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Abstract 

Bacillus subtilis is a Gram-positive bacterium characterized by high-level protein secretion into 

its extracellular milieu. One of the secretion pathways employed by B. subtilis is the twin-

arginine (Tat) pathway. The constitutively expressed TatAyCy translocase plays a central role 

in Tat-dependent protein translocation of fully folded cofactor-containing proteins across the 

cytoplasmic membrane of B. subtilis. In a recent study, we have shown that this translocase 

is not only composed of the TaAy and TatCy subunits, but that it also recruits the LiaH protein 

upon overexpression. Presumably, the recruitment of LiaH represents an intrinsic protective 

mechanism against the potentially detrimental effects of facilitating the membrane passage 

of large, fully folded proteins. However, to date the physiological consequences of protein 

translocation via TatAyCy have remained largely elusive. Therefore, the present study was 

aimed at obtaining deeper insights into the effects of TatAyCy overexpression. To this end, we 

employed a 14N/15N metabolic labelling approach followed by sub-cellular fractionation, 

which allowed the quantitative analysis of proteome changes in the cytoplasm, membrane 

and extracellular milieu upon TatAyCy overexpression. The results show that high-level 

TatAyCy expression leads to a prolonged vegetative state with consequences for various 

cellular processes, including genetic competence, motility, chemotaxis and biofilm formation. 

The study also focuses attention on a central role of arginine metabolism in the cellular 

adaptation to TatAyCy overexpression in B. subtilis.  
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Introduction 

Bacillus subtilis is an endospore-forming Gram-positive soil bacterium that is commonly found 

in terrestrial, aerial, and aquatic environments1. This bacterium is characterized by its fast 

growth, genetic amenability, safety for humans and animals, and its high capacity to secrete 

proteins into the extracellular medium2,3. All these characteristics make B. subtilis a powerful 

industrial workhorse for the production of various proteins, such as proteases, lipases, 

amylases, and antibiotics4. Altogether, B. subtilis transports more than 300 proteins 

synthesized in the cytoplasm to the membrane or to the extracellular medium5–7. Most of 

these proteins are transported in an unfolded state by the general secretion (Sec) pathway, 

employing ATP hydrolysis and the proton-motive force (PMF) as sources of energy8–10. 

However, a small percentage of co-factor-containing proteins are transported in a folded state 

by the twin-arginine translocation (Tat) pathway in a PMF-dependent manner11–13. Proteins 

translocated by the Tat pathway need to fulfill specific criteria. These proteins must have a 

twin-arginine (RR) motif in the N-terminus of their signal peptide14, and they must be properly 

folded before translocation15,16. Subsequently, for the translocation process to occur, two 

transmembrane proteins must be present: TatA and TatC17–19. TatA is a protein with a single 

transmembrane helix20. In B. subtilis, the tatA gene that has been triplicated, resulting in three 

distinct proteins: TatAy, TatAd and TatAc18,21,22. TatC has six transmembrane domains23,24, and 

the respective gene was duplicated in B. subtilis, resulting in the distinct TatCy and TatCd 

proteins18,22,25. These components assemble into two distinct Tat translocases that work in 

parallel: TatAy-TatCy (TatAyCy) and TatAd-TatCd (TatAdCd)21. These two Tat translocases 

differ in the type and quantity of transported substrates and in the physiological conditions in 

which they are expressed26. The TatAyCy translocase is constitutively expressed under all 

physiological conditions27, and it translocates at least three different substrates. These 

include: EfeB, a Dyp-type peroxidase that oxidizes ferrous to ferric iron28; QcrA, a Rieske iron-

sulphur protein that serves as a menaquinol:cytochrome c oxidoreductase in the cytochrome 

bc1 complex of B. subtilis29; and YkuE, a metallo-phosphoesterase localized in the cell wall30. 

In contrast, the TatAdCd translocase is expressed upon phosphate starvation27, and it only 

translocates one substrate, namely the phosphodiesterase PhoD17,18. 

The Tat-dependent protein translocation process is conserved across species and involves 

multiple steps31. First, a docking complex formed by TatA and TatC proteins is assembled32,33. 

Next, a properly folded Tat substrate interacts with the docking complex34,35, resulting in the 
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PMF-dependent oligomerization of TatA36. According to a recent model, the oligomerization 

of TatA will result in local weakening of the membrane, enabling substrate translocation 

across the membrane37,38. An alternative model suggests that TatA oligomers form pores of 

variable diameter that allow membrane passage of differently-sized substrate proteins38–40.  

The fact that the Tat pathway must change the organization of the cytoplasmic membrane to 

allow the passage of fully folded proteins has significant implications for the physiology of the 

cell11. Even though TatAyCy is not essential for growth of B. subtilis in regular Lysogeny Broth 

(LB)41,42, wild-type levels of this translocase are critical for survival of this bacterium in LB 

without NaCl41. Conversely, expression of TatAyCy at elevated levels elicits a cell envelope 

stress response that relies on activation of the LiaRS two-component regulatory system and 

results in overexpression of the LiaH protein42. LiaH is a homologue of the Phage-shock protein 

A (PspA) of Escherichia coli43 and belongs to the IM30/PspA protein family that is involved in 

mitigating detrimental effects of membrane perturbation. Interestingly, LiaH was found to 

bind to the TatAyCy translocase, modulating the secretion of the EfeB and QcrA substrate 

proteins42. Further, co-overexpression of both the TatAyCy translocase and EfeB resulted in 

elevated secretion of EfeB42, indicating that the cellular level of TatAyCy can be limiting for 

protein translocation.  

Intriguingly, high-level TatAyCy expression in B. subtilis did not affect growth and viability, 

despite the severe implications for cell envelope integrity as suggested by the observed LiaRS 

cell envelope stress response42. Therefore, we set out the present study to obtain a deeper 

understanding of the physiological adaptations employed by B. subtilis to mitigate the 

potentially detrimental effects of TatAyCy overexpression. To this end, we overexpressed the 

TatAyCy translocase using the subtilin-inducible SURE system44, and employed metabolic 

labelling with 14N/15N to quantify the resulting changes in the B. subtilis cytoplasmic, 

membrane and extracellular proteomes by shotgun mass spectrometry (MS)45. Our results 

indicate that expression of TatAyCy at high levels leads to a prolonged vegetative state, 

characterized by upregulation of the transition state regulator AbrB. In addition, TatAyCy 

overexpression impacts on the levels of proteins involved in major developmental processes 

in B. subtilis, including genetic competence, sporulation and biofilm formation. Lastly, we 

observed the upregulation of proteins involved in arginine synthesis and uptake, suggesting 

that this amino acid is important to sustain growth upon TatAyCy overexpression.  
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Results and discussion 

Proteome coverage of TatAyCy-overexpressing B. subtilis 

To investigate the effects of Tat overexpression on the physiology of B. subtilis, we performed 
14N/15N metabolic labelling. To this end, the TatAyCy translocase was overexpressed using the 

pNZ-tatAyCy expression vector44,46, where tatAyCy overexpression was induced by the 

addition of 1% subtilin to the growth medium (i.e. the condition referred to as pNZ+). Of note, 

due to low-level leakiness of this expression system, it is possible to observe higher levels of 

TatAy and TatCy than in the wild-type without the addition of subtilin42. Therefore, we also 

performed a control labelling of cells carrying plasmid pNZ-tatAyCy in the absence of subtilin 

(i.e. the condition referred to as pNZ). Furthermore, to exclude effects of the addition of 

subtilin, we also labelled the plasmid-free parental strain BSB1 in the presence of 1% subtilin 

(referred to as WT+). All strains were grown in triplicate on Belitsky Minimal Medium (BMM) 

in the WT+, pNZ, pNZ+ conditions with either 14N or 15N. If applicable, the medium was 

supplemented with subtilin when the optical density of the culture at 600 nm (OD600) reached 

~0.4. Growth was then continued for 2.5 h. The metabolically labelled cells were then 

separated from the growth medium and the cell and growth medium fractions. Subsequenty, 

the 14N-labelled cells were mixed with the 15N-labelled ‘heavy standard’ cells and the pooled 

mixed cells were then disrupted by bead-beating. After a low-speed centrifugation to remove 

unbroken cells and cellular debris, the supernatant was ultracentrifuged to obtain separated 

membrane and cytoplasmic protein fractions that were further processed for MS analysis. 

The growth medium fractions of the 14N- or 15N-labelled cells were processed separately by 

concentrating the proteins in these fractions with StrataClean resin. Upon elution from the 

StrataClean resin, the protein concentration was measured and equal amounts of the 14N- and 
15N-labelled proteins were mixed in a 1:1 ratio. The resulting mixed samples were then further 

processed for MS analysis. Altogether, this approach resulted in the collection of separate 

cytoplasmic, membrane, and extracellular sub-proteome fractions that allowed the relative 

quantification of proteins labelled with 14N in different ‘conditions’ (i.e. WT+, pNZ, pNZ+) with 

the 15N-labelled heavy standard pooled proteins.  

The results of the MS analyses showed a significant coverage of the B. subtilis proteome, as a 

total number of 2,118 proteins was identified for the summed-up fractions by at least two 

peptides in at least two out of three replicates (Fig. 1A, Table S1). Of note, 813 proteins were 

identified in more than one sub-proteome fraction, meaning that the actual total number of  
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Fig. 1: Global analysis of identified proteins. A) Venn diagram depicting the numbers of proteins identified in 
each proteomic fraction. B) Overall number of proteins identified for each strain in the different conditions C-E) 
Venn diagrams depicting the uniquely identified and shared proteins in the cytoplasmic, membrane, and 
extracellular fractions from the WT+, pNZ, and pNZ+ conditions.  
 

identified proteins was 1304. These proteins represent ~31% of the B. subtilis proteome as 

indicated in the Subtiwiki database47. More specifically, we quantified 806 proteins in the 
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cytoplasmic fraction, 971 proteins in the membrane fraction, and 341 proteins in the 

extracellular fraction. Correspondingly, 209 proteins were detected exclusively in the 

cytoplasm, while 393 were solely detected in the membrane, and 80 were only detected 

extracellularly (Fig. 1A). Furthermore, 192 proteins were detected in all three fractions, while 

361 proteins were identified both in the membrane and the cytosolic fractions, 25 both in the 

membrane and extracellular fractions, and 44 in the cytoplasm and extracellular fractions (Fig. 

1A).  

Next, we analysed the variations in the numbers of proteins in the different subcellular 

fractions for each strain (Fig. 1B). We observed that the numbers of proteins in the cytoplasm 

and the extracellular fractions remained fairly constant for the three conditions tested. 

However, in the membrane fraction, we detected that both un-induced (pNZ) and subtilin-

induced (pNZ+) Tat overexpression resulted in the identification of an increased number of 

membrane proteins. This observation implies that Tat overexpression has the most significant 

impact on the protein composition of the membrane. Panels C-E of Fig. 1 illustrate the 

overlaps and differences in the cytoplasmic, membrane and extracellular sub-proteomes of 

B. subtilis in the WT+, pNZ, and pNZ+ conditions. Further, principal component analysis (PCA) 

of the MS data for the three sub-proteome fractions in the WT+, pNZ and pNZ+ conditions (Fig. 

S1), and cluster analyses (Fig. S2) showed a clear separation of samples for the three tested 

conditions. For the cytoplasmic and membrane fractions, PC1 accounted for ∼38% of the 

observed variability, while PC2 accounted for ∼15% of the variability. Of note, for the 

extracellular fraction, the PCA and the cluster analysis revealed an overlap between the pNZ 

and the pNZ+ conditions. On the other hand, these conditions clearly differed from the WT+ 

condition, as PC1 accounted for∼30% variability, while PC2 accounted for ∼17% of the 

variability in the extracellular fraction (Fig. S1). The latter observations imply that Tat 

overexpression, be it induced or uninduced, has significant and comparable effects on the 

composition of the extracellular proteome.  

Protein localization predictions indicate subtle differences in the sub-proteomes of B. 

subtilis  

Changes in the protein abundance in the different sub-proteomes are clear indicators of 

changes in the physiology of B. subtilis in response to Tat overexpression. Therefore, we first 

defined the overall core and variable proteome composition for the WT+, pNZ and pNZ+ 

conditions (Fig. 2A). Of the 1304 identified proteins, we found that 683 proteins ended up in  
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Fig. 2: Localization of the 1304 identified proteins in the cytoplasmic, membrane and extracellular proteome 
fractions was determined by employing the Uniprot and SubtiWiki databases. A) Distinctly separated and 
unseparated proteins. B) Summary of predicted protein locations. 
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distinct sub-proteome fractions, whereas 192 proteins were detected in all three sub-

proteome fractions (Fig. 1A; Table S1). Next, we determined the predicted localization of  

these two groups of ‘distinctly separated’ and ‘unseparated’ proteins following the 

localization as annotated in the UniProt database48 and Subtiwiki47. The most pronounced 

differences were observed for membrane and membrane-associated proteins. The predicted 

membrane-associated proteins, especially lipoproteins, were detectable mostly amongst the 

‘unseparated’ proteins, while membrane proteins were more prominently represented 

amongst the distinctly separated proteins (Fig. 2A).  

Next, we determined the predicted localization of the proteins identified per fraction (i.e. 

cytoplasm, membrane and extracellular), again following the localization proposed by 

UniProt48 and Subtiwiki47 (Fig. 2B-D). This showed that predicted membrane proteins were 

enriched in the membrane fraction (Fig. 2C), while predicted extracytoplasmic proteins were 

enriched in the extracellular fraction (Fig. 2D). The latter fraction contained also significant 

numbers of predicted cell wall, membrane and cytoplasmic proteins, consistent with the 

results from previous B. subtilis proteome analyses49. The observed extracellular cytoplasmic 

proteins (ECPs) may result from bacterial cell lysis, or non-classical protein secretion 

mechanisms50,51. Likewise, the membrane fraction contained significant numbers of predicted 

extracytoplasmic proteins and cytoplasmic proteins (Fig. 2C). Most likely, this reflects the 

peripheral association of these proteins to membranes, either due to their biological function 

or due to the disruption of the cells that was needed to isolate the membranes. Probably for 

similar reasons, predicted membrane and extracytoplasmic proteins were detected in the 

cytoplasmic protein fraction (Fig. 2B). Importantly, the comparison of predicted protein 

localizations with the actual results of subcellular fractionation revealed overall enrichment 

of membrane proteins in the membrane protein fraction and extracellular proteins in the 

extracellular fraction.  

Verification of TatAyCy expression levels and induction of the LiaRS stress response 

To visualize the overexpression of TatAyCy in the pNZ and the pNZ+ conditions, we performed 

Western blotting with specific antibodies using the cellular 14N fraction. Of note, TatCy was 

detected by the presence of a C-terminal His6-tag. As shown in Fig. 3A,B, substantially 

increased levels of TatAy were detectable in the pNZ condition, and even more so in the pNZ+ 

condition. TatCy was mostly detected in the pNZ+ condition. In contrast, comparable levels of 

the constitutively expressed cytoplasmic and membrane-associated protein SecA were 
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detected in all three conditions (Fig. 3C). We were not able to detect the presence of TatAy 

and TatCy in the WT+ condition by Western blotting, which was consistent with the MS data 

(Table 1, Table S1) and the absence of His6-tagged TatCy. Of note, the expression of the 

chromosomal tatAyCy operon was expected to be low under the present experimental 

conditions based on previous expression studies27.  

 

Fig. 3: Proteomics data validation. B. subtilis was grown in the WT+, pNZ or pNZ+ conditions. Samples were 
harvested at an OD600 ~0.4 and normalized according to the respective OD600. Next, cells were pelleted by 
centrifugation, and disrupted by bead-beating. Proteins from the disrupted cells were separated by LDS-PAGE 
and analyzed by Western blotting with antibodies specific for the His6 tag on TatCy (A), TatAy (B), SecA (C), or 
LiaH (D). 

 

In a recent study, we observed that overexpression of the TatAyCy translocase in B. subtilis 

grown in LB elicits strong upregulation of the PliaI promoter, which reflects high-level 

expression of the LiaRS regulon42. In particular strong upregulation of the LiaH protein was 

observed, which is a homologue of the E. coli phage shock protein A (PspA)42,52,53. As shown 
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in Figure 3D, TatAyCy overexpression also resulted in LiaH induction under the present 

experimental conditions, where BMM was used to grow B. subtilis. LiaH is a peripheral 

membrane protein that senses perturbations in the cytoplasmic membrane by interacting in 

discrete foci with its membrane anchor protein LiaI54–56. The liaIH genes encoding these two 

proteins are part of the LiaRS stress-inducible regulon57. The LiaRS two-component regulatory 

system is known to actively sense changes in the membrane in response to various inducing 

cues, such as secretion stress58, bacitracin43, oxidative stress59, and cell wall-active 

antibiotics60. LiaS is a histidine kinase that is negatively regulated by the membrane protein 

LiaF59. Following the titration of LiaF by membrane perturbations, LiaS becomes 

autophosphoryated. Subsequently, LiaS phosphorylates the response regulator LiaR, leading 

to a 100- to 1000-fold induction of the PliaI promoter that controls the transcription of the 

liaIH-liaGFSR operon59,60. As shown by our metabolic labelling approach, the overexpression 

of TatAyCy did not only lead to elevated levels of LiaH, but also to increased expression of LiaR 

and LiaS.  

Interestingly, a recent study has shown that LiaRS is also activated in response to endogenous 

stress, such as the production of the YydF epipeptide, which leads to changes in the 

membrane permeability, fluidity, polarization, and lipid packing61. Thus, activation of the 

LiaRS response by TatAyCy overexpression is consistent with the idea that TatAy has an 

intrinsic ability to locally weaken the membrane in order to facilitate the TatAyCy-dependent 

passage of fully folded proteins38. Of note, it has been shown that the LiaH homologues PspA 

of E. coli and VIPP1 of thylakoid-containing cyanobacteria help to overcome stored curvature 

elastic stress in the membrane, protecting the integrity of this important permeability barrier 

under membrane-disrupting conditions62,63. It was thus concluded that the observed LiaH 

induction upon TatAyCy overexpression serves to overcome potentially detrimental effects of 

the necessary weakening of the membrane to allow Tat-dependent protein translocation. 

Table 1: 14N/15N log2 ratios of TatAy, TatCy and proteins belonging to the LiaRS regulon (see also Table S1). 

Protein WT+ pNZ pNZ- S+ 
 

Cyt Mem Cyt Mem Cyt Mem 

TatAy - - -2.3 -3.1 2.0 1.3 

TatCy - - - -1.7 - 1.0 

LiaH - - -2.4 - 2.5 1.9 

LiaS - - - - 
 

0.9 

LiaR - - - - 1.2 - 
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LiaF - - - - - - 

LiaI - - - - - - 

LiaG - - - - - - 

Tat overexpression leads to a high degree of regulon heterogeneity  

Since the PCA analysis showed that the pNZ and pNZ+ conditions clearly differed from the WT+ 

condition, we focused further detailed quantitative analyses of the proteomics data first on 

the comparison of the WT+ and pNZ+ conditions (Table S2). The results from this comparison 

were visualized using so-called Voronoi treemaps (Fig. 4, Fig. S3). Of note, per proteome sub-

fraction the effects were separately analyzed at the regulon level (Fig. 4). At this level, 

comparison of the WT+ versus pNZ+ conditions showed strong effects for cytoplasmic proteins 

whose expression is governed by AhrC and YlxR (Fig. 4A, Fig. S3A). In the membrane protein 

fraction, strong upregulation was observed for proteins whose genes are regulated by SigB, 

SigD, SwrA and the stringent response, and downregulation for proteins controlled by ComK 

and ComA (Fig. 4B, Fig. S3B). In the extracellular fraction, an upregulation of proteins whose 

expression is controlled by the stringent response was most prominently detected (Fig. 4C, 

Fig. S3C).  

An interesting feature of the bacteria overexpressing TatAyCy, which is clearly illustrated by 

the Voronoi treemaps, is the heterogeneity in the effects on proteins belonging to particular 

regulons. This may relate to different phenomena. On the one hand, protein expression can 

be controlled by different regulators. For instance, most proteins are expressed in a sigma A 

(SigA)-dependent manner, but their expression levels may depend on different repressors 

(e.g. CcpA) or activators (e.g. CodY). In addition, gene and protein expression within a bacterial 

population can be very heterogeneous, as a result of different sub-populations being 

committed to different physiological processes64. This expression heterogeneity is a form of 

adaptation that prepares the population for changes in the environment by cell 

differentiation. The resulting population heterogeneity may result in mutually exclusive 

expression profiles, as exemplified by bistable or multistable gene expression64. The summed-

up effects of the different phenomena can lead to highly differential abundances for proteins 

belonging to the same regulon65.  

A very clear example of heterogeneous protein expression in the pNZ+ condition is observed 

for proteins controlled by the stringent response. The stringent response is activated by 

environmental and nutritional stresses and requires synthesis of the alarmone (p)ppGpp by 
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RelA66. In B. subtilis, the synthesis of (p)ppGpp results in many physiological changes, such as 

repression of protein translation and adjustment of the cellular metabolism to compensate 

for nutrient starvation66. One of the main features of the stringent response is the negative 

regulation of genes involved in energy metabolism, such as the atpIBEFHAGDC regulon for  

 
Fig. 4: Voronoi treemaps showing relative protein levels in the WT+ or pNZ+ conditions clustered according to 
the respective regulons. Quantified proteins were functionally clustered according to the SubtiWiki gene 
onthology. Color code and cell size correspond to protein abundance in each of the measured conditions. Distinct 
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treemaps are shown for the cytoplasmic (A), membrane (B) and extracellular (C) proteome fractions. For 
treemaps with all protein names, see Fig. S3. 
 

ATP synthesis66. In the pNZ+ condition, we detected AtpF downregulation in the extracellular 

proteome in response to Tat overexpression. However, we also detected the upregulation of 

proteins negatively regulated by RelA, such as the ribosomal proteins RplA, RplK and RplM66. 

Notably, these effects were not detectable in the cytoplasmic protein fraction, which suggests 

that it is a sub-population of the cells overexpressing TatAyCy that experiences a decrease in 

nutrient availability at the time point of sampling.  

Impact of Tat overexpression on arginine metabolism 

A consistent phenotype of the TatAyCy-overproducing bacteria was the increased level of 

proteins involved in the arginine synthesis pathway (ArgF, ArgJ, ArgG, ArgH) (Fig. 5A, Fig. S3, 

Table 2). In B. subtilis, the last steps in L-arginine biosynthesis via L-ornithine and L-citrulline 

require upregulation of the argC-F and argGH operons67. These two operons are repressed by 

AhrC in the presence of arginine68. Additionally, we detected the upregulation of the arginine 

uptake ABC transporter ArtM in the membrane and exoproteome fractions47 (Table 2). These 

results imply that the arginine pools in cells overproducing TatAyCy became depleted, and 

that sufficient arginine supply is important in the pNZ+ condition. To verify this idea, we 

compared the bacterial growth in the WT+ versus pNZ+ conditions upon supplementation of 

the growth medium with L-arginine. For control, the medium was supplemented with L-lysine. 

Indeed, L-arginine supplementation led to improved growth in the TatAyCy-overproducing 

strain, as evidenced by a shorter lag phase and an extended exponential phase (Fig. 5B). On 

the contrary, L-lysine supplementation did not have an effect in the growth of either strain 

(Fig. 5C). At present, it is not completely clear why arginine supply is of importance in the the 

pNZ+ condition. One possibility is that the bacteria employ L-arginine as an additional carbon 

and energy source by converting this amino acid to glutamate69. However, L-arginine has also 

been shown to protect proteins against aggregation by slowing protein-protein interactions, 

suggesting that the cells have a preference for arginine to prevent aggregation of the 

overexpressed TatAyCy70.  
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Fig. 5: Impact of arginine supplementation on the growth of TatAyCy-overexpressing cells. A) L-arginine 
biosynthetic pathway. Proteins marked in orange were upregulated in response to TatAyCy overexpression. B) 
Growth curves for the WT+ or pNZ+ conditions with or without 3.12 mM L-arginine supplementation. C) Growth 
curves for the WT+ or pNZ+ conditions with or without 3.12 mM L-lysine supplementation. 
 
 

Table 2: Upregulation of proteins involved in arginine synthesis and uptake in response to TatAyCy 
overexpression (see also Table S2). 
 

BSU Protein Regulon Sub-proteome Log2 Fold-Change 

BSU11250 ArgF AhrC CYT 1.1 

BSU29450 ArgG AhrC CYT 1.2 

BSU29440 ArgH AhrC CYT 0.8 

BSU11200 ArgJ AhrC CYT 1.1 

BSU29440 ArgH AhrC MEM OFF 

BSU23960 ArtM YlxR MEM ON 

BSU23960 ArtM YlxR SN ON 

 

C 
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TatAyCy overexpression leads to a prolonged vegetative state 

The lifecycle of B. subtilis is characterized by multiple stages. Initially, during exponential 

phase, cells have enough resources to grow and divide. Once resources start to become 

limited, cells enter into stationary phase, a semi-quiescent state in which cells have to reroute 

their metabolism to adjust to nutrient limitation. The stationary phase of B. subtilis is 

characterized by multiple developmental processes that are absent during exponential phase, 

such as motility and chemotaxis, protease production and biofilm formation71. At later post-

exponential stages, a part of the population will enter into sporulation72. As a result, a fine-

tuning between environmental cues and gene regulation is necessary to ensure adaptation 

to, and survival of increasingly harsh growth conditions by redirecting metabolic pathways, 

transporters, and an array of physiological processes. This fine-tuning is mediated by 

transition-state regulators, which ensure that the necessary genes are expressed only when 

needed, as these adaptive responses would be premature and potentially deleterious during 

exponential growth73. One of the most important transition state regulators of B. subtilis is 

AbrB, which is expressed in the vegetative state. AbrB represses genes involved in 

competence, antibiotic production, cannibalism, biofilm formation74, and sporulation during 

exponential growth75,76. At the same time, AbrB auto-regulates its own expression, which in 

turns leads to a tight control in the levels of AbrB, enabling a sensitive and fast response to 

environmental changes73. AbrB exerts its negative control on sporulation by repressing the 

sigH gene, encoding an activator of the Spo0A master regulator of sporulation. Consequently, 

derepression of sigH leads to higher levels of Spo0A which, upon phosphorylation, will lead to 

repression of AbrB77,78. Our present results show that SigH was highly downregulated in 

response to TatAyCy overexpression which, in turn, would lead to downregulation of Spo0A 

and the observed upregulation of AbrB79 (Table 3). 

Biofilm formation is another differentiation process in the lifecycle of B. subtilis. Biofilms of 

this bacterium are characterized by the presence of a matrix composed of extracellular 

polysaccharide (EPS) and amyloid fibers that keep cells together80,81. The synthesis of EPS is 

governed by the epsA0 operon, and the amyloid fibres are encoded by the tapA-sipW-tasA 

operon82. In particular, the TasA protein is a major component of the biofilm extracellular 

matrix83. TasA is synthesized at the entry of stationary phase, and it is detected in the growth 

medium and spores84. Further, TasA contributes to stabilization of the membrane during the 

transition into stationary phase, thereby preserving cell viability85. AbrB is a negative regulator 

of both the epsAO and the tapA-sipW-tasA operons, preventing their expression during 
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exponential growth84. Consistent with the observed upregulation of AbrB, we found that TasA 

was strongly downregulated upon TatAyCy overexpression. This observation was verified by 

Western blotting using TasA-specific antibodies (Fig 6A). In fact, TasA was already 

downregulated in the pNZ condition, where TatAyCy was only moderately overexpressed. 

Moreover, we detected that other biofilm-related and AbrB-regulated proteins74 were 

downregulated, including XynC, XynD, QcrA, IlvC, IlvD (Table 3, Fig. S3). A last observation that 

is in agreement with the observed upregulation of AbrB in the pNZ+ condition concerns the 

upregulation of a putative ABC transporter of unknown function (i.e. YhaQ), which is known 

to be expressed AbrB-dependently86.  

Altogether, it seems that high-level expression of TatAyCy sustains exponential growth and 

delays the development of biofilms. 

Table 3: Differential regulation of proteins belonging to the Spo0A and AbrB regulons in response to TatAyCy 

overexpression (see also Table S2). 

BSU Protein 

Sub-proteome 

Localization Regulation 

Log2 Fold-

Change 

BSU00980 SigH CYT AbrB -1.43 

BSU18300 PpsE MEM AbrB -1.08 

BSU21540 YolA MEM AbrB -0.91 

BSU02700 EstA MEM AbrB OFF 

BSU18310 PpsD MEM AbrB OFF 

BSU09900 YhaP MEM AbrB OFF 

BSU09890 YhaQ MEM AbrB ON 

BSU09720 YheH MEM AbrB ON 

BSU09710 YheI MEM AbrB ON 

BSU02700 EstA SN AbrB OFF 

BSU19800 Phy SN AbrB OFF 

BSU02040 YbdN SN AbrB OFF 

BSU26890 Csn SN AbrB -0.98 

BSU18150 XynC SN AbrB -0.98 

BSU18160 XynD SN AbrB -1.13 

BSU40960 Spo0J CYT Spo0A -1.00 

BSU25870 YqcF CYT Spo0A -0.82 

BSU00370 AbrB CYT Spo0A 1.37 

BSU38110 NfrA1 CYT Spo0A 1.45 

BSU16330 CheY CYT Spo0A OFF 

BSU16300 FliL CYT Spo0A OFF 
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BSU10750 YisK CYT Spo0A OFF 

BSU24930 YqzD CYT Spo0A OFF 

BSU16440 CheW CYT Spo0A ON 

BSU35260 FtsE CYT Spo0A ON 

BSU15390 SepF CYT Spo0A ON 

BSU39870 YxbD CYT Spo0A ON 

BSU16300 FliL MEM Spo0A 0.87 

BSU16430 CheA MEM Spo0A 0.89 

BSU16210 FliF MEM Spo0A 0.94 

BSU16390 FlhA MEM Spo0A 1.23 

BSU16190 FlgC MEM Spo0A OFF 

BSU16340 FliZ MEM Spo0A OFF 

BSU24220 spo0A MEM Spo0A OFF 

BSU00010 DnaA MEM Spo0A ON 

BSU16200 FliE MEM Spo0A ON 

BSU27370 MltG MEM Spo0A ON 

BSU17890 Tkt MEM Spo0A ON 

BSU14100 YkuJ MEM Spo0A ON 

BSU36250 YwqD MEM Spo0A ON 

BSU39870 YxbD MEM Spo0A ON 

BSU00380 MetG SN Spo0A 2.17 

BSU09420 LytE SN Spo0A OFF 

 

TatAyCy overproduction leads to reduced expression of the competence machinery 

A known consequence of elevated levels of AbrB is the inhibition of the competence 

network87,88. In B. subtilis, competence is a post-exponential physiological stage that only 

occurs in a small percentage of the population89. The competent bacterial cells are able to 

import exogenous DNA from their environment and incorporate it into their genetic material 

in a process called transformation90. Competence is initiated through a bistable gene 

regulatory process where the expression of the master regulator ComK is upregulated in 

response to increasing levels of the small ComS peptide91. For this process to occur, sufficient 

levels of ComS must accumulate in the cell, which leads to the rescue of ComK from 

degradation by the protease ClpCP92.  Next, high levels of ComK result in the expression of 

late competence genes, encoding proteins that are involved in DNA import and genetic 

recombination. This includes ComGC, which is the major component of the pseudopilus 

needed for DNA uptake, as well as minor pseudopilus components, such as ComGD, ComGE 
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and ComGG93,94. Of note, the stability of the ComGC pseudopilins and the ComEC channel 

protein for DNA uptake requires the activity of the thiol-disulphide oxidoreductases BdbC and 

BdbD to catalyse disulphide bond formation95,96. Other proteins involved in DNA uptake 

include ComGA, a peripheral membrane protein with ATPase activity necessary for exogenous 

DNA binding97, ComGB, an integral membrane protein that functions as the anchor for the 

pilus97, and ComEA, a receptor for the exogenous DNA. Once the DNA is bound to the bacterial 

cell surface, ComEC forms a channel through which the ssDNA is transported across the 

membrane in a process that is driven by the cytoplasmic motor ComFA, an ATPase with 

helicase/DNA translocase activity98. Once the DNA is internalized, SsbB localizes at the entry 

point, where it binds to the ssDNA and protects the DNA from degradation. Subsequently 

SsbA also binds to the ssDNA, resulting in inhibition of the recombinase RecA. However, during 

recombination the RecO and DprA proteins displace SsbA and SsbB, enabling RecA to mediate 

the DNA exchange99,100. Our metabolic labelling results indicate that ComGA, SsbB, SsbA, 

RecA, and Nin, an inhibitor of NucA nuclease activity101, are strongly downregulated in 

response to TatAyCy overexpression (Table 4). Interestingly, SsbA was detected in the 

cytoplasmic, membrane and extracellular fractions of the WT+ condition, suggesting that this 

protein is highly abundant in the wild-type bacteria. Further, BdbD could only be detected as 

an ON protein in the WT+ condition and, consistently, our Western blotting analysis indicated 

that BdbD is downregulated in strains overexpressing TatAyCy (Fig. 6B). Of note, the redox 

state of BdbD is determined by the cytoplasmic TrxA levels in the cell102. As shown by Western 

blotting, TrxA was slightly downregulated due to TatAyCy overexpression (Fig. 6C). Taken 

together, these results suggest that overexpression of the TatAyCy translocase also results in 

a reduced expression of competence machinery, most likely as a result of increased levels of 

the transition state regulator AbrB (Fig 6D). 
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Fig. 6: TatAyCy overexpression leads to a prolonged vegetative state.  B. subtilis was grown in the WT+, pNZ or 
pNZ+ conditions. Samples were harvested at an OD600 ~0.4 and normalized according to the respective OD600. 
Next, cells were pelleted by centrifugation, and disrupted by bead-beating. Proteins from the disrupted cells 
were separated by LDS-PAGE and analyzed by Western blotting with antibodies specific for TasA (A), BdbD (B), 
and TrxA (C). (D) The regulatory network of biofilm formation and sporulation activation in response to Tat 
overexpression. AbrB controls the expression of genes for EPS and TasA synthesis directly and for Spo0A 
indirectly.  
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Table 4: Altered levels of proteins involved in genetic competence in response to TatAyCy overexpression (see 

also Table S2). 

BSU Protein Sub-proteome Log2 Fold-Change 

BSU40900 SsbA Cyt -1.1 

BSU16940 RecA Cyt -2 

BSU03420 Nin Cyt -2.9 

BSU33480 BdbD Cyt OFF 

BSU33280 YvrP Cyt OFF 

BSU33260 YvrN Mem -0.9 

BSU40900 SsbA Mem -0.9 

BSU10650 Sbcc Mem -1.2 

BSU33270 YvrO Mem -1.4 

BSU16940 RecA Mem -1.6 

BSU40920 YchF Mem -1.8 

BSU24730 ComGA Mem -2.5 

BSU36310 SsbB Mem -3.8 

BSU24710 ComGC Mem OFF 

BSU10420 ComK Mem OFF 

BSU41010 MnmG Mem OFF 

BSU03420 Nin Mem OFF 

BSU41010 MnmG Extra -3.9 

 

Activation of SigD-regulated proteins for motility and chemotaxis upon TatAyCy 

overexpression 

At the end of the exponential growth phase when resources start to become limited, sub-

populations of B. subtilis can commit to two different processes. They can either form small 

motile cells that employ a sophisticated motility and chemotaxis system to migrate towards 

gradients with higher nutrient density, or they can form multicellular structures, such as 

biofilms. The change towards a motile lifestyle is driven by the stochastic nature of the SigD 

regulon, which is mostly active at the end of exponential phase103. Our results indicate that 

TatAyCy overexpression results in high-level expression of various members of the SigD 

regulon, especially the multiple methyl-accepting chemotaxis proteins (MCPs), such as McpA, 

McpB, McpC and TlpB (Table 5). The role of McpA consists in mediating taxis to glucose104, 

McpB mediates all taxis to asparagine, but only some taxis to aspartate, histidine and 

glutamine105, while McpC mediates taxis to all amino acids106. Further, it has been reported 

that TlpB is involved in sensing alkaline pH107. Additionally, we detected the upregulation of 
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MotA and MotB in response to TatAyCy overexpression. These two proteins are part of the 

stator complex of the flagella, and they form the MotA/MotB complex, which couples ion 

transport across the membrane with flagellar rotation108 (Table 5). Furthermore, we also 

detected the upregulation of multiple members encoded by the fla/che operon, such as FlgC, 

FliF, FliL, FliE, CheA and CheW109,110 (Table 5). This operon encodes structural and regulatory 

proteins necessary for motility110, and it is regulated by SigA110,111. CheA is a histidine kinase 

that senses structural changes in the MCPs in response to ligand binding, while CheW couples 

CheA activation to the MCPs112. Altogether, these results are consistent with the view that 

TatAyCy overexpression results in nutrient limitation which, in turn, results in activation of the 

SigD regulon. 

Table 5: Altered production of proteins involved in motility and chemotaxis in response to TatAyCy 

overexpression (see also Table S2). 

BSU Protein Regulon Sub-proteome 

Log2 Fold-

Change 

BSU07350 YfmT SigD Cyt 0.9 

BSU31260 McpB SigD Cyt ON 

BSU31240 McpA SigD Mem 1.3 

BSU31260 McpB SigD Mem 1.0 

BSU13950 McpC SigD Mem 1.2 

BSU13690 MotA SigD Mem 1.1 

BSU13680 MotB SigD Mem 0.8 

BSU31230 TlpB SigD Mem 1.4 

BSU11940 YjcP SigD Mem 1.4 

BSU33690 YvaQ SigD Mem 1.1 

BSU11910 YcjM SigD SN 2.7 

BSU16440   CheW SigA Cyt ON 

BSU16630 CheY SigA Cyt OFF 

 BSU16430 CheA SigA Mem 0.9 

BSU16210 FliF SigA Mem 0.9 

BSU16300 FliL SigA Mem 0.9 

BSU16190 FlgC SigA Mem OFF 

BSU16200 FliE SigA Mem ON 
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Differential effects of low- versus high-level TatAyCy overexpression 

As a final step in characterizing the effects of TatAyCy overexpression on the physiology of B. 

subtilis, we quantified the effects of moderate TatAyCy overexpression in the pNZ condition 

versus the full-level TatAyCy induction in the pNZ+ condition. As was to be expected based on 

the Western blotting results in Fig. 3, TatAy, TatCy and LiaH were the most highly upregulated 

proteins in the pNZ+ condition (Table S3). To further explore the differences between the pNZ 

and the pNZ+ conditions, we employed Voronoi treemaps based on regulatory and functional 

categorization (Fig. 7A-C). This showed regulon heterogeneity and a relatively low number of  

differentially regulated proteins. In the cytoplasmic fraction, we detected upregulation of the 

AbrB regulon in the pNZ+ condition, which is consistent with the findings described above.  

An intriguing effect of overexpression of TatAyCy to different extents was observed for 

proteins involved in arginine synthesis (ArgB, ArgH) and uptake (ArtM) in the pNZ+ condition, 

whereas the argininase RocF69 was detected as an ON protein in the pNZ condition. This 

suggests that in the pNZ condition B. subtilis may use arginine as a carbon source, whereas 

the pNZ+ condition elicits arginine synthesis and uptake. To verify this finding, we performed 

growth experiments in the pNZ and the pNZ+ conditions, where the cultures were 

supplemented either with 3.12 mM L-arginine or as a control L-Lysine. As shown in Fig. 8A 

supplementation with L-arginine led to a significant effect on the bacterial growth in the pNZ 

condition, causing a shorter lag phase and a longer exponential phase. Accordingly, with a 

presumptive lower need for arginine due to the synthesis of this amino acid, the effects of 

arginine supplementation were milder in the pNZ+ condition. In contrast, supplementation of 

the medium with L-lysine did not affect bacterial growth in the two conditions (Fig. 8B). Based 

on these observations it is tempting to hypothesize that higher levels of TatAyCy expression 

result in a higher arginine consumption, eliciting increased levels of the cellular machinery for 

arginine biosynthesis and uptake. 
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Fig. 7: Voronoi treemaps showing relative protein levels in the pNZ or pNZ+ conditions clustered according to 
the respective regulons. Quantified proteins were functionally clustered according to the SubtiWiki gene 
onthology. Color code and cell size correspond to protein abundance in each of the measured conditions. Distinct 
treemaps are shown for the cytoplasmic (A), membrane (B) and extracellular (C) proteome fractions. For 
treemaps with all protein names, see Fig. S4. 
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Fig. 8: Impact of arginine supplementation on the growth of TatAyCy-overexpressing cells. A) Growth curves 
for the pNZ or pNZ+ conditions with or without 3.12 mM L-arginine supplementation. B) Growth curves for the 
pNZ or pNZ+ conditions with or without 3.12 mM L-lysine supplementation. 
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Conclusion 

In the present study we have performed 14N/15N metabolic labelling to characterize the effects 

of high-level expression of the TatAyCy translocase on the physiology of B. subtilis. Apart from 

the already known activation of the LiaRS-dependent cell envelope stress response, which 

results in the overexpression of LiaH, this investigation unveiled multiple physiological and 

metabolic processes involved in the adaptation to high-level TatAyCy expression. 

Unexpectedly, despite the very high levels of the membrane proteins TatAy and TatCy 

produced in the pNZ+ condition, we observed a prolongation of the vegetative state in cells 

that could be correlated to elevated levels of the AbrB transition state regulator. This suggests 

that potentially detrimental effects of TatAyCy overexpression are effectively counteracted 

by induction of the LiaRS response. Further, consistent with the elevated levels of AbrB, we 

observed downregulation of proteins involved in competence and biofilm formation. A 

particularly noteworthy finding was that high levels of TatAyCy expression resulted in regulon 

heterogeneity as reflected in the composition of the cytoplasmic, membrane, and 

extracellular sub-proteome fractions. TatAyCy overexpression also resulted in altered levels 

of proteins involved in arginine anabolism and catabolism. This suggestive intricate 

relationship between the Tat pathway and arginine metabolism was underlined by the growth 

stimulatory effects of arginine supplementation in the pNZ and pNZ+ conditions. This implies 

that arginine has a more important role in ‘twin-arginine translocation’ than the name of this 

protein secretion system suggests.  

Materials and Methods 

Bacterial stains, plasmids, and growth conditions 

All bacterial strains are listed in Table 6. B. subtilis BSB1 was used in this study as the parental 

strain27. All strains were grown in LB or in BMM45,113. When appropriate, antibiotics were 

added (kanamycin 20 μg/ml, erythromycin 2 μg/ml). To induce overexpression of TatAyCy, 

the medium was supplemented with 1% subtilin obtained from B. subtilis strain ATCC6633.  

To obtain B. subtilis strain BSB1 amyE::spaRK, the BSB1 strain was grown to competence in 

Paris Medium (PM)102 and transformed with chromosomal DNA from strain NZ8900. Further, 

to obtain B. subtilis strain BSB1 amyE::spaRK pNZ-tatAyCy, the BSB1 amyE::spaRK strain was 

grown to competence in PM and transformed with plasmid pNZ-tatAyCy. The correct insertion 

of the spaRK genes in the amyE locus and the presence of plasmid pNZ-tatAyCy were verified 
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by growth in BMM without tryptophan, but supplemented with the appropriate antibiotics. 

Liquid media were inoculated from an overnight culture and incubated at 37°C with shaking 

at 250 rpm. 

 

Table 6. Strains used in this study.  

Strains Properties References 

BSB1 trp+, derivative of 168 trpC2 123  47  

168 trpC2, amyE::spaRK, kmr 124 

168 pNZ-tatAyCy trpC2, amyE::spaRK, kmr, emr 46 

BSB1 amyE::spaRK BSB1 transformed with 

chromosomal DNA from NZ8900 

amyE::spaRK, kmr 

This Paper 

BSB1 amyE::spaRK pNZ-tatAyCy BSB1 amyE::spaRK transformed 

with plasmid pNZ-tatAyCyHis,  

kmr, emr 

This Paper 

B. subtilis ATCC6633 Subtilin producer 44 

 

Metabolic labelling and sample preparation 

B. subtilis cells were grown in BMM supplemented with 14N-(NH₄)₂SO₄,/14N-L-glutamic acid or 
15N-(NH₄)₂SO₄,/15N-L-glutamic acid (0.078 mM, 98 atom % excess, Cambridge Isotope 

Laboratories, Andover, USA) at 37°C with shaking at 250 rpm. Pre-cultures were grown 

overnight in 14N. The next morning, each strain was sub-cultured in 14N or 15N BMM in 

triplicate to an OD600 0.08. Growth was monitored by OD600 readings. When the cultures 

reached an OD600 of 0.4, the medium was supplemented with 1% subtilin where appropriate, 

and growth was continued for 2.4 h. Lastly, the cells were harvested by centrifugation; the 

supernatant fraction was frozen, and the cell pellet was washed with 0.1 M Tris HCl pH 7.5.  

To obtain labelled standards for cellular proteins, the 15N-labelled cells were pooled together 

as previously described114. Next, the 14N- and 15N-labelled cells were disrupted mechanically 

with a Precellys 24 homogenizator (Bertin Technologies, Montigny-le-Bretonneux, France) 

and cell debris was removed by centrifugation (20,000 × g, 10 min, 4°C). Subsequently, the 

protein concentration of the individual 14N-labelled samples and the pooled 15N-labelled 

samples was determined by Bradford assays115. The pooled 15N-labelled cell extract was used 

to "spike" an equal amount of each 14N-labelled cell extract. Subsequently, membranes were 
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separated from the cytoplasmic cell fraction by ultracentrifugation (100,000 × g, 1 h, 4°C) as 

described previously116. To analyse the extracellular proteome, the extracellular fractions of 
14N- and 15N-labelled cells were mixed according to the OD600 at the time of harvesting and 

samples were further processed as previously described66.  

Mass Spectrometry (MS) and Data Analysis  

All samples were analysed by the GeLC−MS workflow followed by tryptic digestion as 

previously described117. For LC−MS/MS analyses of 1D gel samples, in-house self-packed 

columns were prepared and used with an EASY-nLC II system (Thermo Fisher Scientific). The 

peptides were loaded onto the column by the LC system with 10 μL of buffer A (0.1% acetic 

acid) at a constant flow rate of 500 nL/min without trapping. Subsequently, peptides were 

eluted using a nonlinear 100 min gradient from 1 to 99% buffer B (0.1% acetic acid in 

acetonitrile) with a constant flow rate of 300 nL/min and injected online into an LTQ Orbitrap 

mass spectrometer (Thermo Fisher Scientific, Germany). After a survey scan at a resolution of 

30,000 in the Orbitrap with activated lockmass correction, the five most abundant precursor 

ions were selected for fragmentation. Singly charged ions and ions without detected charge 

states were not taken into account for MS/MS analysis. Collision-induced dissociation (CID) 

fragmentation was performed for 30 ms with normalized collision energy of 35, and fragment 

ions were recorded in the linear ion trap. *dta files, GeLC-MS analyses, were processed as 

previously described116. Further, the false- positive rate was calculated for each analysis as 

previously described118, and validated search results were used in Census119 to obtain 

quantitative data of 14N peaks (sample) and 15N peaks (pooled reference120). Subsequently, 

peptide ratios and combined protein ratios were exported (R2-values > 0.7) and only unique 

peptides and proteins that could not be relatively quantified were checked manually in the 

graphical user interface for ON/OFF proteins). Only proteins relatively quantified with at least 

2 peptides were taken into account for the subsequent analyses114.  

All quantification results of a complete GeLC-MS run were median centred and ratios were 

log2 transformed and averaged over the three biological replicates as described by Otto et 

al.121. For the pairwise comparison of differentially expressed proteins, i.e. WT+ versus pNZ+, 

or pNZ versus pNZ+ were identified by a student t-test of log transformed ratios, p<0.01 in 

MeV 4.6.2 (mev.tm4.org). Only proteins expressed with an overall fold expression higher than 

0.8 or less than -0.8 were considered as truly statistically significant121. Voronoi treemaps of 

B. subtilis strains were built using Paver (DECODON GmbH, Germany) on the basis of 
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categories assigned according to the SubtiWiki gene category 122. For ON/OFF proteins, only 

proteins present in three out of three biological replicates where taken into consideration. 

Growth with or without arginine supplementation 

Bacterial cultures were grown overnight in BMM supplemented with antibiotics. The 

following morning, each culture was diluted to an OD600 of 0.08 and incubation was continued 

until the OD600 reached 0.4. Next, each strain was diluted 50-fold in fresh BMM medium, and 

100 µL of culture were incubated with or without 3.12 mM L-arginine in a Nunc™ MicroWell™ 

96-Well Optical-Bottom Plate (Thermo Scientific). The OD600 was measured for 10 h at 10 min 

intervals, using a Synergy™ plate reader (BioTek). 

LDS-PAGE and Western blotting 

Samples for lithium dodecyl sulphate (LDS)-PAGE and Western blotting were obtained during 

the collection of 14N-labelled samples as described above. OD600-normalized volumes were 

used to collect bacterial cells of each strain/condition by centrifugation (14.000 rpm, 4°C, 10 

min). Proteins in the supernatant fraction were precipitated overnight in 10% trichloroacetic 

acid (TCA) at 4°C. The following morning, the precipitated proteins were collected by 

centrifugation (14.000 rpm, 4°C, 20 min), and the pellet was washed with 500 μL of acetone. 

Subsequently, the samples were centrifuged (14.000 rpm, 4°C, 10 min), the supernatant was 

discarded, and the pellet was dried at 65°C for 20 min. The dried pellet was resuspended in 

100 μL of LDS sample buffer. In parallel, the cells were disrupted by bead-beating in a Precellys 

24 homogenizer (3 cycles: 6500 rpm, 30 sec, with 30 second intervals) in the presence of 300 

μL of LDS sample buffer. Before loading, both the cell and culture supernatant samples were 

boiled for 10 min at 95°C. Cellular and supernatant proteins were separated by LDS-PAGE 

(NuPAGE, Life Technologies). For Western blotting, proteins were transferred to a Whatmann 

nitrocellulose membrane by semi-dry blotting. The nitrocellulose membranes were blocked 

with 5% milk in PBS overnight. Subsequently, the membranes were washed three times with 

PBS-T and incubated with polyclonal rabbit antibodies raised against BdbD, LiaH, QcrA, SecA, 

TasA, TatAy or TrxA, or with monoclonal mouse anti-his6 antibodies (1:5000) for 1h in PBS-T 

(Table 7). This was followed by three more washes with PBS-T and incubation with 

IRDye® 800CW goat-anti rabbit or IRDye® 700CW goat-anti mouse antibodies (LI-COR), 

followed by two washes with PBS-T and two washes with PBS. The fluorescent signal was 

measured with an Amersham Typhoon 5 (GE Healthcare Life Sciences).  
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Table 7. Antibodies used in this study. 

Antibody Characteristics Reference 

His6 tag Monoclonal Antibody Mouse monoclonal antibody Thermo Scientific 

MA1-21315 

Anti-TatAy Rabbit polyclonal antibody 41 

Anti-LiaH Rabbit polyclonal antibody 59 

Anti-EfeB Rabbit polyclonal antibody 28 

Anti-TrxA Rabbit polyclonal antibody 102 

Anti-QcrA Rabbit polyclonal antibody 118 

Anti-TasA Rabbit polyclonal antibody 125 

Anti-SecA Rabbit polyclonal antibody 126 

Anti-BdbD Rabbit polyclonal antibody 102 
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