecules co-assist in this insertion and folding process
remain to be shown.

N-terminal segments of partially unfolded MelB remain
stably embedded in the lipid membrane

Having learned that in our in vitro experiment the fully unfolded
and extracted MelB polypeptide cannot insert into the lipid mem-
brane without the help of other molecules of the cellular machin-
ery, we tested whether the MelB polypeptide can insert and fold
into the lipid membrane once the initial insertion step has been
overcome. For these experiments, we partially unfolded MelB,
leaving the last N-terminal structural segment(s) embedded in
the membrane. This state mimics the first step of membrane pro-
tein insertion in vivo.***° To address this question, we first inves-
tigated whether the N-terminal structural segments that remain
embedded in the lipid membrane undergo significant changes.
Thereto, we partially unfolded MelB from the membrane by me-
chanically pulling the C-terminus at varying distances of 70, 100,
or 130 nm (Figures 4A, 4B, and S4). Thus, these partial unfoldings
left different portions of the N-terminal domain of MelB folded in
the membrane. Subsequently, we reapproached the AFM canti-
lever to close proximity of the membrane (=10 nm), where we
kept the partially unfolded MelB polypeptide for 2 s. Then, the
AFM cantilever was fully retracted to fully unfold and extract
MelB from the membrane. The force peaks recorded during
this second retraction were compared with the force peaks re-
corded of the natively folded MelB. Independent of the extent
to which MelB has been partially unfolded in the first step, in
the second retraction, we recorded the force peaks of the struc-
tural segments that were left in the membrane after the first
partial unfolding of MelB. These force peaks showed positions
identical to those observed for the unfolding of the natively
folded MelB. However, in some cases we detected additional
force peaks of structural segments that had already unfolded.
These additional force peaks occurred at the same positions
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Figure 3. SMFS insertion and folding experiments of the completely unfolded and extracted MelB polypeptide in the lipid membrane in the

absence and presence of YidC

(A) Schematic representation of the complete unfolding and extraction of a natively folded MelB from the E. coli polar lipid membrane as described (Figure 2A). To
unspecifically attach the elongated polyGly C-terminal end of MelB, the cantilever tip is pushed onto the MelB membrane with a force of 700 pN for 0.5 s. Upon
subsequent retraction of the AFM cantilever, the attached polypeptide mechanically stretches, and MelB unfolds stepwise until it is completely unfolded and

extracted from the membrane.

(B and C) The fully extracted MelB polypeptide is lowered to the membrane at a different lateral position and at a vertical distance of =10 nm. After the poly-
peptide is given time to interact and/or reinsert into the lipid membrane, the AFM stylus is retracted and a force-distance curve recorded. The force-distance
curve is analyzed for the insertion and folding of the MelB polypeptide into structural segments such as observed for natively folded MelB. The insertion and
folding experiments of the completely unfolded and extracted MelB polypeptide were performed (B) in the absence and (C) in the presence of YidC (orange).
(D-F) Each retraction of the AFM cantilever is recorded as a force-distance curve. The black curves depict the characteristic WLC curves fitting the characteristic
force peak pattern of natively folded MelB and are labeled with the corresponding structural segment S1-S7 (Figure 2). (D) The red force-distance curve
represents the characteristic sawthooth-like force peak pattern recorded upon the mechanical unfolding of native MelB.

(E and F) The blue force-distance curves, which are recorded from the second retraction of the AFM cantilever, show no force peaks.

(G-1) Exemplary force-distance curves for the (G) mechanical unfolding of natively folded MelB (red) and (H and I) force-distance curves (blue) recorded after a
specified folding time in the (H) absence or (1) presence of YidC. Experiments were carried out in SMFS buffer solution (20 mM Tris-HCI, pH 7.5, 20 mM melibiose,

100 mM NaCl) and at = 25°C.

as detected upon the unfolding of natively folded MelB. From this
we conclude that the structural segments of the partially
unfolded MelB transporter remain stably folded in the membrane
within the time frame of 2 s.

YidC reduces misfolding and supports the insertion and
folding of MelB

Our previous observation shows that the N-terminal end of the
partially unfolded MelB polypeptide remains stably inserted in
the membrane and that the unfolded polypeptide established
force peaks, which correlate to that of natively folded MelB.

This observation indicates that the partially unfolded polypeptide
caninsert and fold structural segments into the membrane. Thus,
we wanted to characterize the folding and insertion process of
the partially unfolded MelB polypeptide closer in the absence
and presence of YidC. Therefore, we mechanically pulled the
C-terminal end of MelB up to a distance of 130 nm, which
unfolded the structural segments S1-S6 and left the last struc-
tural segment S7 embedded in the membrane (Figure 4). Then,
we reapproached the AFM cantilever in close proximity to the
membrane (=10 nm) where the unfolded polypeptide was al-
lowed to relax, insert, and fold into the membrane for 0.5-5 s.

Structure 37, 1419-1430, November 2, 2023 1423
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Figure 4. SMFS insertion and folding exper-
iments of the partially unfolded MelB in the
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(A, C, and E) Schematics of the folding experi-
ments. (A) The initial unfolding of natively folded
MelB follows a similar procedure as the unfolding
experiments described (Figure 2). The cantilever
tip is gently pushed onto MelB (red, PDB 7L17) in
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completely unfold and extract MelB from the
membrane.
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100 150 200 curve recorded during the second retraction pro-
vide information which structural segments of
MelB inserted and folded into the membrane. WLC
fits shown in (D and E) were taken from natively
folded MelB (Figure 2). Black curves indicate WLC

fits of the force peaks detected for natively folded MelB and are each labeled with the respective structural segment S1-S7. Gray dashed WLC fits indicate

missing force peaks.

After this folding time, the cantilever was retracted to fully unfold
and extract MelB. We compared the force peak pattern recorded
upon this second retraction with the characteristic force peak
pattern recorded upon the mechanical unfolding of natively
folded MelB. Each folding experiment was classified into one of
three categories (Figure S5): (i) If the force-distance curve re-
corded only force peaks of structural segments S1-S6 of natively
folded MelB, the polypeptide was considered to have correctly
inserted and folded at least one or more structural segments.
Thus, it was classified as folded. (i) If the force-distance curve re-
corded at least one force peak that did not match the force peak
pattern of natively folded MelB, the polypeptide must have adop-
ted a non-native fold, and was classified as misfolded. (jii) If the
force-distance curve did not record any force peaks within the
pulling distance of =130 nm (i.e., structural segments S1-S6),
the polypeptide was classified as having remained unfolded.

A first set of insertion and folding experiments, which we per-
formed at four different folding times of 0.5, 1, 2, and 5 s, revealed
a surprisingly high capability of partially unfolded MelB to insert
and fold structural segments into the lipid membrane in the
absence of YidC (Figure S6). After only 0.5 s 80.2 + 6.1%
(average + SE, n = 130/162) of the partially unfolded MelB poly-
peptide inserted and folded one or more structural segments
such as detected for natively folded MelB. About 9.3 + 4.5%
(n = 15/162) of partially unfolded MelB misfolded, while the re-
maining 10.5 £ 4.7% (n = 17/162) remained unfolded (Figure 6A).
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However, by increasing the folding time to 5 s the number of MelB
polypeptides that correctly folded one or more structural seg-
ments decreased to 57.6 = 12.6% (n = 34/59) while the number
of MelB polypeptides showing at least one misfolding event
increased to 40.7 + 12.5% (n = 24/59). This trend has also been
observed with the MFS transporter LacY® and is in agreement
with the literature stating that hydrophobic structural segments,
which cannot be inserted into the membrane and remain
exposed to the hydrophilic environment, increase their probabil-
ity of misfolding with time. Upon repeating our folding experi-
ments of partially unfolded MelB in the presence of YidC
(Figures 4E, 4F, and 5), we observed that the insertase sup-
pressed the misfolding of the MelB polypeptide at higher folding
times of 2 s and 5 s (Table S1). At each of the two latter folding
times the misfolding probability of the MelB polypeptide was
about 2-fold lower in the presence of YidC, thus highlighting the
chaperoning effect of the insertase. Taken together, the results
show that the MelB polypeptide with its N-terminal segments
already being inserted in the membrane can itself insert and
fold structural segments into the membrane, but that this process
is hindered by misfolding events. In the presence of YidC these
misfolding events are suppressed to background levels.

YidC increases the folding rate of MelB segments
To further explore the chaperoning effect of YidC, we
analyzed the number of folded and misfolded structural
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Figure 5. Representative force-distance curves showing the insertion and folding of partially unfolded MelB in the presence of YidC
Force-distance curves recording the initial partial unfolding of MelB are colored in red. Force-distance curves recording the full unfolding and extraction of the
partially unfolded MelB after a given insertion and folding time are colored in blue. Insertion and folding experiments were conducted at 0.5, 1, 2, or 5 s and in the
presence of YidC. The WLC curves were taken from the characteristic force peak pattern of native MelB and were labeled with the structural segments S1-S7
(Figure 2). Following the criteria described (Figure S5), the force-curves were classified “Unfolded,” “Misfolded,” or “Folded.” Black arrows indicate force peaks,
which do not match the WLC curves (black lines) of native MelB, and thus indicate misfolding. SMFS experiments were performed in SMFS buffer solution (20 mM
Tris-HCI, pH 7.5, 20 mM melibiose, 100 mM NaCl) and at = 25°C. See also Figure S6.

segments at the folding times (Figures 6B and 6C; Table S2).
In the absence of YidC, the MelB polypeptide inserted and
folded approximately the same amount of 3.8 + 0.2 (n =
509) structural segments for all folding times tested. Thus,
the folding rate can be considered constant. On the other
hand, the number of misfolded segments increased from
1.3+ 01 (n=162) at 0.5 s t0 23 + 0.2 (n = 59) at 5 s.
Thus, with time, the misfolding rate of the MelB polypeptide
increased. In contrast, in the presence of YidC, the number
of misfolded segments essentially remained at low levels of
1.4 + 0.1 (n = 477). Furthermore, YidC increased the number

of correctly inserted and folded structural segments of MelB
from 4.5 at 0.5 s (n = 151) to 5.5 at 5 s (n = 74). The linear
regression of folded segments over the folding time revealed
an average folding rate of =0.2 structural segments per
second (Figure 6D). From this we conclude that, in the
absence of YidC, MelB increasingly misfolds over the course
of measured folding times, possibly due to the stagnant
folding rate of structural segments. YidC, on the other hand,
increases the folding rate of structural segments and simulta-
neously decreases the probability that the MelB polypeptide
will misfold.
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Figure 6. Folding of partially unfolded MelB in the absence and presence of YidC

(A) Probability of the partially unfolded MelB polypeptide to fold into the membrane, misfold, or remain unfolded in the absence (black; n =162 (0.5s), 177 (1 s), 111
(2 s), 59 (5 s)) or presence (gray; n = 151 (0.5 s), 156 (1 s), 96 (2 s), 74 (5 s)) of YidC. The data are given for four different folding times of 0.5, 1, 2, and 5 s.

(B) Average number of folded structural segments per unfolded MelB at each folding time in the absence (black) and presence (gray) of YidC.

(C) Average number of misfolded structural segments per partially unfolded MelB at each folding time in the absence (black) and presence (gray) of YidC.

(D) Linear regression (fitted black line) of the average number of structural segments folded over the folding time. Within a confidence interval of 95% (gray shaded
area) the folding rate of structural segments was 0.09 + 0.03 s (average = SEM.) in absence of YidC and 0.2 + 0.04 s~' (average + SEM) in presence of YidC.
(E) Folding (top) and misfolding (bottom) probability of each structural segment S1-S7 of MelB at 5 s folding time in the absence (black) and presence (gray) of
YidC. The folding probability is never expected to reach one, since the probability of detecting the mechanical unfolding of a structural segment of natively folded
MelB is below one. For all data shown in this figure, the MelB polypeptide was partially unfolded for 130 nm to leave the structural segment S7 embedded in the
membrane (Figure 4). Error bars, SEM (B-D) and SE (A and E). p values of the statistical analysis are given in Tables S1-S4. *p < 0.05, **p < 0.01, **p < 0.001,

****p < 0.0001. See also Figure S7.

YidC supports the folding of structural segments
neighboring the middle-loop C3

To better understand how YidC increases the folding rate and
prevents MelB from misfolding, we determined the folding and
misfolding probabilities of each individual structural segment
S1-S7 of MelB (Figures 6E and S7). Throughout all tested folding
times and in the absence of YidC, the MelB polypeptide showed
high probabilities of simultaneously inserting and folding seg-
ments from both terminal ends. For example, at 5 s folding
time, the probabilities for the segments at the terminal ends
S1, S2, S6, and S7 were 63 + 12%, 59 + 13%, 68 + 12%, and
75 + 11%, respectively (Figure 6E). This unexpected preference
for insertion and folding is also observed in individual single-
molecule experiments (Figures 4F, 5, and S6). However, the
structural segments S3-S5 that interface the N- and C-terminal
a-helical bundles and include the 31 aa long cytoplasmic mid-
dle-loop C3 were less likely to fold with folding probabilities of
53 + 13% (S3), 37 + 12 (S4a), 15 + 9% (S4b), and 44 + 13%
(S5) after 5 s folding time. In general, S4a showed the highest
probability of misfolding (Figure 6E). This suggests that the two
bundles insert and fold separately from each other and that
this process progresses from the outmost terminal segments to-
ward the middle-loop C3 that connects both domains. However,
the insertion and folding process is interrupted because the
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structural segments S3 and S4a show a high propensity to mis-
fold. In the presence of YidC, both structural segments S3 and
S4a considerably increased their folding probability and the
misfolding probability of structural segments reduced to back-
ground levels (Figures 6E and S7; Tables S3 and S4). Interest-
ingly, structural segment S4a harbors the weakly hydrophobic
a-helix VII. In general, structural segments neighboring the mid-
dle-loop C3 increased their probability of misfolding with time.
YidC particularly prevents these segments from misfolding at
longer time points and increases their probability of insertion
and folding already within 0.5 s. Interestingly, the presence of
YidC does not hinder the MelB polypeptide from simultaneously
forming two insertion and folding cores of the C-terminal and
N-terminal domains.

DISCUSSION

Our study elucidates the role of the membrane insertase and
chaperone YidC in assisting a member of the MFS, the melibiose
permease MelB, to fold into the lipid membrane and compares
the results with previous findings on the lactose permease
LacY. During membrane protein biogenesis, the nascent poly-
peptide exits the ribosome with its N-terminal domain to insert
and fold into the inner cell membrane.*® Our in vivo experiments
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show that MelB can insert into the cytoplasmic membrane in the
absence of SecYEG and in the presence of YidC. This suggests
that the polytopic MelB can be inserted with the help of YidC or
by itself. Our in vivo experiments, however, do not reveal which
other molecules, such as chaperones, may be involved in this
insertion and folding process. Extending our previous in vitro
insertion and folding experiments of another MFS member the
lactose permease LacY,’” we here observe that the fully
unfolded and extracted MelB polypeptide cannot self-insert
into the lipid membrane in vitro, even if YidC is present. Together
with our previous finding that the fully unfolded and extracted
LacY polypeptide can insert and fold into the membrane with
the help of YidC,'? our finding suggests that some MFS mem-
bers such as MelB require additional molecules other than
YidC to facilitate insertion. It has been suggested that the signal
recognition particle (SRP) is involved in the co-translational tar-
geting of the transmembrane domain and/or the flanking region
of the membrane protein to the membrane.'**® However, other
still unknown chaperones may also be involved in this insertion
process. More research is required to identify these factors
and link them to the insertion process of MelB and possibly other
polytopic membrane proteins.

Once the initial thermodynamic energy barrier to insert the first
structural segment of the N-terminal domain of MelB is over-
come, we observe that the partially unfolded MelB polypeptide
can insert and fold itself into the membrane at relatively high
probability, possibly because of its short periplasmic loops.
However, with increasing time, the misfolding events of MelB in-
crease and the insertion of segments stagnates. It is unlikely that
MelB can reach its native fold under these conditions. Impor-
tantly, YidC considerably suppresses the structural segments
of MelB from misfolding and increases their insertion and folding
rate 2-fold. Very similar trends were previously observed for
LacY,’ despite having a generally lower probability of inserting
and folding itself into the membrane. Notably, in the presence
of YidC the insertion and folding rate of LacY was approximately
3-fold higher compared to MelB. Thus, YidC chaperones sup-
port and catalyze the stepwise insertion and folding of unfolded
polypeptides into the membrane. For MelB, in 15% of all cases,
the insertion and folding process proceeded until it completed its
native fold after 5 s.

Interestingly, the insertion and folding of MelB in the presence
and absence of YidC follows a certain pattern. Structural seg-
ments at both terminal ends of the MelB polypeptide insert and
fold at higher probability compared to structural segments
neighboring the 31 aa long middle-loop C3. Although this mid-
dle-loop C3 is located in the cytoplasm and does not have to
pass through the inner membrane to fold, the folding process
of the MelB polypeptide seems to be frequently disrupted by
the misfolding of structural regions adjacent to the middle-loop
C38. Although the precise insertion and folding mechanism of
YidC is not well understood, YidC clearly plays an important
role in chaperoning and catalyzing the folding particularly of
structural segment S4a. Intriguingly, segment S4a contains the
weakly hydrophobic a-helix VII, which is a common structural
feature in members of the MFS.*"*® YidC is known to facilitate
the insertion of transmembrane segments with low hydrophobic-
ity,*® which could explain why YidC considerably increases the
folding and decreases the misfolding probabilities of the weakly
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hydrophobic a-helix VIl and therefore of structural segment S4a.
YidC had a similar effect on a-helix VIl in LacY.® Therefore, the
weakly hydrophobic a-helix VIl could potentially play an impor-
tant role in the YidC-assisted folding process.

Our observation that the polytopic membrane protein MelB
takes an intrinsic insertion and folding pathway of two simulta-
neously inserting and folding cores, one formed by the N-termi-
nal domain and one by the C-terminal domain, is surprising.
It may be supported by the in vivo experiment where the func-
tional lactose permease LacY assembled from two separately
expressed truncated C- and N-terminal domains.*® So far, the
formation of two or more independent folding cores of polypep-
tides has been mainly described for water soluble proteins,®’
while the formation of two folding cores, which are related to
structural symmetries, has been suggested for membrane trans-
porters.®>>® However, here we show for the first time that a
membrane transporter can simultaneously insert and fold struc-
tural segments from two different domains until the insertion and
folding process has been completed. The consequence of our
finding is that membrane protein folding pathways can be
much more complex than thought. The results considerably
expand our previously described observation that YidC supports
LacY in inserting and folding structural segments into the mem-
brane at random order.® The key to understanding this variability
lies, perhaps, in the observation that membrane proteins show
largely their own intrinsic insertion and folding pathways, rather
than that these pathways are shaped by YidC. However, YidC
is certainly more important to chaperone and catalyze the inser-
tion and folding pathway that MelB chooses in the absence of
misfolding.

In summary, our findings considerably expand previous dis-
coveries of the YidC-assisted insertion of the lactose permease
LacY by adding important mechanistic details on how YidC more
generally assists the insertion and folding process of complex
polytopic membrane proteins. After overcoming the initial ther-
modynamic energy barrier i.e., insertion of the first N-terminal
structural segment, the pseudo-symmetric MelB alone inserts
and folds N-terminal and C-terminal transmembrane o-helices
at higher probability, suggesting that the two N- and C-terminal
domains have separate intrinsic insertion and folding capacities.
In contrast, a-helices neighboring the long middle-loop C3 that
connects both domains have low probability of insertion and
folding and a high probability of misfolding (Figure 7). Our data
show that YidC particularly chaperones a-helix VIl against mis-
folding and, at the same time, catalyzes the insertion and folding
to complete the native fold of MelB. One could thus hypothesize
that this middle-loop region represents a spatial obstacle for
MelB to insert and fold into the membrane and that YidC takes
on a quality control role for the folding this region.
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segments from both the C-terminal and the
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structural segments located at the middle-loop C3
that connects both terminal domains, are trapped
by misfolding (red). In the presence of YidC (+YidC)
the insertion and folding process accelerates and
misfolding is suppressed. Unfolded, folded and
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energy barriers. Each free-energy well stabilizes an
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Materials availability
This study did not generate new unique reagents. Plasmids and bacterial strains in this study will be available upon request.

Data and code availability
Data for Figure 2 was deposited on Zenodo at https://doi.org/10.5281/zenod0.8227649, for Figure 3 at https://doi.org/10.5281/
zenodo.8227774 and for Figure 6 at https://doi.org/10.5281/zenodo.8246776, and is publicly available as of the date of publication.
The DOls are listed in the key resources table.

All supplementary data reported in this paper was deposited on Zenodo at https://doi.org/10.5281/zenodo.8227593 and is publicly
available as of the date of publication. The DOl is listed in the key resources table.

All original code was deposited on Zenodo at https://doi.org/10.5281/zenodo.8152223 and is publicly available as of the date of
publication. The DOl is listed in the key resources table.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

E. coli MK6 and LR1655 were used to determine the insertion capability of MelB under culture conditions as described in Method
details.

METHOD DETAILS

Analysis of MelB by protease mapping

We used E. coli depletion strains MK6 (YidC")*° or LR1655 (SecE’). LR1655 is a derivative of the E. coli strain MG1655 where the
chloramphenicol cassette has been removed by pCP20.°%** Overnight cultures of each depletion strain were grown in Luria Broth
(LB) medium (10 g tryptone, 5 g yeast extract, 10 g NaCl in 1 | distilled water, pH 7.4, Sigma-Aldrich) containing 100 pl mI™" ampicillin
(Sigma-Aldrich), 0.2% (w:v) arabinose and 0.4% (w:v) glucose at 37°C. Cells were washed twice with LB medium and diluted 1:50 in
fresh LB medium containing either 0.4% glucose or 0.2% arabinose, respectively, and grown at 37°C until the cultures reached a
ODggp of 0.5. For each condition, a sample was precipitated with trichloroacetic acid (TCA) and analyzed by a Western blot to ensure
the expression and depletion of YidC and SecE, respectively. For protease mapping, 1 ml of each exponentially growing culture was
washed twice with M9 salt solution (39 mM Nay,HPQO4, 22 mM KH,PO,4, 18 mM NH,4CI, 8 mM NaCl) and subsequently resuspended in
M9 medium (39 mM NaoHPO,4, 22 mM KH,PO,4, 18 mM NH4CI, 8 mM NaCl, 1 mM MgS0QO,, 0.1 mM CaCly, 5 ug mi~" thiamine, 0.0005%
ammonium ferric citrate) containing 18 amino acids (aa) but methionine/cysteine and supplemented with either 0.4% glucose or
0.2% arabinose, respectively. The cells were grown for 1 h at 37°C, pulse labelled with 30 uCi 3°S-L-methionine/cysteine for
3 min, then chilled and spun down and resuspended in 500 ul spheroplast buffer (40% (w:v) sucrose, 33 mM Tris-HCI, pH 8), treated
with 5 ng lysozyme and 0.5 mM ethylenediaminetetraacetic acid (EDTA) and incubated on ice for 10 min. The generated spheroplasts
were kept on ice and divided into three aliquots of 200 pl each, where one was immediately treated with 10% (w:v) TCA, the second
with 0.2 mg proteinase K (Sigma-Aldrich) and the third with 0.2 mg proteinase K and 1% (v:v) Triton-X-100 for 1 h on ice, followed by
precipitation with 10% TCA.

The precipitated samples with TCA were washed with ice cold acetone, dried, resuspended with 50 pl 2% sodium dodecyl sulfate
(SDS) and 100 mM Tris-HCI (pH 8) buffer and warmed (40°C) for 5 min. Then, 1 mI TEN-TX buffer (150 mM NaCl, 10 mM Tris-HCI pH 8,
1 mM EDTA, 1% Triton-X-100) and 30 pul StaphA solution (USBiological Life Science, Swampscott) were added. The preclearing of
the samples was carried out at 4°C on a rotary wheel for 1 h, the StaphA was spun down, and the supernatant was divided into three
aliquots. An antibody was added to detect the His-tag (Anti-His, Sigma-Aldrich) and kept overnight at 4°C. The samples were then
spun down, washed twice with 1 mL TEN-TX and once with TEN buffer (150 mM NaCl, 10 mM Tris-HCI, pH 8, 1 mM EDTA). SDS-
PAGE sample buffer was added, warmed (40°C) for 5 min, spun down and applied on 12% SDS-PAGE. The labelled protein bands
were detected by phosphorimaging.

Expression and purification of MelB and YidC

The plasmid pK95AAH/MelBgst/polyGly/CHisg encoding S. typhimurium MelB with a 42 aa polyGly linker and a 9xHis tag has
previously been described.*°” Constitutive expression of MelB in E. coli DW2 cells,*® membrane preparations, and cobalt-affinity
chromatography purification using detergent dodecyl-B-D-maltopyranoside (DDM, Anatrace) were carried out as described.?” The
purified MelB samples were dialyzed overnight against a buffer consisting of 20 mM Tris-HCI, pH 7.5, 100 mM NaCl, 0.01% (w:v)
DDM, and 10% (v:v) glycerol.
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pMS119 encoding for 10xHis-tagged YidC°® was used in this study. YidC was expressed in E. coli strain C43(DE3) in Difco Luria
Bertani medium (LB; Becton, Dickinson and Co.) supplemented with 100 pg ml~' ampicillin (Sigma-Aldrich). At an optical density
ODego = 0.6, cells were induced with 0.5 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG, Sigma-Aldrich) and grown for 2 h at
37°C, followed by 30 min incubation on ice. Cells were harvested by centrifugation (7,000 rcf, 10 min) and resuspended in YidC buffer
(20 mM Tris-HCI, pH 7.5, 300 mM NaCl, 10% glycerol) supplemented with DNase | (Roche Diagnostics), 1 mM MgCl, and protease
inhibitor (Roche). Cells were passed through an EmulsiFlex-C3 (Avestin) three times and a pressure of 1,500 bar. Unbroken and
broken cells were separated by centrifugation (17,000 rcf, 20 min), and subsequently cell membranes collected by ultracentrifugation
(108,860 rcf, 90 min). Membranes were solubilized using 1% DDM in YidC buffer overnight at 4°C. Insolubilized material was removed
by centrifugation (108,860 rcf, 30 min) before incubating YidC with Ni?*-NTA beads (Macherey-Nagel) and 20 mM imidazole (Carl
Roth GmbH & Co. KG) for 3 h at 4°C. The beads were then loaded into a gravity column and washed with YidC buffer containing
30 mM imidazole and 0.05% DDM to remove unbound material. YidC was eluted with 300 mM imidazole and concentrated in a cen-
trifugal tube (size cut-off 50 kDa, Amicon Ultra, Merck Millipore Ltd.). To remove the imidazole and adjust the detergent concentration
to 0.05%, buffer exchange was performed using size exclusion columns (lllustra NAP-5, Cytiva).

Reconstitution of MelB and MelB/YidC into liposomes

Reconstitution of MelB into proteoliposomes was carried out using a dilution method at a protein to lipid ratio of 1:5 (w:w) as
described.**° E. coli polar lipid extract (Avanti Polar lipids) was prepared at 40 mg ml~" in 1.2% (w:v) octyl-B-D-glucoside (OG,
Anatrace). Co-reconstitution of MelB together with YidC in YidC buffer supplemented with 0.05% (w:v) DDM was carried out
following the same protocol but using equimolar ratios of MelB and YidC to achieve a protein to lipid ratio of 1:5 (w:w). After three
cycles of freeze-thaw-sonication steps, the MelB or MelB/YidC proteoliposomes were aliquoted and frozen in liquid nitrogen for stor-
age at -80°C.

FD-based AFM imaging

MelB and co-reconstituted MelB/YidC proteoliposomes were diluted (1:100) in imaging buffer (20 mM Tris-HCI, pH 7.5, 100 mM KCl,
nanopure water (18 MOhm)) and adsorbed on freshly cleaved mica for 10 min at room temperature. After adsorption, the sample was
gently washed with imaging buffer five times to remove non-adsorbed membranes.®’ FD-based AFM imaging of proteoliposomes
was performed with a Nanoscope Multimode 8 (Bruker) operated in PeakForce tapping mode in imaging buffer at room tempera-
ture.®? In FD-based AFM, the AFM cantilever approaches and retracts from the sample in a pixel-by-pixel manner while raster-scan-
ning to record force-distance curves. In this way, the distance between the cantilever tip and the sample is measured for each pixel to
estimate the height profile of the sample topography. The AFM was placed in a temperature-controlled acoustic isolation box and
equipped with a 120 um piezoelectric J scanner and fluid cell. AFM topographs were recorded using cantilevers (ScanAsyst-Fluid+,
Bruker Nano Inc.) having a nominal spring constant of 0.7 N m™, a resonance frequency of = 150 kHz in liquid, and a sharpened
silicon tip with a nominal radius of = 2 nm. To prevent damage to the ultra-sharp tip, cantilevers were calibrated by applying the
thermal noise method before imaging.®® AFM topographs were recorded by applying imaging forces of 100 — 120 pN at 2 kHz
oscillation frequency, with a vertical oscillation amplitude of 30 nm and a resolution of 384 x 384 pixels. Image post-processing
and analysis were performed using the Nanoscope Analysis software v.1.8.

SMFS unfolding experiments
For each SMFS experiment, a frozen aliquot of proteoliposomes was thawn and adsorbed to freshly cleaved mica in SMFS buffer
(20 mM Tris-HCI, pH 7.5, 100 mM NaCl, 20 mM melibiose, nanopure water (18 MOhm)) for 10 min and subsequently rinsed with pro-
teoliposome-free SMFS buffer to remove loosely attached or non-adsorbed proteoliposomes. The sample was covered with SMFS
buffer and a silicon disc to avoid evaporation. Protein containing lipid patches were localized by AFM imaging (NanoWizard Il Ultra/
NanoWizard Il, JPK Instruments) in SMFS buffer at = 25°C (Figures S1B and S1C). For each experimental day a new cantilever
(OMCL-RC800PSA, Olympus) was used and calibrated in SMFS buffer before the experiment using the equipartition theorem.%®
For membrane protein unfolding experiments, the cantilever tip was pushed onto the membrane with a force of 700 pN for 0.5 s and
retracted 250 nm with a velocity of 700 nm s~'. Upon retraction, the deflection was recorded as force-distance curve. To avoid
repeated SMFS measurements at the same position, the location was changed after each approach-retract cycle following a
two-dimensional pattern (Figure S3H).

Complete un- and refolding of MelB polypeptides

The recently introduced “Pull-and-Paste” method was applied to completely unfold and extract single membrane proteins from the
membrane by SMFS and to position the unfolded polypeptide at another membrane location to study its insertion.' Briefly, MelB
containing proteoliposomes, or MelB and YidC containing proteoliposomes were adsorbed to freshly cleaved mica. After a MelB
was fully unfolded and extracted from the membrane, the cantilever tip was used to place the unfolded polypeptide in close proximity
(= 10 nm) to the membrane at another location. The distance between the cantilever tip and the membrane ensures that the tip
cannot contact and attach another MelB from the membrane. After a specified time (0.5 — 5 s, as stated), which the polypeptide
was given to insert and fold into the membrane, the AFM tip was retracted from the membrane to detect whether it had inserted
and folded into the membrane. To detect the mechanical unfolding of the natively folded MelB as well as of the refolded MelB poly-
peptide, we analyzed the force-distance curves recorded during retracting the cantilever.
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Partial un-/refolding of MelB polypeptides

After applying a force of 700 pN for 0.5 s to the proteoliposomes to attach a MelB polypeptide to the tip of the cantilever, the cantilever
was retracted 130 nm (unless otherwise stated) to partially unfold MelB. After a given folding time (0.5 - 5 s, as stated), the cantilever
tip, and therefore the partially unfolded MelB polypeptide, was brought into close proximity to the membrane (= 10 nm) to allow the
insertion and folding of the unfolded polypeptide. The cantilever was then retracted a second time to detect which structural regions
of MelB have inserted, folded, or misfolded. The recorded force-distance curves of the first and second retraction of the cantilever
were analyzed to determine the inserted and folded or misfolded structural regions of MelB.

The cantilever tip can unspecifically attach to any exposed polypeptide chain of a membrane protein.®*® Pushing the cantilever
onto the MelB membrane unspecifically attaches the C-terminal end of MelB with a probability of = 0.01%. To increase this prob-
ability of attachment ten-fold (= 0.1%), a 42 aa long unstructured polyglycine (polyGly) extension was engineered to the C-terminal
end.® The unspecific attachment of the MelB polypeptide to the cantilever tip is temporary and only lasts a few seconds before the
polypeptide slips off. Consequently, the probability of performing a successful insertion or folding experiment decreases consider-
ably with increasing folding times. Therefore, more than 10,000 single-molecule experiments were necessary to record one folding
event of the unfolded MelB polypeptide. On average, this correlates to two or three successful folding events per experimental day
and AFM. Consequently, 40 — 60 days were needed to complete one experimental insertion and folding condition.

QUANTIFICATION AND STATISTICAL ANALYSIS

SMFS unfolding data selection and analysis

Each recorded force-distance curve was first corrected for deflection sensitivity and force offset with the cantilever calibration value
of the respective experimental day before being subjected to a coarse filtering for force above noise level and length. The contour
lengths of the elongated MelB (526 aa = 190 nm) and YidC (559 aa £ 200 nm) polypeptides were calculated by assuming an amino
acid backbone length of 0.36 nm aa™". Since the AFM tip can attach to any exposed amino acid along the polypeptide chain, we used
a cutoff value of 130 nm for both proteins to ensure that only force-distance curves displaying a complete force peak pattern pass the
filter. In a subsequent step, force-distance curves showing obvious artifacts such as lipid tethers, aggregates or similar were
excluded from further analysis. Data selection was performed using the data processing software from the AFM manufacturer
(version spm-5.0.135, JPK Instruments).

The selected force-distance curves from the SMFS unfolding experiments were analyzed as previously described.* Briefly, force-
distance curves were aligned and superimposed in Igor Pro 8 (version 8.03, WaveMetrics, Inc.). Subsequently, the curves were
transformed into force-contour length space using the worm-like chain (WLC) model®** and baseline corrected with the last 10%
of data points (zero force). The force-distance curves were then semi-automatically aligned by a Python script®® and each force
peak of every force-distance curve saved in a data frame. The data frame was imported into an R script to generate the contour length
histogram and fitted with a Gaussian mixture model.®” Each Gaussian curve determines the force peak probability, mean contour
length, and standard deviation (in aa) of a force peak.

Analysis of completely un-/refolded MelB

The initial data selection process for force-distance curves recorded during the first retraction of the AFM cantilever was identical to
the ‘SMFS unfolding data selection’ described above. After the characteristic MelB force peak pattern was detected, the 100 force-
distance curves recorded during the second retraction were analyzed for force peaks using Igor Pro 8 (version 8.03, WaveMetrics,
Inc). For the co-reconstituted MelB and YidC proteoliposomes, the number of force-distance curves recorded during the second
retraction were 100 or less in case of the detection of a YidC or non-identifiable force peak pattern. The unspecific and transient
attachment of the protein to the cantilever tip is very short lived and does not sustain for many approach-retract cycles of the
AFM cantilever.?®® We choose a cut-off value of 100 cycles to reduce the measurement of unspecific interactions.

Analysis of partially un-/refolded MelB

Each recorded force-distance curve was corrected for deflection sensitivity with the cantilever calibration value of the respective
experimental day and for the force offset. Subsequently, the force-distance curve recording the first retraction of the AFM cantilever
was filtered for force peaks above the noise level using the AFM data processing software (version spm-5.0.135, JPK Instruments).
Curves that passed this filter were horizontally shifted to match the WLC curves obtained from the force peak pattern of natively
folded MelB (Figure 2). Experiments in which the initially recorded unfolding force peaks did not match the force peak pattern of
natively folded MelB were excluded from further analysis. In the next step, the horizontal shift was applied to the force-distance curve
recorded during the second retraction of the cantilever. Each force peak of every force-distance curve (first and second retraction)
was fitted with the WLC model to determine the contour length. For each experiment, the force peak pattern of the second retraction
was then compared with that of the first retraction. The classification of the force curves was performed as described in the Results
and Figure S5.

Statistical analysis
Due to the low throughput of AFM-based SMFS experiments (details given above) and to obtain solid statistical information, force-
distance curves recorded over multiple days under the same experimental conditions were pooled. The standard error (s.e.) of
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<0.05% (>95% confidence interval (Cl)) was calculated with a Z-score of 1.96 (Figures 6 and S7). The difference between folded (F),
misfolded (M) and unfolded (U) MelB in the absence and presence of YidC was statistically analyzed by calculating the p-values using
a two-tailed Fisher’s exact test in GraphPad Prism9 for each given time (0.5 - 5 s). Therefore, F was comparedtoM + U, Mto F + U
and U to F + M (Figure 6A, and Table S1). The difference between correctly folded and misfolded segments in the absence and
presence of YidC was statistically analyzed by calculating p-values with an unpaired, parametric, two-tailed t-test in GraphPad
Prism9 for each given time (0.5 - 5 s) (Figures 6B and 6C; Table S2). The linear regression with a 95% ClI of folded MelB segments
in the absence and presence of MelB was performed in GraphPad Prism9, which is equivalent to an Analysis of Covariance
(ANCOVA). The statistical analysis of the folding or misfolding probabilities of individual segments of MelB in the absence and
presence of YidC was determined by calculating the p-values using a two-tailed z-test (test of equal or given proportions (prop.test
function)) with a 95% Cl in RStudio (Figure S7; Table S3 and S4). Statistical analysis was performed using RStudio (version 1.2.5042)
and GraphPad Prism (version 9.2.0).

Protein sequence analysis

The multiple sequence alignment (Figure S2) of E. coli (NCBI accession number NP_418161.1) and S. typhimurium (NCBI accession
number AAL22701.1) YidC was performed with BLASTP®®7° using the default algorithm settings (Expected threshold: 0.05; Word
size: 3; Matrix: BLOSUM®62; Gap costs: Existence 11, Extension 1; and Compositional adjustments: Conditional compositional score
matrix adjustment).
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