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Abstract 

In Gram-negative bacteria, periplasmic domains in inner membrane proteins are 

cotranslationally translocated across the inner membrane through the SecYEG translocon. To 

what degree such domains also start to fold cotranslationally is generally difficult to 

determine using currently available methods. Here, we apply Force Profile Analysis (FPA) – 

a method where a translational arrest peptide is used to detect folding-induced forces acting 

on the nascent polypeptide – to follow the cotranslational translocation and folding of the 

large periplasmic domain of the E. coli inner membrane protease LepB in vivo. Membrane 

insertion of LepB’s two N-terminal transmembrane helices is initiated when their respective 

N-terminal ends reach 45-50 residues away from the peptidyl transferase center (PTC) in the 

ribosome. The main folding transition in the periplasmic domain involves all but the ~15 

most C-terminal residues of the protein and happens when the C-terminal end of the folded 

part is ~70 residues away from the PTC; a smaller putative folding intermediate is also 

detected. This implies that wildtype LepB folds post-translationally in vivo, and shows that 

FPA can be used to study both co- and post-translational protein folding in the periplasm. 
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Introduction 

Most secreted proteins are translocated through Sec-type translocons in the bacterial inner 

membrane or the eukaryotic endoplasmic reticulum membrane in an unfolded state, and fold 

once they emerge on the trans side of the membrane [1]. The folding of proteins that are 

cotranslationally translocated across the membrane can be followed by tracking the formation 

of specific disulfide bonds or by assaying the appearance of enzymatically active domains as 

the protein emerges from the bacterial SecYEG or the eukaryotic Sec61 translocation channel 

[2-5], but this provides only a gross indication of the formation of folded structure. 

In contrast, the cotranslational folding of cytosolic proteins can be studied in considerable 

detail, both in vitro and in vivo, using FRET-based assays [6, 7], protease-protection assays 

[6, 8-13], NMR [14-19], cryo-electron microscopy [20-22], optical tweezer experiments [23-

26], and force-profile analysis (FPA) [7, 13, 20-22, 26-31]. These methods can track where in 

the ribosome exit tunnel a protein starts to fold, whether any folding intermediates form 

before the nascent protein has been fully synthesized, and to what extent the presence of the 

ribosome affects the folding kinetics and the thermodynamic stability of the folded state. 

Among these methods, FPA is unique in that it can be applied both in vitro and in vivo, and 

because it can be used to analyze any kind of event that results in a pulling force on the 

nascent polypeptide chain, including protein folding. Here, we show that FPA can be used to 

follow the cotranslational folding of the ~250 residues periplasmic domain in the E. coli inner 

membrane protein LepB, and show that the ~15 C-terminal residues of LepB are not involved 

in the main folding transition. 
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Results 

The force profile analysis (FPA) assay 

Translational arrest peptides (APs) are short stretches of polypeptide that interact with the 

ribosome exit tunnel to pause translation when the last codon in the portion of the mRNA that 

codes for the AP is located in the ribosomal A-site [32]. The stalling efficiency of APs is 

sensitive to pulling forces acting on the nascent chain [26, 33, 34], and APs can therefore be 

used as force sensors to report on cotranslational events that generate pulling forces, such as 

protein folding or insertion of transmembrane segments into the membrane. 

In FPA, a force-generating domain in a polypeptide is placed at increasing distances upstream 

of an AP, and the degree of translational stalling is measured for the corresponding series of 

protein constructs. A plot of the stalling efficiency vs. chain length – a force profile (FP) – 

provides a map of cotranslational force-generating events with up to single-residue 

resolution. Further, by using APs of different stalling strengths, FPs can be fine-tuned to 

optimally reflect different kinds of force-generating events [35, 36].  

Here, we explore the possibility to use FPA to follow the cotranslational folding of a 

periplasmic domain in an E. coli inner membrane protein as it emerges from the SecYEG 

translocon into the periplasm. As illustrated in Fig. 1a, in constructs where the nascent chain 

is long enough that it can be stretched to the point that a protein domain (or a part of a 

domain that can form a stable folding intermediate) can reach sufficiently far into the 

periplasm to start to fold, some of the free energy gained upon folding will be converted to 

tension in the nascent chain, generating a pulling force on the AP and thereby reducing the 

stalling efficiency. As shown below, we find that protein folding in the periplasm is readily 

amenable to analysis by FPA.  
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Figure 1. Force profile analysis of cotranslational protein folding in the periplasm. (a) 

Schematic representation of a cotranslationally arrested ribosome carrying a partially 

translated LepB nascent chain. Folding of the LepB periplasmic domain generates a 

force F on the nascent chain that is transmitted to the AP (in green), leading to less 

efficient stalling and increased production of full-length LepB. (b) Construct design. 

HA tags, AP, and C-terminal tail are indicated, together with the C-terminal ends of 

the arrested (A) and full-length (FL) products. The longest construct (N = 422) has 9 

HA tags fused to the C terminus of LepB; shorter constructs are made by C-to-N-

terminal truncations starting between the 8th and 9th HA tag, as indicated by the 

arrow. Cytoplasmic (red) and periplasmic (blue) parts are indicated. The 18-residue 

HA+AP segment and the C-terminal tail are constant in all constructs.  (c) 

Representative SDS-PAGE gel for quantification of fraction full-length protein (fFL). 

Lane 1 is construct N = 382, lanes 2-4 a triplicate of construct N = 382 with the last 

24 residues of LepB replaced by 12 GS-repeats, lanes 5-7 construct N = 382 with the 

last 28 residues of LepB replaced by 14 GS-repeats, and lane 8 is an arrest control 

(Ac) for construct N = 382 with a stop codon in place of the last Pro residue in the 
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AP. The ladder of bands below the arrested (A) form of the protein likely results from 

ribosome stacking behind the arrested ribosome. 

 

Cotranslational membrane insertion and folding of LepB 

E. coli LepB is a 324-residue inner membrane protease. It is anchored in the inner membrane 

by two N-terminal transmembrane helices (TMH1, TMH2) and has a large C-terminal 

periplasmic domain that contains the active site [37, 38]. The signal recognition particle 

interacts with TMH1 as it emerges from the ribosome exit tunnel at a nascent chain length of 

~45 residues [39-41], targeting the ribosome-nascent chain complex (RNC) to the SecYEG 

translocon. TMH1 then inserts into the inner membrane in the Nout-Cin orientation with its N-

terminus facing the periplasm. Once TMH2 emerges, it inserts into the membrane in the 

opposite Nin-Cout orientation and initiates cotranslational, SecA-dependent translocation of 

the C-terminal periplasmic domain through the SecYEG translocon [42]. 

To follow the cotranslational insertion of the transmembrane helices and the folding of the 

periplasmic domain, we made a series of constructs composed of progressively longer N-

terminal parts of the LepB protein followed by a 9-residue HA-tag, a 8-residue SecM(Ms) AP 

(a relatively strong AP [33]), and a 78-residue C-terminal tail, Fig. 1b (see Supplementary 

Table 1 for sequences of all constructs). We also made longer constructs where full-length 

LepB is followed by linkers composed of additional HA-tags, the SecM(Ms) AP, and the C-

terminal tail. 

All constructs were expressed in E. coli MC1061 and pulse-labelled by [35S] Met for 3 min. 

LepB products were immunoprecipitated by an HA antiserum, separated by SDS-PAGE, and 

visualized by phosphorimaging. As seen in the example given in Fig. 1c, two main LepB 

species are produced, corresponding to arrested nascent chains (A) and full-length protein 

including the C-terminal tail (FL). The A and FL bands were quantitated and the fraction full-
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length protein was calculated as fFL = IFL/(IFL+IA), where IA and IFL are the intensities of the A 

and FL protein bands, respectively. 

 

Figure 2. (a) FPs for LepB (black) and LepB[D80-105] (light blue). Mutants 

LepB[F5,L7→R5,R7] (N = 55; green), LepB[YSNVEPSDF→ASNVEASAA] (N = 

213; orange), LepB[DFVQTFSRRNGGE → AAVQTASAANGGA] (N = 223; 

orange), LepB[C171→A171] (N = 223; yellow), and LepB[C177→A177] (N = 223; 

yellow) are also shown. Error bars indicate SEM values. Note that the LepB[D80-

105] constructs are 26 residues shorter than the corresponding LepB constructs but 

are plotted with the same N-values as the latter to simplify comparison. (b) Sequences 

with N = 53 and N = 120 (corresponding to Nstart for peaks I and II) aligned from the 

critical Pro residue at the end of the AP. The + sign indicates the position 50 residues 

from the PTC in the arrested form of the protein, and the grey box shows the 
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approximate uncertainty (±1 residue) in the determination of Nstart. Hydrophobic 

TMH segments are shown in orange. (c) Structure of the periplasmic domain of LepB 

(residues 78-324; PDB 1B12) with the [D80-105] deletion in grey. 

 

A force-profile (FP) plot of the fFL values for the different LepB constructs versus the length 

N of the construct (N = the number of residues counting from the N terminus of LepB to the 

critical proline residue at the C-terminal end of the AP) is shown in Fig. 2a. Five peaks (I-V) 

are seen in the FP. Peak I reaches half-maximal amplitude at Nstart = 53 residues and has its 

maximum at Nmax = 55 residues. The hydrophobic section of TMH1 encompasses residues 4-

22, hence the N-terminal end of TMH1 is 50 residues away from the polypeptide transferase 

center (PTC) in the N = 53 construct, Fig. 2b. In a previous study, using the SecM(Ms) AP 

[33] we found that the main peak in a force profile representing the insertion of an artificial 

TMH of composition 6L/13A into the E. coli inner membrane reaches half-maximal 

amplitude when the N-terminal end of the TMH is ~50 residues away from the PTC, 

suggesting that peak I is generated by the insertion of LepB TMH1 into the inner membrane. 

A double substitution [F5, L7 → R5, R7] that makes the N-terminus of TMH1 less 

hydrophobic results in a reduced fFL value at N = 55 (green data point), as expected.  The 

assignment of TMH1 to peak I is further corroborated by previous crosslinking studies [43, 

44] and by a recent continuous-translation in vitro study in which a FRET signal between an 

acceptor attached to the N-terminal Met residue of LepB and a donor placed at the 

cytoplasmic entry to the SecYEG channel is seen when the LepB nascent chain reaches a 

length of ~50 residues [45]. 

Peak II reaches half-maximal amplitude at N = 120 residues, a nascent-chain length at which 

the N-terminal end of the weakly hydrophobic TMH2 is 52 residues away from the PTC, Fig. 

2b. Peak II thus represents the membrane insertion of TMH2. Nstart values obtained with the 
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SecM(Ms) AP are typically ~5 residues larger than those obtained with the weaker SecM(Ec) 

AP [33], and the two TMHs thus probably reach the SecYEG translocon when their N-

termini are ~45 residues away from the PTC, as seen for other E. coli inner membrane 

proteins [46]. 

The main peak in the FP is peak V. It has a much higher amplitude than the other peaks, and 

is also wider. It reaches its half-maximal amplitude at Nstart ≈ 377 residues. Full-length LepB 

is 324 residues long, hence the C-terminal end of LepB is ~53 residues away from the PTC at 

this point, suggesting that peak V may represent the folding of the periplasmic domain. If this 

indeed is the case, the peak should disappear if the folded state is destabilized by mutation. 

We therefore deleted residues 80-105 that include a mostly buried segment in the core of the 

folded protein, Fig. 2c. This deletion abolished peak V (light blue data points in Fig. 2a). We 

conclude that folding of the periplasmic domain of LepB generates peak V by exerting 

sufficient force on the rather strong SecM(Ms) AP to overcome the translational arrest.  

To determine if all or only a part of the periplasmic domain is involved in the peak V folding 

transition, we replaced an increasing number of C-terminal residues in LepB with Gly-Ser 

(GS) repeats and measured fFL at N = 382. As seen in Fig. 3a, mutants with 3-6 GS repeats 

had significantly increased fFL values, possibly because a more flexible linker gives the 

periplasmic domain more freedom to find an optimal location for folding relative to the 

SecYEG translocon. In contrast, longer replacements (8-14 GS repeats) progressively 

reduced fFL towards the value seen for the non-folding LepB[D80-105] deletion mutant. Thus, 

the final ~15 residues of the periplasmic domain do not contribute to the folding transition 

seen at N = 382. These residues form a disordered loop and a short a-helix in the folded 

structure that have been proposed to help anchor the C-terminal end of LepB to the 

periplasmic surface of the inner membrane [47], Fig. 3b. We conclude that the main 

cotranslational folding transition happens when the C-terminal end of the last b-strand in the 
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periplasmic domain is ~70 residues away from the PTC, and does not involve the last ~15 

residues of the protein. Interestingly, peak V is more than 70 residues wide, and does not 

return to baseline even with a ~130-residue linker attached to LepB. It is thus apparent that 

membrane-attached, folded LepB (but not the unfolded D[80-105] mutant) exerts significant 

force on the AP even when it some distance away from the SecYEG translocon. 

 

Figure 3. (a) fFL values for LepB (N = 382) (GS)n replacement mutants. n values are 

shown below the bars. The LepB[D80-105] (N = 382) construct is also included. p-

values calculated by a two-sided t-test comparing the fFL value for each construct to 

that for LepB (N = 382; black stars) and for LepB (N = 382_5GS; red stars) are 

indicated (p < 0.05, *; p < 0.01, **; p < 0.001, ***).  (b) Structure of the periplasmic 

domain of LepB with the C-terminal disordered loop/a-helix in grey and residue 304 

marked by a red circle. (c) Structure of the periplasmic domain of LepB with the cap 

domain (residues 153-263) in color. 
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Given that the distance between the PTC in the ribosome and the periplasmic end of the 

SecYEG translocon channel is ~160 Å [33], a distance that can be bridged by a largely 

extended nascent chain (~3.2 Å per residue) of ~50 residues length, we further conclude that 

the periplasmic domain has exited the translocon channel before it folds, and therefore that 

wildtype LepB folds post-translationally when not artificially tethered to the ribosome by a 

C-terminal linker. 

Peaks III and IV are of lower amplitude and may signal the presence of folding intermediates 

in the P2 domain. Indeed, the deletion of residues 80-105 reduced the amplitude of peak IV 

(Fig. 2a, light blue curve), indicative of a folding intermediate. Peak IV reaches its half-

maximal amplitude at N ≈ 330 residues and, assuming that the last ~70 residues are not part 

of this folding intermediate (as for the peak V folding transition), the folding intermediate 

would encompass approximately residues 1-260. Notably, residue 263 marks the end of the 

non-catalytic cap domain (also called domain II) that is found in only some of the LepB 

signal peptidases [48, 49], Fig. 3c, suggesting that peak IV may correspond to the folding of 

the cap domain.  

Peak III, finally, is not reduced in amplitude by the residue 80-105 deletion, Fig. 2a (light 

blue data point at N = 209). The two narrow  “spikes” at N = 213 and 223 seem to be caused 

by interactions between the nascent chain and the ribosome exit tunnel, as mutation of bulky 

and charged residues in the segments YSNVEPSDF (located 21-29 residues from the PTC in 

the N = 213 construct) to ASNVEASAA and DFVQTFSRRNGGE (located 20-32 residues 

from the PTC in the N = 223 construct) to AAVQTASAANGGA, markedly reduce the 

amplitude of the spikes (orange data points). We also considered the possibility that peak III 

may at least in part reflect the formation of the Cys171-Cys177 disulfide in the periplasmic 

domain (as we recently found for the periplasmic protein PhoA [50]); indeed, mutation of 

either Cys residue to Ala significantly reduces fFL at N = 223 (p < 0.05, yellow data points). 
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Because peak III does not seem to represent a major tertiary structure folding intermediate, 

we did not analyze it further. 

Discussion 

Taken together with our previous analysis of the cotranslational folding of the periplasmic E. 

coli enzyme PhoA [50], the data presented here establish FPA as a generally applicable 

method to study the folding of periplasmic proteins and of periplasmic domains in inner 

membrane proteins. Applying FPA to the periplasmic domain of the inner membrane 

protease LepB, we find that the main folding transition does not involve the last ~15 residues 

of the protein, and takes place only when the domain has been fully translocated through the 

SecYEG translocon channel. This is not unexpected, given that the last b-strand in the 

periplasmic domain (residues 293-303) is required to connect the four N-terminal b-strands 

(residues 82-123) to the central and C-terminal b-sheet structures, Fig. 3b, and establishes 

that LepB normally folds post-translationally (when not tethered to the PTC via an added 

linker segment). The data further indicate that a less stable folding intermediate that includes 

the cap domain (residues 153-263) may form prior to the main folding transition.  

Given that a ~50 residues long linker segment in an extended conformation should be able to 

reach from the PTC to the periplasmic end of the SecYEG channel, it is notable that the main 

folding transition in the periplasmic domain happens only at a linker length of ~70 residues. 

We speculate that this may be because the periplasmic domain is anchored to the inner 

membrane via the two N-terminal TMHs and by additional hydrophobic residues in the 

periplasmic domain itself, meaning that it will by necessity be located some distance away 

from the mouth of the SecYEG channel when it folds, as illustrated in Fig. 4.  
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Figure 4. Model for LepB and SecYEG (PDB 5ABB) at the point of the main folding 

transition (N = 377). The folded periplasmic domain is shown in cartoon mode. The 

70-residue linker connecting it to the PTC is dashed, and a part of the ribosome is 

sketched in light blue. The model for the TMH1-TMH2 membrane domain in LepB 

(residues 4-77) is the best-scoring prediction (Quality = 8) produced by the 

EVcouplings server [51] (https://v2.evcouplings.org), using LepB residues 1-93 as the 

seed. 

 

Finally, it is quite remarkable that an AP located at the PTC, deep in the ribosome exit tunnel, 

can sense folding events taking place in the periplasm via a ~70 residues long linker that 

passes through both the ribosome and the SecYEG translocon. It will be interesting to test 

whether other events that take place in the periplasm, such as interactions between nascent 

polypeptides and periplasmic chaperones or steps in the assembly of outer membrane 

proteins, can be probed in a similar way.  
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Materials and Methods 

Enzymes and chemicals 

All enzymes used in this study were purchased from Thermo Fisher Scientific and New 

England Biolabs, with the exception of PfuUltra II Fusion HS DNA Polymerase that was 

procured from Stratagene, Sweden. Primers for site-directed mutagenesis, the partially 

overlapping inverse primers, and the primers used for Gibson Assembly® were designed in 

silico and ordered from Eurofins Genomics. All gene fragments used for Gibson Assembly® 

cloning were designed in silico and ordered using Invitrogen GeneArt Gene Synthesis service, 

Thermo Fisher Scientific. Plasmid isolation, PCR purification, gel extraction kits, and precast 

NuPAGE Bis-Tris polyacrylamide gels were from Thermo Fisher Scientific. L-[35S]-

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 

Starting with the previously described pING plasmid carrying a variant of lepB gene with the 

M. succiniciproducens SecM(Ms) arrest peptide (AP) [33], the coding sequence for the 9-

residue hemagglutinin (HA) tag and a 78-residue C-terminal tail were engineered upstream and 

downstream of the AP, respectively. In order to generate a force profile for LepB, the lepB 

sequence preceding the HA-tag was replaced with the wild-type lepB gene, amplified from the 

genomic DNA of MC1061 E. coli cells. The resulting lepB-secM(Ms) construct (N = 342), 

codes for the 324-residue LepB followed by a 96-residue chimeric domain that consists of the 

SecM(Ms) AP, an HA-tag, and a 78-residue C-terminal tail.  

The pING plasmid containing the new lepB-secM construct (N = 342) was used as template to 

produce a series of constructs with progressively longer truncations of LepB, using partially 
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overlapping inverse primers. The resulting lepB-secM(Ms) constructs of varying lengths are 

denoted by N, which is the number of residues from the N-terminus of LepB to the critical 

proline residue at C-terminal end of the AP. 

During in vivo synthesis of the LepB-SecM(Ms) constructs, two different forms, the longer 

full-length (FL) form and the shorter arrested (A) form, are produced in amounts that depend 

on the force experienced by the AP. Controls for FL and A species were made using site-

directed mutagenesis. FL controls have a non-functional AP that was generated by substituting 

the critical proline residue at the C-terminal end of the AP with an alanine. A controls have a 

stop codon at the C-terminal end of the AP to yield a product that is of equivalent size to the 

arrested species.  

To follow translocation of the C-terminal periplasmic LepB domain across the inner 

membrane, the lepB-secM(Ms) construct N = 342 was extended by introducing additional HA-

tags before the existing one through GeneArt Gibson Assembly® Cloning. Gene fragments 

encoding multiple (2 to 9) HA-tags were designed in silico and ordered using GeneArt Gene 

Synthesis service from Thermo Fisher Scientific. Each additional 9-residue HA-tag was spaced 

by a methionine residue to extended the lepB-secM(Ms) constructs in steps of 10 residues, 

giving eight new constructs with lengths N = 352, 362, 372, 382, 392, 402, 412 and 422.  

The lepB-secM(Ms) construct N = 422 was further extended by introducing a 32-residue PhoA 

segment before the HA-linkers through GeneArt Gibson Assembly® Cloning. The gene 

fragment encoding the PhoA segment followed by nine HA-tags was designed in silico and 

ordered from GeneArt Gene Synthesis service, Thermo Fisher Scientific. 

Non-folding control constructs were made for constructs N = 219, 319, 327, 342, 362, 382, 

392, 412, and 422 by deleting residues 80-105 (FIYEPFQIPSGSMMPTLLIGDFILVE) in the 

LepB periplasmic domain by PCR using partially overlapping inverse primers.  
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In construct N = 382, C-terminal segments of LepB were replaced by stretches of glycine-

serine (GS) repeats. The replacement was carried out using GeneArt Gibson Assembly® 

Cloning. Gene fragments with successive replacement of LepB C-terminal sequence with 

codons for GS-repeats were designed in silico and ordered from GeneArt Gene Synthesis 

service, Thermo Fisher Scientific. 

The hydrophobic residues Phe5 and Leu7 in LepB TMH1 were replaced with arginine (R) in 

construct N = 55 by site-directed mutagenesis using PfuUltra II Fusion HS DNA Polymerase 

(Stratagene, Sweden). Multiple alanine substitutions (underlined) were made in constructs N = 

213 and 223 in residues 185-193 (YSNVEPSDF) and 192-204 (DFVQTFSRRNGGE) using 

GeneArt Gibson Assembly® Cloning.  Two separate gene fragments with the underlined bulky 

and charged residues replaced with codons for alanine were designed in silico and ordered 

using GeneArt Gene Synthesis service, Thermo Fisher Scientific. Single alanine substitutions 

of Cys171 and Cys177 in construct N = 223 were made by site-directed mutagenesis using 

PfuUltra II Fusion HS DNA Polymerase (Stratagene, Sweden).   

The PCR products were transformed into DH5a cells after DpnI treatment (1 hour at 37°C) 

and verified by agarose gel electrophoresis. Transformed cells were streaked on LB-agar plates 

containing 100 µg/ml carbenicillin (a semisynthetic ampicillin analog) for selection, and 

incubated at 37°C overnight. For plasmid isolation, single colonies were picked and cultured 

in LB supplemented with 100 µg/ml ampicillin and incubated in a rotary shaker for 16 hours 

at 37°C. Selectively replicated pING vectors containing the lepB-secM(Ms) constructs were 

subsequently purified from the cultured cells using GeneJET Plasmid Miniprep Kit from 

Thermo Scientific, according to the supplier’s specifications. Purified plasmid DNA was sent 

for sequencing at Eurofins Genomics to verify the sequence of the lepB-secM(Ms) constructs.  
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In vivo pulse-labeling analysis 

Competent E. coli MC1061 cells were transformed with the pING1 plasmids, and grown 

overnight at 37°C in M9 minimal medium supplemented with 19 amino acids (1 µg/ml, no 

Met), 100 µg/ml thiamine, 0.4% (w/v) fructose, 100 mg/ml ampicillin, 2 mM MgSO4, and 

0.1mM CaCl2. Cells were diluted into fresh M9 medium to an OD600 of 0.1 and grown until an 

OD600 of 0.3 - 0.5.  

LepB-SecM(Ms) protein expression was induced with 0.2% (w/v) arabinose and continued for 

3 min at 37°C. Proteins were then radiolabeled with [35S]-methionine for 3 min 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 5 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 15 min at 37°C while shaking at 900 rpm. Samples 

were centrifuged for 5 min at 20,000 g to remove insoluble material. The supernatant 

containing solubilized protein was pre-cleared by incubation with Pansorbin® in a buffer 

containing 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1 mM EDTA-KOH, 2% (v/v) Triton X-

100. After 15 min incubation on ice, the suspension was centrifuged at 20,000 g and the 

supernatant incubated with Protein-G beads bound to Anti-HA.11 Epitope Tag Antibody 

(mouse) for immunoprecipitation. Binding and incubation was carried out overnight (16 hours) 

at 4°C on a roller.  

After centrifugation for 1 min at 7,000 g, immunoprecipitates were first washed with 10 mM 

Tris-Cl pH 7.5, 150 mM NaCl, 2 mM EDTA, 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, 100 mM DTT) for 10 min while shaking at 1,000 rpm. 
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Samples were incubated with 0.25 mg/ml RNase I for 30 min at 37°C to hydrolyze the tRNA, 

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 

ImageGauge V4.23 software and quantified with our in-house software EasyQuant to 

determine the fraction full-length protein, fFL = IFL/(IFL+IA), where IA, IFL are the intensities of 

the A and FL bands, respectively. Data was collected from three to six independent biological 

replicates (see Supplementary Data), and averages and standard errors of the mean (SEM) were 

calculated. A two-sided t-test was used to calculate statistical significance when comparing fFL 

values for different constructs. 
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