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Abstract

We follow the cotranslational biosynthesis of three multi-spanning E. coli inner membrane
proteins in vivo using high-resolution Force Profile Analysis. The force profiles show that the
nascent chain is subjected to rapidly varying pulling forces during translation, and reveal
unexpected complexities in the membrane integration process. We find that an N-terminal
cytoplasmic domains can fold in the ribosome exit tunnel before membrane integration starts,
that charged residues and membrane-interacting segments such as re-entrant loops and
surface helices flanking a transmembrane helix (TMH) can advance or delay membrane
integration, and that point mutations in an upstream TMH can affect the pulling forces
generated by downstream TMHs in a highly position-dependent manner, suggestive of

residue-specific interactions between TMHs during the integration process.
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Most integral membrane proteins are cotranslationally integrated into their target membrane
with the help of translocons such as the bacterial SecYEG/YidC complex and the eukaryotic
Sec61 complex (/). While the energetics of translocon-mediated integration of
transmembrane a-helices (TMHs) is reasonably well understood (2), the actual integration
process is not, other than in general terms. We have shown that Force Profile Analysis (FPA)
— a method in which a translational arrest peptide (AP) engineered into a target protein serves
as a sensor to measure the force exerted on a nascent polypeptide chain during translation —
can be used to follow the cotranslational folding of soluble proteins and the membrane
integration of a model TMH (3-5). Here, we have applied FPA to follow the cotranslational
membrane integration of three multi-spanning E.coli inner membrane proteins (EmrE, GlpG,

BtuC), providing the first residue-by-residue picture of membrane protein integration in vivo.

FPA takes advantage of the ability of APs to bind in the upper parts of the ribosome exit
tunnel and thereby pause translation on a specific codon (6). The duration of the pause is
reduced in proportion to pulling forces exerted on the nascent chain from outside the
ribosome (7, §), i.e., APs can act as force sensors, and can be tuned by mutation to react to
different force levels (9). In an FPA experiment, a series of constructs is made in which a
force-generating sequence element (e.g., a TMH) is placed an increasing number of residues
N away from an AP, which in turn is followed by a C-terminal tail, Fig. 1a. In constructs
where the TMH engages in an interaction that generates a pulling force on the nascent chain
at the point when the ribosome reaches the last codon of the AP, pausing will be prevented
and mostly full-length protein will be produced during a short pulse with [3S]-Met, Fig. 1b
(middle). In contrast, in constructs where little force is exerted on the AP, pausing will be
efficient and more of the arrested form of the protein will be produced. The fraction full-
length protein produced, fri=Ir1/(Ir1+14), where Ir; and I are the intensities of the bands

representing the full-length and arrested species on an SDS-PAGE gel, Fig. 1c, can therefore
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be used as a proxy for the force exerted on the AP in a given construct (8, 10, 11). A plot of
frL vs. N — a force profile (FP) — thus can provide a detailed picture of the cotranslational
process in question, as reflected in the variation in the force exerted on the AP during

translation.

We chose EmrE as an example of a small, relatively simple 4-TMH protein. EmrE is a dual-
topology protein, i.e., the monomers integrate into the inner membrane in a 50-50 mixture of
Nin-Cin and Nouw-Cour topologies; two oppositely oriented monomers then assemble into an
antiparallel dimer (72, 13). To avoid potential complications caused by the dual topology, we
used EmrE(Cou), a mutant version that adopts the Nouw-Cout topology (/3), and the relatively
weak SecM(Ec) AP (4), Fig. 2a. A series of EmrE(Cou)-AP constructs (see Table S1 for
sequences) was used to obtain the FP shown in Fig. 2b (orange curve), at 2-5 residues
resolution. Also shown is a FP derived from a coarse-grained molecular dynamics simulation

(CGMD-FP, grey) (14); a hydrophobicity plot (HP) is included in Fig. S1.

We have previously shown that a model TMH composed of Ala and Leu residues generates a
peak in the FP that reaches half-maximal amplitude (Nywrr) When the N-terminal end of the
TMH is ~45 residues away from the polypeptide transferase center (PTC) (4), and a real-time
FRET study of cotranslational membrane integration found that the N-terminal ends of N-
terminal TMHs reach the vicinity of the SecYEG translocon when they are 40-50 resides
away from the PTC (/5). For EmrE(Cow) TMHI, this would correspond to constructs with
N=50. However, the fr; values are hardly above background in this region of the FP. Due to
the functionally important E!'* residue, TMH1 is only marginally hydrophobic and does not
become firmly embedded in the membrane until the protein dimerizes (/6). To ascertain
whether the lack of a peak in the FP corresponding to the membrane integration of TMHI is
because of its low hydrophobicity, we mutated E'* to L. Indeed, in the FP obtained for

EmrE(Cou, E'*L), Fig. 2b (green curve), a clear peak appears at the expected chain length
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Nswari=50 residues. Mutation E'*A yields an f; value intermediate between EmrE(Cou, E'*L)
and EmrE(Coy) at N=55, Fig. 2¢, while frr for EmrE(Cou, E!*D) and EmrE(Cou, E'*Q) are the

same as for EmrE(Cou).

Peak II corresponds to a situation where the N-terminal end of TMH2 is ~45 residues from
the PTC, Fig. 2d. The double mutation I*/I’*®* NN in TMH2 reduces frz at N=80 and 85
(magenta triangles), as expected. Unexpectedly, however, the EL, E'%A, and E'*Q (but not
the E*D) mutations in TMHI increase frz at N=85, Fig. 2c, showing that a negatively
charged residue in position 14 in TMH1 specifically reduces the pulling force generated by
TMH2 at N=85, i.e., when about one-half of TMH2 has integrated into the membrane.
Likewise, fr values at N=115 and 130 (but not at N=105, included as a negative control) are
specifically affected by mutations in E'#: at N=115 (one-half of TMH3 integrated), all four
mutations in position 14 increase fr; relative to E'%, while at N=130 (beginning of TMH4
integration), the E'*A and E'*L mutations decrease fr;, Fig. 2c. FPA thus reveals long-range
effects of mutations in TMHI1 on three specific steps in the membrane integration of

downstream TMHs.

Peak III has Ng+~102 residues, with the N-terminal end of TMH3 ~45 residues from the
PTC, Fig. 2d. Peak 1V is difficult to locate precisely in the FP, but is seen at Ngu~132
residues when the strong SecM(Ec-supl) AP (17) is used (blue curve), again with the N-
terminal end of TMH4 ~45 residues from the PTC, Fig. 2d. As shown in Fig. 2e, the TMHs
cease generating a pulling force when their C-terminal ends are ~45 residues away from the

PTC, indicating that they are fully integrated at this point.

We next studied GlpG, a monomeric 6-TMH rhomboid protease with a cytoplasmic N-
terminal domain (NTD) (78, 19), Fig. 3a, a protein that allows us to follow the cotranslational

folding of a soluble domain and integration of a membrane domain in the same experiment.
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The FP is shown in Fig. 3b (orange curve). For unknown reasons, constructs with N=140-200
residues gave rise to multiple bands on the gel that were difficult to interpret; this problem
did not arise when a portion of the LepB protein was appended at the N-terminus, Fig. 3a,
and the corresponding fr; values are shown in the FP (N=131-224). The FP was obtained at
S-residue resolution, except for the portion N=178-215 which we measured with single-

residue resolution. Ny and Nena values for peaks II-VII are indicated in Fig. S2b,c.

Peak 1, at Ny.~84 residues, is conspicuously close to what would be expected from previous
studies of cotranslational folding of small globular domains in the ribosome exit tunnel (5).
To verify that the peak represents folding of the NTD, we recorded a FP for the NTD by in
vitro transcription-translation in the PURE system (20), and further made a destabilizing
point mutation (F!°E) in the core of the NTD, Fig. 2¢. The FP obtained in vitro (magenta)
overlaps peak I in the in vivo FP, and the mutation strongly reduces the in vivo (green) and in
vitro (black) fr values for peak I. Thus, the NTD folds inside the ribosome exit tunnel when
its C-terminal end is ~25 residues from the PTC, well before synthesis of the membrane

domain has commenced.

Peaks II-VII in the FP correspond reasonably well to the CGMD-FP (grey) and HP (Fig.
S2a). The unexpectedly low Ny value for peak III is caused by an upstream periplasmic
surface helix (see below). Likewise, peak VI-a likely reflects the membrane integration of a
hydrophobic, membrane-associated cytoplasmic segment located just upstream of TMHS,
Fig. 3f and Fig. S2b, while peak VI-b represents the integration of TMHS itself. In contrast,
the unexpectedly high Ny value for peak IV indicates that integration of TMH3 commences
only when its N-terminal end is ~52 residues away from the PTC, possibly because of the

tight spacing between TMH2 and TMH3.
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As peak III saturates at f77~0.9 over a rather wide range, we sought a more detailed view by
using the strong SecM(Ec-Supl) AP (17), Fig. 3b,d (blue), and the medium-strong SecM(Ec-
Ms) AP (21), Fig. 3d (green). The SecM(Ec-Supl) FP allows a precise determination of
Nimax=200 residues, at which point the middle of TMH2 (L'%) is located 45 residues from the
PTC, Fig. 3f. The SecM(Ec-Ms) FP reveals additional detail, with local minima at N~190 and
195 corresponding roughly to when the polar residues H'*> and H!** reach 45 residues from
the PTC. We further recorded a SecM(Ec-Ms) FP (magenta) for the triple mutation
Y!3FI¥LISNNN (Fig. 3e) that renders the periplasmic surface helix hydrophilic: the
mutation shifts Ny for peak III from 182 to 190, with the N-terminal end of TMH2 ~45
residues from the PTC, Fig. 3d,f. The triple mutation also widens the local minimum at
N=195 up to N=201, shifts Nuar from 200 to ~204, and overall reduces the amplitude of peak
III. Thus, the periplasmic surface helix engages in hydrophobic interactions already during its
passage through the translocon — presumably by sliding along a partly open lateral gate (22) —

and has multiple effects on the membrane integration of TMH2.

Finally, we studied BtuC, a vitamin B12 transporter with 10 TMHs, as an example of a large,
multi-spanning protein with a complex fold (23). In order to improve expression, we added
the N-terminal part of LepB to the BtuC constructs, Fig. 4a; constructs that we could measure
without the LepB fusion gave similar fz values as those seen for the LepB fusions (Fig. S3b).
We identified 11 peaks in the FP, Fig. 4b (orange), one more than could be accounted for by
the 10 TMHs. Since it was not possible to provide an unequivocal match between the BtuC
FP and the CGMD-FP (or HP, Fig. S3a), we did two sets of controls. First, we chose
constructs at or near peaks in the FP and CGMD-FP and mutated multiple hydrophobic
residues (Leu, Ile, Val, Met) located 40-50 residues from the PTC to less hydrophobic Ala
residues (Fig. S4). The mutations caused significant drops in frz, (p<0.01, two-sided t-test),

except for construct N=191 that is mutated at the extreme N-terminus of TMHS. The
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mutation data allowed us to identify the membrane integration of TMHs 1, 2, 3,4, 5,7, 8, 9,
and 10 with peaks I, II, III, IV, V, VIII, IX, X, and XI, respectively; the overlapping peaks
VIII and IX represent the concerted integration of the closely spaced TMH7 and TMHS.
However, peak II is shifted to unexpectedly high, and peaks X and XI to unexpectedly low,
Niiare values, Fig. 4c. To confirm these assignments, we obtained FPs for the isolated TMH2
(dashed green), TMHS (dashed blue), and TMH10 (dashed pink) sequences, Fig. 4b,d; the

individual FPs overlap the corresponding peaks II, IX, and XI in the full FP.

Remarkably, the N-terminal end of the isolated TMH2 is ~45 residues away from the PTC at
Nswar, sSuggesting that upstream sequence elements present in full-length BtuC delay the
integration of TMH2 by ~10 residues (compare II* and II in Fig. 4c). The most conspicuous
feature in the upstream region of TMH?2 is the presence of 3 positively charged Arg residues,
an uncommon occurrence in a periplasmic loop (24). Indeed, when these are replaced by
uncharged Gln residues in full-length BtuC, peak II (dashed black in Fig. 4b,e) becomes
almost identical to the FP for the isolated TMH2; a similar behavior is seen when the CGMD-
FP simulation is run without an electrical membrane potential, Fig. 4e. Upstream positively
charged residues thus delay the membrane integration of the Nou-oriented TMH2, possibly
because of the energetic cost of translocating them against the membrane potential (3), or
because they are temporarily retained in the negatively charged exit tunnel (/5). The low
Nsware values for peaks X and XI are likely caused by the short upstream hydrophobic

segments LCGL and LAAALEL (Fig. 4c,f), similar to peak III in GlpG.

Neither peak VI nor VII seem to represent the integration of TMHG6, but instead flank the
location expected from the CGMD-FP and HP and apparently correspond, respectively, to the
membrane insertion of a short periplasmic re-entrant helix and of a short cytoplasmic surface
helix, Fig. 4c,h. Mutation of three hydrophobic residues to Ala in the latter significantly

reduces the amplitude of peak VII (Fig. S4, construct N=259). Further, the FP for the isolated
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TMH6, Fig. 4b,g (dashed dark blue) peaks in the location expected from the CGMD-FP,
between peaks VI and VII, and the FP for the isolated TMHS-6 part that includes the re-
entrant helix but lacks the downstream surface helix is intermediate between the full-length
BtuC and the TMH6 FPs, Fig. 4g (dashed green). Thus, the membrane interactions of the
periplasmic re-entrant helix and the cytoplasmic surface helix exert a strong effect on the

membrane integration of the intervening TMH6.

The high-resolution view of the cotranslational integration of multi-spanning membrane
proteins provided here show that translocating nascent chains experience a distinct transition
to a more hydrophobic environment at a distance of ~45 residues from the PTC, generating
an oscillating force on the nascent chain that is ultimately transmitted to the PTC and varies
in step with the appearance of each TMH in the vicinity of the SecYEG translocon channel. It
seems likely that such oscillations can have multiple effects on the translation of membrane
proteins, as recently demonstrated for ribosomal frameshifting (25), and may affect protein
quality control (26). Charged residues and membrane-interacting segments such as re-entrant
loops and surface helices flanking a TMH can advance, delay, or attenuate its interaction with
the translocon and surrounding lipid. Point mutations in an upstream TMH can affect the
pulling force generated by downstream TMHs in a highly position-dependent manner,
suggestive of residue-specific interactions between TMHs during the membrane-integration
process. Complementing in vitro unfolding/folding studies (27, 28), real-time FRET analyses
(15), chemical crosslinking (29), structure determination (30), and computational modeling
(31), high-resolution in vivo FPA can help identify the molecular interactions underlying

cotranslational membrane protein biogenesis with single-residue precision.
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Figure 1. The force profile assay. (a) Basic construct. Arrested (4) and full-length (FL)
products are indicated. (b) At construct length N;, TMH2 has not yet entered the SecYEG
channel and no pulling force F is generated. At N>, TMH2 is integrating into the membrane
and F >0. At N3, TMH2 is already integrated and F=0. (c) SDS-PAGE gels showing 4 and
FL products for EmrE(Cou)(N=105), GlpG(N=196), and BtuC(N=314). Control constructs Ac
and FL. have, respectively, a stop and an inactivating Ala codon replacing the last Pro codon

in the AP.
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Figure 2. EmrE(Cou). (a) Construct design. EmrE(Cou) is shortened from the C-terminal end
of the LepB-derived linker (dotted), as indicated by the arrow. Cytoplasmic (red) and
periplasmic (blue) loops, and lengths of full-length EmrE(Cou), LepB-derived linker, HA
tag+AP, and C-terminal tail are indicated. Since the 30-residue HA+AP segment is constant
in all constructs, the FP reflects nascent chain interactions occurring outside the ribosome exit
tunnel. (b) FPs for EmrE(Cou) (orange), EmrE(Cou, E'*L) (green), EmrE(Cou) with SecM(Ec-
supl) AP (blue), EmrE(Cou, IP’'I*®*-NN) (magenta triangles), and CGMD-FP calculated with
a -100 mV membrane potential (grey). (¢) Effects of mutations in E'* on fr; values for the N
values indicated by arrows in panel b. p values (2-sided t-test): p < 0.05, *; p < 0.01, **. (d-
e) Sequences corresponding to peaks I-IV aligned from their Ny (d) and Nenq (€) values. +
sign indicates 45 residues from the PTC. Hydrophobic TMH segments shown in orange and
membrane-embedded a-helices underlined (PDB ID: 3B5D). Error bars in panels b and c

indicate SEM values.
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Figure 3. GplG. (a) Construct design, c.f., Fig. 2a. The N-terminal LepB fusion is indicated.
(b) FPs for GlpG and LepB-GlpG (N=131-224) (orange), NTD(F'’E) (green), in-vitro
translated NTD (magenta) and NTD(F!’E) (black), GlpG with SecM(Ec-Supl) AP (blue),
and CGMD-FP calculated with a -100 mV membrane potential (grey). Error bars indicate
SEM values. (¢) NTD (PDB ID: 2LEP), with F!¢ in spacefill. (d) Enlarged FPs for LepB-

GlpG with SecM(Ec) AP (orange), SecM(Ec-Ms) AP (green), SecM(Ec-supl) AP (blue), and
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GlpG(Y!'3¥FPL—SNNN) with SecM(Ec-Ms) AP (magenta). CGMD-FP in grey. (e)
Structure of GlpG with the periplasmic surface helix in blue, TMH2 in red, the membrane-
associated cytoplasmic segment in cyan, and TMHS5 in yellow. Y!3F'¥L!% and
G?221223Y 224125 are shown as sticks. (f) Peak III sequences aligned from their Ny and Nyax

values for GlpG and mutant GlpG(Y'*8F!*?L!43—NNN). The surface helix is italicized.
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Figure 4. BtuC. (a) Construct design, c.f., Fig. 2a. The N-terminal LepB fusion is indicated.

For constructs with N>298, the C-terminal tail is 75 residues long. Circles indicate constructs

for which mutations were made in the corresponding TMH, see Fig. S4. (b) FPs for BtuC

(orange), BtuC-TMH2 (green), BtuC(R*’R*R>*—QQQ) (black), BtuC-TMH6 (dark blue),

BtuC-TMHS (blue), BtuC-TMH10 (pink), and CGMD-FP calculated with a -100 mV

membrane potential (grey). Error bars indicate SEM values. (c) Sequences corresponding to
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peaks [-XI aligned from their Ny values. Hydrophobic TMH segments shown in orange and
membrane-embedded a-helices according to the OPM database (32) underlined. Re-entrant
loops and surface helices discussed in the text are italicized. (d) Construct design for
obtaining FPs of isolated N-out oriented BtuC TMHs. Dashed segments are derived from
LepB. (e) Enlarged FPs for BtuC (orange) and (R*’R>*R>**—QQQ) (black), together with
CGMD-FPs calculated with (grey) and without (dashed grey) a -100 mV potential. (f) BtuC
TMH9-TMH10, with hydrophobic flanking residues in stick representation (PDB ID: 2QI9).
(g) Enlarged FPs for BtuC (orange), isolated TMH6 (residues 187-206; blue), and isolated
TMHS5-6 (residues 138-206; green). In the latter construct, LepB TMH2 was not included in
order to maintain the correct membrane topology of the BtuC TMHS-TMHG6 part. The
CGMD-FP is in grey. (h) Structure of TMH6 including the upstream periplasmic re-entrant
helix and the downstream cytoplasmic surface helix, with hydrophobic flanking residues in

stick representation.
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Supplemental material

Materials and methods
Enzymes and chemicals

All enzymes used in this study were purchased from Thermo Scientific and New England
Biolabs. Oligonucleotides were from Eurofins Genomics. DNA isolation/purification kits and
precast polyacrylamide gels were from Thermo Scientific. L-[*>S]-methionine was obtained
from PerkinElmer. Mouse monoclonal antibody against the HA antigen was purchased from
BioLegend. Protein-G agarose beads were manufactured by Roche. All other reagents were

from Sigma-Aldrich.
Cloning and Mutagenesis

EmrE: The previously described Nou-Cout oriented EmrE(Cour) version carrying mutations
TR, L¥R and R!%A was engineered in a pETDuet-1 vector (/3). A series of constructs was
designed by inserting nucleotides downstream of EmrE(Cou) coding for a variable LepB-
derived linker sequence (between 4 and 34 residues), the 9-residue long HA tag, the 17-
residue long E. coli SecM AP, and a 23-residue long C-terminal tail. The following APs with
stalling strenghts were used: SecM(Ec) (FSTPVWISQAQGIRAGP), SecM(Ec-Ms)
(FSTPVWISQHAPIRGSP, mutations underlined), and SecM(Ec-Supl)
(FSTPVWISQAPPIRAGP, mutations underlined). The LepB-derived linker as well as
EmrE(Cou) were truncated 2-5 residues at a time from the C-terminus of the respective
sequence. Site-specific DNA mutagenesis was carried out to introduce point mutations E'“L,
E"A, EMD, and E'*Q in EmrE(Cou). All cloning and mutagenesis products were confirmed
by DNA sequencing. Different EmrE sequences used in this study are summarized in

Supplemental Table 1.
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GlpG: The gene encoding for GlpG was amplified from the genome of E. coli K-12 MG1655
strain by PCR and assembled together with other sequence elements into pING1 plasmid by
Gibson assembly®. For the longest truncates, a LepB-derived unstructured linker was
introduced downstream of the GlpG sequence, followed by an HA tag, a 17-residue long E.
coli SecM AP and a 23-residue long C-terminal tail derived from LepB. Partially overlapping
primers were used in around-the horn PCR (https://www.protocols.io/view/around-the-horn-
pcr-and-cloning-rf2d3qe) to create deletion variants truncating upstream of the HA-tag. All
the sequences of GlpG deletion variants used in this study are summarized in Supplemental
Table 1. For Lep-GlpG constructs, 60 N-terminal residues corresponding to the soluble
domain were truncated from GlpG and substituted by LepB N-terminal segment comprising
TMHI and a long cytoplasmic loop (1-174 res of LepB). Three different stalling sequences of
increasing strength were used: SecM(£c) (FSTPVWISQAQGIRAGP), SecM(Ec-Ms)
(FSTPVWISQHAPIRGSP, mutations underlined), and SecM(Ec-Supl)
(FSTPVWISQAPPIRAGP, mutations underlined). Mutations in SecM(Ec) AP and GlpG
folding variants NTD(F!’E), GlpG(Y'*¥F!*¥L!¥*—-NNN) were engineered using partially
overlapping primers in around-the-horn PCR. All cloning and mutagenesis products were

confirmed by DNA sequencing.

For in vitro transcription/translation of the soluble NTD domain, constructs of variable length
were fused to the SecM(Ec) AP and cloned into the pET19b vector. Folding variant
NTD(F!'®E) was engineered using partially overlapping primers in around-the-horn PCR.
pET19b plasmids containing different GlpG variants were used as template to create linear
DNA fragments amplified by PCR for each construct using forward and reverse primers that

anneal to the T7 promoter and terminator regions, respectively.

BtuC: The previously described pING1 plasmid harboring a truncated LepB sequence with an

inserted hydrophobic test segment (6L/13A) followed by a variable LepB-derived linker
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(between 9 and 43 residues), the 17-residue long E. coli SecM AP, and a C-terminal tail
comprised of 23 or 75 residues derived from LepB was used to generate all BtuC constructs
(4). All BtuC sequences used in this study are summarized in Table S1.The gene encoding
BtuC was amplified from the genome of the E. coli K-12 MG1655 strain by PCR and then
engineered to replace 6L/13A using Gibson assembly® (33). In order to maintain the correct
topology of BtuC, the sequence coding for TMH2 of LepB (between residues P3® and P''%)
was removed by deletion-PCR resulting in a 177-residue long sequence upstream of BtuC. A
gene sequence encoding 52 residues (part of LepB P2 domain) was introduced downstream
of the SecM AP for constructs with N>298, resulting in an extension of the C-terminal tail
from 23 to 75 residues in order to improve protein separation during SDS-PAGE. The LepB-
derived linker as well as BtuC were truncated 4 residues at a time from the C terminus of the
respective sequence. Site-specific DNA mutagenesis was carried out to replace 3 or 6
hydrophobic residues with Ala residues in TMHs of BtuC and to replace 3 Arg residues with
Gln residues in the periplasmic loop connecting TMH1 and TMH2 (RYR*R*—QQQ). Gene
sequences of single TMH and 2-TMH constructs were cloned with the variable linker
sequence derived from LepB, the single TMH constructs were placed in the background
containing gene sequences of both LepB TMHs in order to maintain the correct topology.
Furthermore, BtuCALepB constructs lacking the N-terminal LepB fusion were obtained by
deletion of the entire LepB sequence upstream of BtuC, and the 9-residue long LepB-derived
linker was replaced with an HA tag for immunoprecipitation. All cloning and mutagenesis

products were confirmed by DNA sequencing.
In vivo pulse-labeling analysis

Competent E. coli MC1061 or BL21 (DE3) cells were transformed with the respective pING1
(BtuC, GlpG) or pET Duet-1 (EmrE) plasmid, respectively and grown overnight at 37°C in

M9 minimal medium supplemented with 19 amino acids (I pg/ml, no Met), 100 pg/ml
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thiamine, 0.4% (w/v) fructose, 100 mg/ml ampicillin, 2 mM MgSQOs, and 0.1mM CaCl,. Cells
were diluted into fresh M9 medium to an ODggo of 0.1 and grown until an ODggo of 0.3 - 0.5.
Expression from pING1 was induced with 0.2% (w/v) arabinose and continued for 5 min at
37°C. Expression from pET Duet-1 was induced with I mM IPTG and continued for 10 min
at 37°C. Proteins were then radiolabeled with [3*S]-methionine for 2 min (1 min for BtuC
constructs lacking the N-terminal LepB fusion) at 37°C before the reaction was stopped by
adding ice-cold trichloroacetic acid (TCA) to a final concentration of 10%. Samples were put
on ice for 30 min and precipitates were spun down for 10 min at 20,000 g at 4°C in a tabletop
centrifuge (Eppendorf). After one wash with ice-cold acetone, centrifugation was repeated
and pellets were subsequently solubilized in Tris-SDS buffer (10 mM Tris-Cl pH 7.5, 2%
(w/v) SDS) for 5 min while shaking at 1,400 rpm at 37°C. Samples were centrifuged for 5
min at 20,000 g to remove insoluble material. The supernatant was then added to a buffer
containing 50 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.1 mM EDTA-KOH, 2% (v/v) triton X-
100, and supplemented with Pansorbin® (BtuC constructs) or Gammabind G Sepharose® (all
GlpG and EmrE constructs, and BtuC constructs lacking the N-terminal LepB fusion). After
15 min incubation on ice, non-specifically bound proteins were removed by centrifugation at
20,000xg (when Pansorbin® was used) or 7,000xg (when Gammabind G Sepharose® was
used). The supernatant was used for immunoprecipitation of BtuC constructs using
Pansorbin® and LepB antisera (rabbit), or immunoprecipitation of GlpG/EmrE constructs
using Gammabind G Sepharose® and Anti-HA.11 Epitope Tag Antibody (mouse). The
incubation was carried out at 4°C whilst rolling. After centrifugation for 1 min,
immunoprecipitates were washed with 10 mM Tris-Cl pH 7.5, 150 mM NaCl, 2 mM EDTA,
and 0.2% (v/v) triton X-100 and subsequently with 10 mM Tris-Cl pH 7.5. Samples were
spun down again and pellets were solubilized in SDS sample buffer (67 mM Tris, 33% (w/v)

SDS, 0.012% (w/v) bromophenol blue, 10 mM EDTA-KOH pH 8.0, 6.75% (v/v) glycerol,
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100 mM DTT) for 10 min while shaking at 1,400 rpm. Solubilized proteins were incubated
with 0.25 mg/ml RNase for 30 min at 37°C and subsequently separated by SDS-PAGE. Gels
were fixed in 30% (v/v) methanol and 10% (v/v) acetic acid and dried by using a Bio-Rad gel
dryer model 583. Radiolabeled proteins were detected by exposing dried gels to
phosphorimaging plates, which were scanned in a Fuji FLA-3000 scanner. Band intensity
profiles were obtained using the FIJI (ImagelJ) software and quantified with our in-house
software EasyQuant. Data was collected from three independent biological replicates, and

averages and standard errors of the mean (SEM) were calculated.
In vitro transcription/translation of GlpG NTD

In vitro ftranscription/translation was performed using the commercially available
PURExpress system (New England Biolabs). Reactions were mixed according to the
manufacturer’s recommendations by the addition of 2.2 ul of linear DNA of each construct
giving a final volume of 10 pl. Polypeptide synthesis was carried out in the presence of [*S]-
methionine at 37°C for 15 min under 700 rpm shaking. Translation was stopped by the
addition of trichloroacetic acid (TCA) to a final concentration of 5% and incubated on ice for
at least 30 min. Total protein was sedimented by centrifugation at 20,000 g for 10 min at 4°C
in a tabletop centrifuge (Eppendorf). The pellet was resuspended in 2x SDS/PAGE sample
buffer, supplemented with RNaseA (400 pg/ml) to digest the stalled peptidyl-tRNA, and
incubated at 37°C for 15 min under 1,000 rpm agitation. The samples were resolved on 12%
Bis-Tris gels (Thermo Scientific) in MOPS buffer. Gels were dried (Hoefer GD 2000),
exposed to a phosphorimager screen for 24 h and scanned using the Fujifilm FLA-9000

phosphorimager for visualization of radioactively labeled protein species.
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Molecular dynamics simulations

Computer simulations of cotranslational membrane integration were carried out using a
previously developed and validated coarse-grained molecular dynamics (CGMD) model in
which nascent proteins are mapped on to CG beads representing three amino acids (10, 34).
The nascent protein interacts with the Sec translocon and the ribosome via pairwise
interactions that depend on the hydrophobicity and charge of the beads of the nascent protein.
The interaction parameters are unchanged from previous work (34). The lateral gate of the
translocon switches between the open and closed conformations with probability dependent
on the difference in free energy between the two conformations. The structures of the
ribosome and translocon are based on cryo-EM structures and, aside from the lateral gate of
the translocon, are fixed in place during the simulations. The lipid bilayer and cytosol are
modelled implicitly. The positions of the nascent protein beads are evolved using
overdamped Langevin dynamics with a timestep of 300 ns and a diffusion coefficient of 253
nm?/s. Membrane potentials are included by adding an electrostatic energy term to the

simulations, as previously described (/0).

To simulate protein translation, new amino acids are added to the nascent chain at a rate of 5
amino acids per second. Simulations of EmrE, GlpG, and BtuC begin with 12 amino acids
translated. Translation continues until the nascent protein reaches the desired length, at which
point translation is halted and forces on the C-terminus of the nascent chain are measured
every 3 ms for 6 seconds. This methodology has been found to accurately reproduce
experimental force profiles (/0). Forces are measured starting at a nascent protein length of
18 amino acids for EmrE and BtuC, and 70 for GlpG. The computational force profile
(CGMD-FP) is then obtained by measuring the forces at lengths incremented by four amino
acids. Simulations at different lengths are performed independently and repeated 100 times.

Because the ribosomal exit tunnel is truncated in the CGMD model, a shift in the protein
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index is required to compare simulated and experimental results. Shifts of -12, -5, and -5
residues are used for EmrE, GlpG and BtuC CGMD-FPs, respectively. The shifts are
estimated by aligning the computational and experimental force profiles and are in line with
what is expected given the length of the truncated exit tunnel. Variation in the shift may
reflect different degrees of compaction of the nascent chain. Although previous work
provides a framework to estimate the experimentally observed fraction full-length from
simulated forces given a specific arrest peptide (/0, 35), forces are reported directly to

facilitate comparison between experiments performed with different arrest peptides.
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Fig. S2. GIpG. (a) As in Fig. 3b, but with a HP (AG) calculated by TOPCONS (2, 36) (grey).

(b) Sequences corresponding to peaks II-VII aligned based on the Ny« values. The

periplasmic surface helix upstream of TMH2 and the hydrophobic patch upstream of TMHS

are in italics. Hydrophobic TMH segments shown in orange and membrane-embedded a-

helices underlined. (c) Sequences corresponding to peaks II-VII aligned based on the Nens

values. Hydrophobic TMH segments shown in orange and membrane-embedded a-helices

underlined.
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(b) Close-up view of the BtuC FP (N=30-150; orange), and the corresponding FP obtained

with GlpG constructs lacking the N-terminal LepB fusion (green).
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LRFARRHL STSRLLLAGVALG ITCSALM FSTSVDLRGPGGVWMSSF STPVWISQRAQGIRAGP 199 04 I** *f [ il

QS RP MNMLALGE IS ARQ LG LPLWEF WRN GPGGVWMSSF ST PV IS QAQGI RAG P 259 e *.I* " & I

GVSVALAGAIGFIGLV IPHILGPGGVWMSSF STPVWISQAQGIRAGE 289 02 ek & I
RNV LAGA IGFIGLVIPH ILRLCGL TDHGPGGVWMSSF STPVWISQAQGIRAGP 298 !
VIPHI LRLCGLT DHRVLLPGCA ALLGPGGVWMSSESTPVWISQRQGIRAGP 314
0.0

LLADI VARLA LAAAE LP IGVVT ATL GA LLLGPGGVWMSSF STPVWISQAQGIRAGP 348

67 111 123 143 167 191 199 259 289 298 314 348
N

Fig. S4. Mutations in constructs representing peaks in the BtuC FP. (a) Sequences of the 67
residues leading up to the end of the AP for constructs with the indicated N-values. The
constructs are identified by black circles on the BtuC FP in Fig. 4b. For each construct, the
residues indicated in bold green were simultaneously mutated to Ala. The shaded area
encompasses residues located 40-50 residues away from the C-terminal end of the AP in the
respective constructs. Hydrophobic TMH segments are shown in orange and membrane-
embedded a-helices are underlined. (b) f values for the unmutated constructs (orange) and
the Ala-replacement mutants (blue). Error bars indicate SEM values, and stars indicate p-

values calculated using a two-sided t-test (p < 0.05, *; p < 0.01, **; p <0.001, ***),
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Supplementary Table S1

Amino acid sequences of EmrE(Cou), GlpG, and BtuC constructs.



EmrE Cout SecM(Ec) (N=45-170)

MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAITIGMMLICAGVLIINLLSASTP
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAITIGMMLICAGVLIINLLSASTP )Y FMMGDNRDNSADSRYWGF VPSS
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAITIGMMLICAGVLIINLLSASTP )Y FMMGDNRDNSADSRYS S|
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAITIGMMLICAGVLIINLLSASTP )Y FMMGDNRDN.
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAITIGMMLICAGVLIINLLSASTP )Y FMMGD!
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAITIGMMLICAGVLIINLLSASTP )YSS|
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLIINLLSASTPHSGS
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLIINLLSASSGSG
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLIINLLSSGSG
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLIINSGS
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLISGS
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGSGSG
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICSGSG]
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMSGS
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGSGS!
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPASGSG]
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRSGSG]
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORSGS!
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGSGS
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGSGS
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSSGS
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISSGSG
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLSGSG
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATIWSGSGS

)Y FMMGDNRDNSADSRYWGF S

MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTSGSG]
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWSGS!

MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYSGSG
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGSGS

MNPYIYLGGAILAEVIGTTLMKFSEGFRRLSGSG]
MNPYIYLGGAILAEVIGTTLMKFSESGS

MNPYIYLGGAILAEVIGTTLSGSG]

MNPYIYLGGAILAEVSGS!

IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH

N
170
165
160
155
150
145
140
137
135
132
130
127
125
122
120
117
115
112
110
107
105
102
100

95

90

85
80
75
70
65
60
55
50
45

EmrE Cou+ TMH

Linker sequence (LepB derived)




EmrE Coue SecM(Ec) E1l4L

EmrE Coue SecM(Ec) E14A

EmrE Cou« SecM(Ec) E14D

EmrE Coue SecM(Ec) E140

(N=45-170)

MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAITIGMMLICAGVLIINLLSASTP )Y FMMGDNRDNSADSRYWGF S
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLIINLLSASTPHSGSGGQYFMMGDNRDNSADSRYWGF VPSS
MNPYYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAT IGMMLICAGVLI INLLSASTPHSGSGGQYFMMGDNRDNSADSRYSS
MNPYYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATIWSGVGIVLISLLSWGFFGORLDRPAT IGMMLICAGVLI INLLSASTPHSGSGGQYFMMGDNRDNSSS|
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLIINLLSASTPHSGSGGQYFMMGDS S|
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAITIGMMLICAGVLIINLLSASTP )YSS|
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLIINLLSASTPHSGS
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATIWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLIINLLSASSGSG]
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLIINLLSSGSG
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAITIGMMLICAGVLIINSGS
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLISGS
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGSGSG
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICSGSG]
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMSGS
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGSGS!
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPASGSG]
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRSGSG]
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORSGS!
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGSGS
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGSGS
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSSGS
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISSGSG
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLSGSG
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATIWSGSGS
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYSGSG]
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPSGS!
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTSGSG]
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYCASFWSGS!
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGTIICYSGSG
MNPYIYLGGAILALVIGTTLMKFSEGFRRLWPSVGSGS
MNPYIYLGGAILALVIGTTLMKFSEGFRRLSGSG]
MNPYIYLGGAILALVIGTTLMKFSESGS
MNPYIYLGGAILALVIGTTLSGSG]
MNPYIYLGGAILALVSGS!

MNPYIYLGGAILAAVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLISGS
MNPYIYLGGAILAAVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRSGSG]
MNPYIYLGGAILAAVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSSGS
MNPYIYLGGAILAAVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPSGS!

MNPYIYLGGAILAAVIGTTLMKFSESGS

MNPYIYLGGAILADVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLISGS
MNPYIYLGGAILADVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRSGSG]

MNPYIYLGGAILADVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSSGS

MNPYIYLGGAILADVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPSGS!

MNPYIYLGGAILADVIGTTLMKFSESGS

MNPYIYLGGAILAOVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLISGS
MNPYIYLGGAILAOVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRSGSG]
MNPYIYLGGAILAOVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSSGS
MNPYIYLGGAILAOVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPSGS!

MNPYIYLGGAIL. IGTTLMKFSESGS!

IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH

IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH

IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH

IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH

170
165
160
155
150
145
140
137
135
132
130
127
125
122
120
117
115
112
110
107
105
102
100

90
85

75
70

60
55

45

130
115
105
85
55

130
115
105
85
55

130
115
105
85
55



EmrE Coue SecM(Ec-Supl) (N=100-145)

MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAITIGMMLICAGVLIINLLSASTP )YSS|
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLIINLLSASTPHSGS
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLIINLLSASSGSG
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLIINLLSSGSG
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLIINSGS
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGVLISGS
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICAGSGSG
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMLICSGSG
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGMMSGS
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPAIIGSGS!
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRPASGSG]
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORLDRSGSG]
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGORSGS!
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGFFGSGS
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSWGSGS
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISLLSSGS
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLISSGSG
MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTIICYCASFWLLAQTLAYIPTGIAYATWSGVGIVLSGSG

EmrE Cone SecM(Ec)I¥I3*—NN

MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGTNNCYCASFWLLAQTLAYIPSGS!

MNPYIYLGGAILAEVIGTTLMKFSEGFRRLWPSVGT YCASFWLLAQTSGS_

IGSSDKQEGEWPTGLRLSRIGGIH

IGSSDKQEGEWPTGLRLSRIGGIH

IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
IGSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH

IGSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH

145
140
137
135
132
130
127
125
122
120
117
115
112
110
107
105
102
100

85
80



GlpG SecM(Ec)

(N=46-336)

T™2 TM3 TM4

TM6

HA-tag SecM (Ec Lep P2

WPFDPTLKFEFWRYF

|GSSDKQEGEWPTGLRLSRIGGIH

JGSSDKQEGEWPTGLRLSRIGGIH

DQEVMLWLAWPFDPTLKFEFWRYE"

|GSSDKQEGEWPTGLRLSRIGGTH

VMLWLAWPEDPTLKFEFWRYE"

DOEVMLWLAWPFDPTLKFEE

|GSSDKOEGEWPTGLRLSRIGGT H
|GSSDKQEGEWPTGLRLSRIGGIH

DOEVMLUL vvurDPTLKFEFWRYF

DQEVMLWLAWPFDPTLKFEFWRYE"

JGSSDKQEGEWPTGLRLSRIGGIH

DQEVMLWLAWPFDPTLKFEFWRYE"

[GSSDKQEGEWPTGLRLSRIGGTH

DOEVMLWLAWPFDPTLKFEFWRYF

|65 SDKOEGEWPTGLRLSRIGGT H

" DQEVMLWLAWPFDPTLKFEFWRYE"

DQEVMLWLAWPEDPTLKFEFWRYE" L
L DQEVMLWLAWPFDPTLKFEFWRYE" L
DOEVMLWLAWPEDPTLKFEFWRYE" L
L DQEVMLWLAWPFDPTLKFEFWRYE" L
DOEVMLWLAWPEDPTLKFEFWRYE' L
L DOEVMLWLAWPFDPTLKFEFWRYE"

L [GSSDKQEGEWPTGLRLSRIGGTH

DQEVMLWLAWPFDPTLKFEFWRYE"

|65 SDKQEGEWPTGLRLSRIGGT H

L DOEVMLWLAWPFDPTLKFEFWRYF

[GSSDKQEGEWPTGLRLSRIGGTH

DQEVMLWLAWPFDPTLKFEFWRYE"
5 DQEVMLWLAWPFDPTLKFEFWRYE"
DOEVMLWLAWPFDPTLKFEF

|65 SDKQEGEWPTGLRLSRIGGT H

DQEVMLWLAWPFDPTLKFEFWRYE"

DOEVMLUL

WPFDPTLKFEF

DQEVMLWLAWPFDPTLKFEFWRYE"

[GSSDKQEGEWPTGLRLSRIGGTH

DOEVMLUL

WPFDPTLKE

|65 SDKOEGENPTGLRLSRIGGT H

VMLWLAWPEDPTLKFEFWRYE"

|GSSDKQEGEWPTGLRLSRIGGTH

DOEVMLWLAWPEDPTLKFEFWRYE' JGSSDKQEGEWPTGLRLSRIGGT H
L VMLWLAWPEDPTLKFEFWRYE" [GSSDKQEGEWPTGLRLSRIGGTH
DOEVMLWLAWPEDPTLKFEFWRYE" |65 SDKQEGEWPTGLRLSRIGGT H
L VMLWLAWPFDPTLKFEFWRYE"
DOEVMLWLAWPEDPTLKFEFWRYE'

VMLWLAWPEDPTLKFEFWRYE THALMHFSLMHTL]

DOEVMLWLAWPEDPTLKFEFWRYF THALMEFSLMHI]

VMLWLAWPEDPTLKFEFWRYF THALME!

DOEVMLUL

[GSSDKQEGEWPTGLRLSRIGGTH

|65 SDKOEGEWPTGLRLSRIGGT H

[GSSDKQEGEWPTGLRLSRIGGTH
|GSSDKOEGEWPTGLRLSRIGGT H

[GSSDKQEGEWPTGLRLSRIGGTH
S SDKOEGEWPTGLRLSRIGGT H

[GSSDKQEGEWPTGLRLSRIGGTH
|GSSDKOEGEWPTGLRLSRIGGTH

[GSSDKQEGEWPTGLRLSRIGGTH
|65 SDKOEGEWPTGLRLSRIGGT H

[GSSDKQEGEWPTGLRLSRIGGIH
|65 SDKOEGEWPTGLRLSRIGGT H

|GSSDKQEGEWPTGLRLSRIGGTH



Lep TM1 GlpG SecM(Ec-Ms) Single residue (N =171-211)

MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVEFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLLWWWYLGGAVEKRLG SGKLIVITLISAL [GSSDKQEGEWPTGLRLSRIGGIH
|GSSDKQEGEWPTGLRLSRIGGIH

[GSSDKQEGEWPTGLRLSRIGGIH

[GSSDKQEGEWPTGLRLSRIGGIH
|GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSIMHILFNLLWWWYLGGAVEKRLG SGKLI| [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVTWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSIMHILEFNLLWWWYLGGAVEKRLG SGKL) |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVTWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYF THALMHFSIMHILFNLLWWWYLGGAVEKRLG SG [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVTWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHI LENLLWWWYLGGAVEKRLG SG| |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLLWWWYLGGAVEKRLG S| [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHI LENLLWWWYLGGAVEKRLG|
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYF THALMHFSLMHILFNLLWWWYLGGAVEKR!
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYF THALMHFSLMHI LENLLWWWYLGGAVE!
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHI LENLLWWWYLGGAVE!
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYF THALMHFSILMHI LENLLWWWYLGGAVE] [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVITWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHI LENLLWWWYLGG: |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLLWWWYL! [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLLWWWYL! |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLLWWWYL [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLLI [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLLI |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLLI [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNL: |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLY [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILI |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILI
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHI
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHI [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHES! |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHES! [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHES! |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHES|
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMH. |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYF THALMH| [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALI |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHAL) [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYF TH. |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYF TH] |GSSDKQEGEWPTGLRLSRIGGIH

|GSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH

213
212
211
210
209
207
206
205
204
203
202
201
200
199
198
197
196
194
193
192
191
190
188
187
186
185
184
183
182
181
180
179
178
177
176
175
174
173
172
171



Lep TM1 GlpG SecM(Ec-Supl) Single residue (N=185-204)

MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVTWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYF THALMHFSLMHILFNLLWWWYLGGAVEKRLG SG SDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVTWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYF THALMHFSIMHI LENLLWWWYLGGAVEKRLG SG| |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLLWWWYLGGAVEKRLG S|
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVTWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHI LFNLLWWWYLGGAVEKRLG|
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYF THALMHFSLMHILFNLLWWWYLGGAVEKR! [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYF THALMHFSLMHI LENLLWWWYLGGAVE! |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYF THALMHFSLMHI LENLLWWWYLGGAVE! [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYF THALMHFSLMHI LENLLWWWYLGGAVE] |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYF THALMHFSLMHILFNLLWWWYLGGA [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVITWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHI LENLLWWWYLGG: |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLLWWWYL! [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLLWWWYL!
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLLWWWYL) [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLLI |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLLI [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLLI |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNLLI [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILFNL:
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILI
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHILI [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHI |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHFSLMHI [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALMHES! |GSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH
|GSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH

MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHALI
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYFTHAL)
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRYF TH.

|GSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH
|GSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH

MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWR] [GSSDKQEGEWPTGLRLSRIGGIH

Lep TM1 GlpG SecM(Ec-Ms) variant Y138F139T,143_NNN Single residue (N=182-213)

MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRNNTHANMHFSLMHILFNLLWWWYLGGAVEKRLG SGKLIVITLI SAL [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRNNTHANMH FSIMHI LENLLWWWYLGGAVEKRLG SGKLIVITLI SA |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRNNTHANMHFSLMHILFNLLWWWYLGGAVEKRLG SGKLIVITLI S| [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRNNTHANMH FSLMHI LENLLWWWYLGGAVEKRLG SGKLIVITLI |GSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH
|GSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH
|GSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH
|GSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH
[GSSDKQEGEWPTGLRLSRIGGIH

MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVITWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRNNTHANMH FSLMHI LENLLWWWYLGGAVEKRLG SG
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRNNTHANMH FSLMHILFNLLWWWYLGGAVEKRLG S|
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVTWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRNNTHANMH FSLMHI LENLLWWWYLGGAVEKRLG|
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPEFDPTLKFEFWRNNTHANMH FSLMHILFNLLWWWYLGGAVEKR!
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRNNTHANMH FSLMHI LENLLWWWYLGGAVE!
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRNNTHANMH FSILMHI LENLLWWWYLGGAVE!
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRNNTHANMH FSLMHI LFNLLWWWYLGGA
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVITWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRNNTHANMHFSLMHI LENLLWWWYLGG:
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRNNTHANMHFSLMHILENLLWWW YL
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRNNTHANMHFSLMHILENLLWWWYL! |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI LGDQEVMLWLAWPFDPTLKFEFWRNNTHANMHFSLMHILFNLLWWWYL) [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRNNTHANMH FSLMHILFNLLI |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRNNTHANMH FSLMHI LFNLLI [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRNNTHANMH FSLMHI LFNLLI
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRNNTHANMH FSLMHI LFNLLI
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRNNTHANMHFSLMHILFNL: |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRNNTHANMHFSLMHILFNLY [GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRNNTHANMH FSLMHI LI |GSSDKQEGEWPTGLRLSRIGGIH
MANMFALILVIATLVTGILWCVDKFFFAPKRRERQAAAQAAAGDSLDKATLKKVAPKPDPRY LAASWQAGHTGSGLHYRRYPFFAALRERAGPVIWVMMIACVVVFIAMOI L.GDQEVMLWLAWPFDPTLKFEFWRNNTHANMH FSLMHI LI |GSSDKQEGEWPTGLRLSRIGGIH
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GlpG SecM(Ec) variant F'°E (N=51-126)

MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPADIZNENVNICLNCI-UNERIEIN: DN 43D P VA NN VNE S GSSDKQEGEWPTGLRLSRIGGIH 126
ILMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPADIZENVNIIOLNEI-UNERIEIN: N @3 Y VNN GSSDKQEGEWPTGLRLSRIGGIH 121

ILMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPADIZNEWVIO):NE ;Ui RIeAN-A 4020440 GSSDKQEGEWPTGLRLSRIGGIH 116
MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPADIZNEMVI6):NE :UeIean:R4: GSSDKQEGEWPTGLRLSRIGGIH 111
ILMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARELENPAD|ZNEMVNe):Nejsuyer GSSDKQEGEWPTGLRLSRIGGIH 106
MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPAD|ZNANV:NSITO) GSSDKQEGEWPTGLRLSRIGGIH 101
MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPAD|ZENA GSSDKQEGEWPTGLRLSRIGGIH 96
MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPAD 91
MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARF 86
MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRA 81
MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQA 76
MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLA 71
MLMITSFANPRVAQA VDYMATQGVILTIQQHNQS 66
MLMITSFANPRVAQA VDYMATQGVILTIQ GSSDKQEGEWPTGLRLSRIGGIH 61
MLMITSFANPRVAQA VDYMATQGV GSSDKQEGEWPTGLRLSRIGGIH 56
MLMITSFANPRVAQA VDYM GSSDKQEGEWPTGLRLSRIGGIH 51

In vitro expression: GlpG SecM(Ec) (N=71-126)
ARYARNSI NN AN O N AN A UK (VAR RO [0) S 1N (O I DMAL AN D) A0 VN A AVA VN AN B N AN PRY LAA SWQAGHTGSGLHYRRY PFFAALRERAGPVTWVMMIACVVVFIAMOI .GDQEVMLWLAWP GSSDKQEGEWPTGLRLSRIGGIH G126
RYARNSI NN AN O N AN 4NN e (VAR RO [0) S 1N (OIS DMAL AN D) A0 VNN VA VN AN BN AN PRY LAA SWQAGHTGSGLHYRRY PFFAALRERAGPVTWVMMIACVVVFIAMQI .GDQEVMIL GSSDKQEGEWPTGLRLSRIGGIH G121
ARYARNSI NN AN O N AP AU NN [N RO [0) S 1N (OIS DMAN AN D) A0 VNN VAV NN BN AN PRY LAA SWOAGHTGSGLHYRRY PFFAALRERAGPVTWVMMIACVVVEFIAMQIL.GD) GSSDKQEGEWPTGLRLSRIGGIH G116
ARYARNSI NN ANO N AN AU N[N MR O [0)SINO S DAAU AN D) A0 VNN AV VNN DN AN PRY LAA SWOAGHTGSGLHYRRY PFFAALRERAGPVIWVMMIACVVVEIA GSSDKQEGEWPTGLRLSRIGGIH G111
UV ERRSY YNNI NO YN AV 4V N KO [CAVA R M N O[0)SIN (O BAALNANDI NSO NN VAN WA NN PRY LAA SWQAGHTGSGLHYRRY PFFAALRERAGPVTIWVMMIA GSSDKQEGEWPTGLRLSRIGGIH G106
URUERRSY NN BN O YN AV 4V N Ko [CAV AR N N OI0) SN (OIS BAALNWANDI AT 01NN AVA NN WA NI PR Y LAA SWQAGHTGSGLHYRRY PEFAALRERAGP! GSSDKQEGEWPTGLRLSRIGGIH G101
RSB NO )N ANV N Ko [CAV AR M N OI0) SN (OIS BAAL N WNDI AT OV NN VAN DN N WA NN PR Y LAA SWQAGHTGSGLHYRRY PEFAALRERAGP! GSSDKQEGEWPTGLRLSRIGGIH G96
URUERRSY NN BN O)N ARV N e [CAV AR N N OI0) SN (OIS BAALINDI HSIOV: NN VAN DN VWA NIV PR Y LAA SWQAGHTGSGLHYRRY PFFAALRE GSSDKQEGEWPTGLRLSRIGGIH G91
ILMITSFANPRVAQAFVDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPADIZNENVIO):Nel:UeRIeAN-A 4020440 G86
MLMITSFANPRVAQAFVDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPADIZNEWVI(0):NelsuNelIean:R 4 G81
ILMITSFANPRVAQAFVDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARELENPAD|ZNEMVN(e):Nejsuyer G76
MLMITSFANPRVAQAFVDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPA DI AN:V:NSITO):\ G71
MLMITSFANPRVAQAFVDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPAD|ZENA 91
MLMITSFANPRVAQAFVDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPAD 86
MLMITSFANPRVAQAFVDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFL 81
MLMITSFANPRVAQAFVDYMATQGVILTIQQHNQSDVWLADESQAERVRAD 76
MLMITSFANPRVAQAFVDYMATQGVILTIQQHNQSDVWLADES GSSDKQEGEWPTGLRLSRIGGIH 71



In vitro expression:

GlpG SecM(Ec) variant F°E (N=71-126)

MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPADIZNENVNICLNCI-UNERIEIN: DN 43D P VAN VNE S
ILMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPADIZENVNIIOLNEI-UNERIEIN: N @3 P VNN
MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPADIZENVNIOLNE-UNERIEIN:D NN 433
ILMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPADIZNENVNIC):NEI-UERIeIn: ex
MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFELENPADIZNENVAI[C):NE U ER
MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPADIZNENVNIIC)

MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPADZEN
MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARFLENPAD
MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRADVARF
MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQAERVRA

MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLADESQA

MLMITSFANPRVAQA VDYMATQGVILTIQQHNQSDVWLA

GSSDKQEGEWPTGLRLSRIGGIH
GSSDKQEGEWPTGLRLSRIGGIH

GSSDKQEGEWPTGLRLSRIGGIH

126
121
116
111
106
101
96
91
86
81

71



LepB TMHI BtuC SecM(Ec) (N=43-386)

5 SDKQEGERPTGLRLSRIGGTH

5 SDKQEGERPTGLRLSRIGGH

5 SDKQEGERPTGLRLSRIGG

5 SDKQEGERPTGLRLSRIGGH

5 SDKQEGERPTGLRLSR GG H

LG SN PR O L LAV VoA LA G gAL Y7L AP L G GYSLINVLLG0 oL ANALGLC A LT Ll Grcomes o
SPG DHE TERGE LEVWO1RL PR TL AVLL VGAALALS GAVNOALF ENPLAEPGLLGSI Ancrccuis
P DR L0 DTS AVLE VAN AL AN BUPLA£PG L0 )AL ANV OGO oL LA AGALS 2L SLEREAR s Cooc e ] S5DKQEGE RPTGLRLSRIGS Ti
O A2 LS LA LGP LA LS
DN T PRGE LE VW 01 AL PHIL AVLL VGAALATS GRVMQAL F EXPLAEPGLIGY: oL s SSOKQEGERPTSLRLSRIGG TH
o-lsssmm‘smxLmomx.sx’rx_kvu.vsuu\liGAVKQALHWLA!ssuﬁvstAGvGLlu\vumsqx_sWALGXLAHGALHTLXLLRFARHLSTsumvﬁ\mmmxx

55Dk QEGE WPTLRLS RIGS 1H

55Dk QEGE WPTLRLS RIGS 1H
S5DKQEGE RPTGLRLSRIGS Ti
55Dk QEGEWPTLRLS RIGS 1i
S5DKQEGE RPTGLRLSRIGS TH
55Dk QEGE WPTLRLS RIGS 1H

WIMLALIPVELNTCCOSR:
5 ccos uaceccimss| S5DKQEGE RPTGLRLSRIGS Ti
DRG0 AL RV VAR AL CATRON.F AL AL LV SVl A 0G0 ORI AGA LT LILLE RS540 LA AL e ALNTW YE 751 R4 1A COFC VN AL EV LN 0 vt bLAL O £ ARDLCLEL NV LV AN GG onSe
e S e e S L e e A
SHLMLALTPVELNTCCOSR:

REARRILS 7SR LLAGVALGI1CS ALWTRATYES S LMLALIPVELNTCCOSR: L L I EHBIC VA AGA G CLUE SILER A G pocv i) 55 DKQE GEWP TGLRLSRE GGH
DK AL PYLL G0 RPN G5 ARQL O LNV L A SGHNSYA LG SOEL G L TN GRS | SDYIXRAVGLPGDKVTYDPVS \CENAL PV SNVEPSDX
SHLMLALTPVELNTCCOS R Reco
o o DT PR L0 AL VA A NG ENPE AP YDA GYEE TAAY L3000 AL GLAA RGN L5 PSR AY NI TS LLAG AL 3G AT SYE 7 WLMLALIPVELWICCOS R A S CYSA LA LoFLGE Y PSR LNV LLBGEARoc e |
GmmsmxLmomx.sx'rx.kvu.vsuunGAVKQALHWLMssuﬁvsvm\svm.xuvummx_swALGxLAuGAun'uu.xrmxux_sTsumvﬁ\mxlciAmm\nrrs'lsva_xou(xwm(mmsvmxgsuuuuyvu.uccosxswmr_sxlsAkoLGLsth’xvaumwnvsvivAmAmnsx_vlsulx_msm‘buxvu.mkum\mmu
DHET2RGE LFVH QAL ERTLAVLL VGAALALS GAVOALF EXPL AEPGLLGVS) L LG VDL QLM WX GGFG GVDN QS HLMLAL TPV LLWT CCQS REMMLAL GETS ARQL GLPL KF VLY AN
0-lsssmmsmxx_momx.sx’rx_kvu.vsuuxim\vugx_rxwr_ummvsvm\svsx_nu\vumsqx_sWALGXLAum\ux'rLlLLRrAkqus'lsxx_msw\mucimvkﬂrs'ls SHLMLALTPVELNTCCOSR:
Liwrceoss
ca O T GaF G VoA NS AEAL VL CCGR Res AL G5 AR GLBL WAL
mxsssmmsmxLrvuomx_sx’rx_kvu.vsuunGAVKQALHWLMmuﬁvsvsksvm.xuvummmWALGXLAum\x_u'ruu.nrmxux_s'lsxx_x_u\sw\muciAmw\nrrs'lsva_xou(h‘m(mmsvmxgsuuuuwuuccosxswmr_susmox_m.sx_hh‘xwr_vumwnvsvivkmxmnm.vlsnx_msm‘buxvu.x(kum\iuunlvmwu
LL60c0: WLMLALIPVELNTCCOSR: ZLRLCOLTDNR

DS ALY LU o sl LG8 AL Lo L
LYESTSVDLROLN YN GGEG VDI CCOS REXIMLALGE LS AROL GLPL

o Ly car AAAAELD I
PG PAGE V07 L AN LA AN BNPL AP L1 GG LAY L0 GO AL L AL A 13 T3 LA AL e AL LEE S VDL RO A GaFG oW AU LBV LA CCO8 RS G 5 ARG GL o AP L NG UGSV £OF £ LT IS ERLAC Lo VL BCEALACA SALE LADY VARENEAN AL L1V EASEGABU S HLELIRCR
SEC DN PTGE 0B ERCLAVLL VGA LS GAVHON.F P AP 1S GUGE AV ELCOS0L P LA IAGA L LILLREAR T 75, LA VALG LGS AT W 1S DL LY TN GOFC GV 208 LA G5 AT P WA AR IO SUA LG LG G L RLCC DA VLSS LAGA SLLLADL UARL AL L SOV INTLGAPYESHLLLEA G

PRGE LEVW 01 HL PN TL AVLL VGAALALS GAVNOALF EXPLAEPGLLGYS
PG DRE PR L0 L G A aN L AP L B8 GVCE SAAY L0000 P GLEA RGN LS P L AT RS TS LLAC AL 3G AP SYE S 5 SHLMALTPVELWTCCOS R G VS VA LAGA R EL GV P LR Lo RV LL POCALAGASALL ADE VARLALA AP YV EATLGAPVEMLLLEACH
e e e e e e L AL 5 A LN L AL L VS LAG (C2L CLL L o LT LG LG SAL L LA A Ao O AT AV L

52G DHFTERGE LEVW Q1AL PRTL AVLL VGAALATS GAVOALF ENPLAEPGLLGYS cau RALSTSRELLAG! DO T CYONR QS LA L EVLLRLCCOS AL GE T AL L rm L
PG D PR L 01 LAV A LALE CAMGALF P AEPG LGV SN GUGE SAAVEL0CoL P WAL CLCA SRR S2EILERERR RIS 79nE LEAC VAL T LCA ALNEHA LHE 751 WLMLALIPVELNTCCOSR: AN EGUG VS LAGh £ L GV SRR L7 PV LLBGEA LA AL EADS UARE AL AEL? LG EATLGABY F W LEAN
L AVLL VGAALATS GRVHQAL EXPLAEPG LI Y SNGAGVGL TAAVELGOGQL? YWAL GLCA TAGALT T TLTLL P AR LS TSRLLLAGVALG T 1CS ALNTHA LYFSTS! Saimvitcorn TGWVGVSVALAGA TGFTGLVE PHLLRI.CG LD VLLPGCALAGA SALL LADT VARLALAA AET? LGV AT GABYF TWLLLKAGR(

Hydrophobic TMH segment
Linker sequence (LepB derived)

N-terminal LepB sequence:

MAN A GEeN DX F F FAPKRRERQAAAQAAAGDS LDKATLKKVAPKPBIYQKTLIETGHPKRGD IVVFKYPEDPKLDYIKRAVGLPGDKVTYDPVSKELTIQPGCSSGQACENALPVTYSNVEPSDFVQTFSRRNGGEATSGFFEVPKQETKENGIRLSETSGEBG

Sequence between BB was deleted to remove TMH2 of LepB



LepB TMH1 BtuC

LepB TMHI1 BtuC

LepB TMH1-TMHZ2

TMH2

TMH6

SecM(Ec) R*’R56R5°—QQQ

MLTLARQOQRONIRWLLCLSVLMLLALLLSLCAGEQWISPGDWFTPOGELFVWQIQLPOTLAVLLVGAALAISGAVMOALFENPLGPGGVWMSS GSSDKQEGEWPTGLRLSRIGGIH
MLTLARQOQORONIRWLLCLSVLMLLALLLSLCAGEQWISPGDWFTPOGELFVWQIQLPOTLAVLLVGAALAISGAVMOALFENPLAEPGLLGVSNGAGPGGVWMSS IGSSDKQEGEWPTGLRLSRIGGIH
MLTLARQOQRONIRWLLCLSVLMLLALLLSLCAGEQWISPGDWFTPOGELFVWQIQLPOTLAVLLVGAALAISGAVMOALFENPLAEPGLLGVSNGAGVGLTIAAVLLGOGPGGVWMSS

MLTLARQOQRONIRWLLCLSVLMLLALLLSLCAGEQWISPGDWFTPOGELFVWQIQLPOTLAVLLVGAALAISGPGGVWMSS IGSSDKQEGEWPTGLRLSRIGGIH
MLTLARQOQRONIRWLLCLSVLMLLALLLSLCAGEQWISPGDWFTPOGELFVWQIQLPOTLAVLLVGAALAISGAVMOALFGPGGVWMSS IGSSDKQEGEWPTGLRLSRIGGIH

GSSDKQEGEWPTGLRLSRIGGIH

SecM(Ec) Hydrophobic residues—A residues

.. .LALLLSLCAGEQWISPGDWFTPRGELFVWQIRLPRTLAVLLVGAALAISGAVMOALFENPLAEPGLLGVSNGAGVGLIAAVLLGOGOLPNWALGLCATAGAAAATLILLRFARRHLSGPGGVWMSS IGSSDKQEGEWPTGLRLSRIGGIH
.. .ELFVWQIRLPRTLAVLLVGAALATISGAVMOALFENPLAEPGLLGVSNGAGVGLIAAVLLGOGOLPNWALGLCATAGALIITLILLRFARRHLSTSRAAAAGVALGITICSALMTWAIYGPGGVWMSS IGSSDKQEGEWPTGLRLSRIGGIH
.. .LPRTLAVLLVGAALATISGAVMOALFENPLAEPGLLGVSNGAGVGLIAAVLLGOGOLPNWALGLCATIAGALIITLILLRFARRHLSTSRLLLAGVAAGAACSALMTWAIYFSTSVDLRGPGGVWMSS| IGSSDKQEGEWPTGLRLSRIGGIH
.. .LGLCATAGALIITLILLRFARRHLSTSRLLLAGVALGIICSALMTWAIYFSTSVDLRQLMYWMMGGFGGVDWRQSWLMLALIPVLLWICCQSRPMNAAAAGEISARQLGLPLWFWRNGPGGVWMSS| IGSSDKQEGEWPTGLRLSRIGGIH
.. .LAGVALGIICSALMTWAIYFSTSVDLRQLMYWMMGGFGGVDWRQSWLMLALTPVLLWICCQSRPMNMLALGE ISARQLGLPLWFWRNVLVAATGWMAGASAALAGAIGFIGLVIPHIGPGGVWMSS) GSSDKQEGEWPTGLRLSRIGGIH
.+« SRPMNMLALGEISARQLGLPLWFWRNVLVAATGWMVGVSVALAGAIGFIGAAAPHILRLCGLTDHGPGGVWMSS GSDYIKRAVGLPGDKVTYDPVSKELTIQPGCSSGQACENALPVTYSNVEPSDGSSDKQEGEWPTGLRLSRIGGIH
. . . LGLPLWFWRNVLVAATGWMVGVSVALAGAIGFIGLVIPHILRLCGLTDHRAAAPGCALAGASALLGPGGVWMSS GSDYIKRAVGLPGDKVTYDPVSKELTIQPGCSSGQACENALPVTYSNVEPSDGSSDKQEGEWPTGLRLSRIGGIH
.. .LVIPHILRLCGLTDHRVLLPGCALAGASALLLADIVARLALAAAELPAGAATATLGAPVFIWLLLGPGGVWMSS| GSDYIKRAVGLPGDKVTYDPVSKELTIQPGCSSGQACENALPVTYSNVEPSDGSSDKQEGEWPTGLRLSRIGGIH

TLAVLLVGAALAT SGAVMOALFGPS IGSSDKQEGEWPTGLRLSRIGGIH
TLAVLLVGAALATSGAVMOALFGPGGVPS| IGSSDKQEGEWPTGLRLSRIGGIH

TLAVLLVGAALAT SGAVMOALFGPGGVPGWMSS| GSSDKQEGEWPTGLRLSRIGGIH

TLAVLLVGAALAT SGAVMOALFGPGGVPGQONATWWMSS GSSDKQEGEWPTGLRLSRIGGIH
TLAVLLVGAALAT SGAVMOALFGPGGVPGQONATWIVPPGQWMSS| GSSDKQEGEWPTGLRLSRIGGIH
TLAVLLVGAALAT SGAVMOALFGPGGVPGQONATWIVPPGQYFMMGDWMSS) IGSSDKQEGEWPTGLRLSRIGGIH

MLTLARQQOQRONIRWLLCLSVAMAAAAAASLCAGEQWISPGGPGGVWMSS) GSSDKQEGEWPTGLRLSRIGGIH
MLTLARQOQRONIRWLLCLSVLMLLALLLSLCAGEQWISPGDWFTPRGELFVWQIRLPRTLAVAAAGAALATISGAVMOALFENPLGPGGVWMSS IGSSDKQEGEWPTGLRLSRIGGIH
MLTLARQOQORONIRWLLCLSVLMLLALLLSLCAGEQWISPGDWFTPRGELFVWQIRLPRTLAVLLVGAALAISGAAAQAAFENPLAEPGLLGVSNGAGPGGVWMSS GSSDKQEGEWPTGLRLSRIGGIH
MLTLARQOQRONIRWLLCLSVLMLLALLLSLCAGEQWISPGDWFTPRGELFVWQIRLPRTLAVLLVGAALAISGAVMOALFENPLAEPGLLGVSNGAGAGAAAAVLLGOGOLPNWALGPGGVWMSS IGSSDKQEGEWPTGLRLSRIGGIH

BtuC SecM(Ec) Single TMHs

TLAVLLVGAALAT SGAVMOALFGPGGVPGQONATWIVPPGQYFMMGDNRDNSAWMSS GSSDKQEGEWPTGLRLSRIGGIH
TLAVLLVGAALAT SGAVMOALFGPGGVPGOONATWIVPPGQYFMMGDNRDNSADSRYWGWMS S IGSSDKQEGEWPTGLRLSRIGGIH
TLAVLLVGAALAT SGAVMOALFGPGGVPGOONATWIVPPGQYFMMGDNRDNSADSRYWGFVPEANWMSS| GSSDKQEGEWPTGLRLSRIGGIH

DWRQSWLMLALIPVLLWICCGPS| IGSSDKQEGEWPTGLRLSRIGGIH
DWRQSWLMLALIPVLLWICCGPGGVPS| IGSSDKQEGEWPTGLRLSRIGGIH
DWRQSWLMLALIPVLLWICCGPGGVPGWMSS| GSSDKQEGEWPTGLRLSRIGGIH
DWRQSWLMLALIPVLLWICCGPGGVPGQONATWWMSS| GSSDKQEGEWPTGLRLSRIGGIH
DWRQSWLMLALIPVLLWICCGPGGVPGQONATWIVPPGQWMSS| GS SDKQEGEWPTGLRLSRIGGIH
DWRQSWLMLALIPVLLWICCGPGGVPGQONATWIVPPGQYFMMGDWMSS| GSSDKQEGEWPTGLRLSRIGGIH

DWRQSWLMLALIPVLLWICCGPGGVPGQONATWIVPPGQYFMMGDNRDNSAWMSS| IGSSDKQEGEWPTGLRLSRIGGIH
DWRQSWLMLALIPVLLWICCGPGGVPGQONATWIVPPGQYFMMGDNRDNSADSRYWGWMSS| IGSSDKQEGEWPTGLRLSRIGGIH
DWRQSWLMLALIPVLLWICCGPGGVPGQONATWIVPPGQYFMMGDNRDNSADSRYWGFVPEANWMSS GSSDKQEGEWPTGLRLSRIGGIH

99
107
111
123
135

101*
105%*
109*
115%*
121%*
127%*
133*
139%*
145%

226%*
230%*
234%*
240%*
246%*
252%*
258%*
264%*
270%*



TMH8

AGAIGFIGLVIPHILRLCGPS GSSDKQEGEWPTGLRLSRIGGIH 287%*

AGAIGFIGLVIPHILRLCGPGGVPS GSSDKQEGEWPTGLRLSRIGGIH 291%*

AGAIGFIGLVIPHILRLCGPGGVWMSS GSSDKQEGEWPTGLRLSRIGGIH 293*

AGAIGFIGLVIPHILRLCGPGGVPGWMSS GSSDKQEGEWPTGLRLSRIGGIH 295%
AGAIGFIGLVIPHILRLCGPGGVPGQQOWMSS GSSDKQEGEWPTGLRLSRIGGIH 297*
AGAIGFIGLVIPHILRLCGPGGVPGQONATWWMSS! GSSDKQEGEWPTGLRLSRIGGIH 301*
AGAIGFIGLVIPHILRLCGPGGVPGQONATWIVPPGQWMSS GSSDKQEGEWPTGLRLSRIGGIH 307%*
AGAIGFIGLVIPHILRLCGPGGVPGQONATWIVPPGQYFWMSS GSSDKQEGEWPTGLRLSRIGGIH 309*
AGAIGFIGLVIPHILRLCGPGGVPGQONATWIVPPGQYFMMGDWMSS GSSDKQEGEWPTGLRLSRIGGIH 313*
AGAIGFIGLVIPHILRLCGPGGVPGQONATWIVPPGQYFMMGDNRDNSAWMSS GSSDKQEGEWPTGLRLSRIGGIH 319%
AGAIGFIGLVIPHILRLCGPGGVPGQONATWIVPPGQYFMMGDNRDNSADSRYWMSS GSSDKQEGEWPTGLRLSRIGGIH 323*
AGAIGFIGLVIPHILRLCGPGGVPGQONATWIVPPGQYFMMGDNRDNSADSRYWGWMSS GSSDKQEGEWPTGLRLSRIGGIH 325%
AGAIGFIGLVIPHILRLCGPGGVPGQONATWIVPPGQYFMMGDNRDNSADSRYWGFVPEWMS S| GSSDKQEGEWPTGLRLSRIGGIH 329*

TMH10

AAAELPIGVVTATLGAPVFIWLLLKAGRGPS GSSDKQEGEWPTGLRLSRIGGIH 346*

AAAELPIGVVTATLGAPVFIWLLLKAGRGPGGVPS GSSDKQEGEWPTGLRLSRIGGIH 350%*

AAAELPIGVVTATLGAPVFIWLLLKAGRGPGGVPGWMSS GSSDKQEGEWPTGLRLSRIGGIH 354*
AAAELPIGVVTATLGAPVFIWLLLKAGRGPGGVPGQONATWWMSS IGSSDKQEGEWPTGLRLSRIGGIH 360*
AAAELPIGVVTATLGAPVFIWLLLKAGRGPGGVPGQONATWIVPPGOWMSS GSSDKQEGEWPTGLRLSRIGGIH 366*
AAAELPIGVVTATLGAPVFIWLLLKAGRGPGGVPGQONATWIVPPGQYFMMGDWMSS GSSDKQEGEWPTGLRLSRIGGIH 372%
AAAELPIGVVTATLGAPVFIWLLLKAGRGPGGVPGQONATWIVPPGQYFMMGDNRDNSAWMS S| GSSDKQEGEWPTGLRLSRIGGIH 378%*
AAAELPIGVVTATLGAPVFIWLLLKAGRGPGGVPGQONATWIVPPGQYFMMGDNRDNSADSRYWGWMSS) GSSDKQEGEWPTGLRLSRIGGIH 384%*
AAAELPIGVVTATLGAPVFIWLLLKAGRGPGGVPGQONATWIVPPGQYFMMGDNRDNSADSRYWGFVPEANWMSS GSSDKQEGEWPTGLRLSRIGGIH 390%*

N-terminal LepB sequence for BtuC TMH2, TMH6, TMH8 and TMHI1O0:

MANE A GEeN D X ' F FAPKRRERQAAAQAAAGDS LDKATLKK VAPK DG 5 F' T YEPFQI PSGSMMPTLNS TDFILVEKFAYGIKDBI YOKTLIETGHPKRGDIVVFKYPEDPKLDYIKRAVGLPGDKVTYDPVSKEL TIQPGCSSGQACENALPVTY SNVEPSDFVQTFS
RRNGGEATSGFFEVPKQETKENGIRLSETSGGBG

LepB TMH2 between PP was reintroduced
*Deleted N-terminal sequence of BtuC needs to be added on

LepB TMH1 BtuC SecM(Ec) TMH5-6

RHLSTSRLLLAGVALGIICSALMTWAIYFSTSVDLRQLMYWMMGGFGGVDWRQSWLMLALTIPVLLWICCGPS)
RHLSTSRLLLAGVALGIICSALMTWAIYFSTSVDLRQLMYWMMGGFGGVDWRQSWLMLALIPVLLWICCGPGGVPS

GSSDKQEGEWPTGLRLSRIGGIH 226%*
GSSDKQEGEWPTGLRLSRIGGIH 230%

RHLSTSRLLLAGVALGIICSALMTWAIYFSTSVDLRQLMYWMMGGFGGVDWRQSWLMLALTIPVLLWICCGPGGVPGWMSS GSSDKQEGEWPTGLRLSRIGGIH 234*
RHLSTSRLLLAGVALGITICSALMTWAIYFSTSVDLRQLMYWMMGGFGGVDWRQSWLMLALTIPVLLWICCGPGGVPGQONATWWMSS| GSSDKQEGEWPTGLRLSRIGGIH 240%*
RHLSTSRLLLAGVALGIICSALMTWAIYFSTSVDLRQLMYWMMGGFGGVDWRQSWLMLALIPVLLWICCGPGGVPGQONATWIVPPGQWMSS) GSSDKQEGEWPTGLRLSRIGGIH 246%*
RHLSTSRLLLAGVALGIICSALMTWAIYFSTSVDLRQLMYWMMGGFGGVDWRQSWLMLALTPVLLWICCGPGGVPGQONATWIVPPGQYFMMGDWMSS GSSDKQEGEWPTGLRLSRIGGIH 252%
RHLSTSRLLLAGVALGIICSALMTWAIYFSTSVDLRQLMYWMMGGFGGVDWRQSWLMLALTIPVLLWICCGPGGVPGQONATWIVPPGQYFMMGDNRDNSAWMSS| GSSDKQEGEWPTGLRLSRIGGIH 258%
RHLSTSRLLLAGVALGITICSALMTWAIYFSTSVDLRQLMYWMMGGFGGVDWRQSWLMLALTIPVLLWICCGPGGVPGQONATWIVPPGQYFMMGDNRDNSADSRYWGWMSS| GSSDKQEGEWPTGLRLSRIGGIH 264*
RHLSTSRLLLAGVALGIICSALMTWAIYFSTSVDLRQLMYWMMGGFGGVDWRQSWLMLALTIPVLLWICCGPGGVPGQONATWIVPPGQYFMMGDNRDNSADSRYWGFVPEANWMSS GSSDKQEGEWPTGLRLSRIGGIH 270%*

N-terminal LepB sequence for BtuC TMH5-6 :

MAN A GUeN DX F F FAPKRRERQAAAQAAAGDS LDKATLKKVAPKPBIYQKTLIETGHPKRGDIVVFKYPEDPKLDYIKRAVGLPGDKVTYDPVSKELTIQPGCSSGQACENALPVTYSNVEPSDFVQTFSRRNGGEATSGFFEVPKQE TKENGIRLSETSGEBG



BtuC (without N-terminal LepB sequence) (N=51-143)

MLTLARQOQRONIRWLLCLSVLMLL GSSDKQEGEWPTGLRLSRIGGIH 51
MLTLARQOQORONIRWLLCLSVLMLLALLLSLCAGEQWISPG GSSDKQEGEWPTGLRLSRIGGIH 67
MLTLARQQQORONIRWLLCLSVLMLLALLLSLCAGEQWISPGDWFTPRGELFVW| GSSDKQEGEWPTGLRLSRIGGIH 79

MLTLARQOQORONIRWLLCLSVLMLLALLLSLCAGEQWISPGDWFTPRGELFVWQIRLPRTLAVLLVGAALATIS GSSDKQEGEWPTGLRLSRIGGIH 99
MLTLARQQQORONIRWLLCLSVLMLLALLLSLCAGEQWISPGDWFTPRGELFVWQIRLPRTLAVLLVGAALAISGAVMOALFENPL) GSSDKQEGEWPTGLRLSRIGGIH 111
MLTLARQQOQORONIRWLLCLSVLMLLALLLSLCAGEQWISPGDWFTPRGELFVWQIRLPRTLAVLLVGAALATISGAVMOALFENPLAEPGLLGVSNG GSSDKQEGEWPTGLRLSRIGGIH 123
MLTLARQQOQORONIRWLLCLSVLMLLALLLSLCAGEQWISPGDWFTPRGELFVWQIRLPRTLAVLLVGAALAISGAVMOALFENPLAEPGLLGVSNGAGVGLIAAVLLGOQ GSSDKQEGEWPTGLRLSRIGGIH 135
MLTLARQQOQORONIRWLLCLSVLMLLALLLSLCAGEQWISPGDWFTPRGELFVWQIRLPRTLAVLLVGAALAISGAVMOALFENPLAEPGLLGVSNGAGVGLIAAVLLGOGQLPNWAL) GSSDKQEGEWPTGLRLSRIGGIH 143

Hydrophobic TMH segment




