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A B S T R A C T

In Escherichia coli, the Twin-arginine translocation (Tat) pathway secretes a set of folded proteins with important

physiological functions to the periplasm and outer membrane. The loss of Tat secretion impairs outer membrane

integrity and leads to decreased cell growth. Only recently, the Tat pathway has gained more attention due to its

essential role in bacterial virulence and applications in the production of fully folded heterologous proteins. In

this study, we investigated the influence of the deletion of all active Tat pathway components on the E. coli cells.

The comprehensive proteomic analysis revealed activation of several stress responses and experimentally con-

firmed the dependence of certain proteins on the Tat system for export. We observed that a tat deletion triggers

protein aggregation, membrane vesiculation, synthesis of colanic acid and biofilm formation. Furthermore, the

mislocalization of Tat-dependent proteins disturbs iron and molybdenum homeostasis and impairs the cell en-

velope integrity. The results show that the functional Tat pathway is important for the physiological stability and

that its dysfunction leads to a series of severe changes in E. coli cells.

1. Introduction

The main systems transporting proteins across plasma membranes

in bacteria are highly conserved. Most of the transported proteins are

inserted into the membrane or exported to the periplasm via one of the

three routes – the Sec machinery, the YidC insertase and the Tat system

(Collinson et al., 2015; Lee et al., 2006; Petriman et al., 2018). In E. coli,

most proteins are transported by the general secretory (Sec) pathway,

yet a subset of periplasmic proteins are reported to be exported via the

twin-arginine (Tat) pathway (Tullman-Ercek et al., 2007). These two

systems use very different mechanisms to transport proteins to the

periplasm; the Sec pathway transports proteins in an unfolded state,

while the Tat pathway is highly selective for the transport of fully

folded proteins (Berks, 2015; Müller and Klösgen, 2005). Remarkably,

the Tat system can not only transport folded proteins, but also dis-

criminate against misfolded proteins (Sutherland et al., 2018). This

interesting feature implies the existence of a so-called proofreading and

quality control mechanism that recognizes correctly folded proteins.

However, despite growing research interest, not much is known so far

about this mechanism.

Unlike the quality control mechanism, the composition of the Tat

translocon is well known. In E. coli, the Tat system comprises of four

functionally individual membrane proteins - TatA, TatB, TatC and TatE

(Bogsch et al., 1998; Patel et al., 2014). TatC is the most conserved of

the Tat proteins and contains six transmembrane helices (Behrendt

et al., 2004), whereas TatA/B/E are sequence-related and possess a

single N-terminal transmembrane α-helix (Baglieri et al., 2018; Koch

et al., 2012). Proteins TatC and TatB form a complex, which acts as an

initial recognition site for Tat substrates. TatA is a putative pore

forming component that may mediate the actual protein translocation

event (Fröbel et al., 2012). This complex is recruited to the TatBC

complex upon substrate binding (Rose et al., 2013). The amino acid

sequences of TatA and TatE are more than 50% identical but these

proteins have overlapping functions, with TatB tightly bound to TatC in

the substrate-binding complex. It has been shown that the stoichio-

metry of the TatA/B/C components is crucial for the Tat pathway
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functioning (Leake et al., 2008), and an appreciable increase in the Tat-

dependent protein flux is possible only when tatABC are jointly over-

expressed (Alami et al., 2002; Browning et al., 2017). Moreover, a

range of tat mutants have been constructed to study the roles of Tat

pathway components and determine their phenotypes (Lee et al., 2002;

Wexler et al., 2000). These studies suggest that both TatB and TatC are

essential components of the Tat system and their deletion leads to

complete mislocalization of selected Tat substrates. Furthermore, TatB

has a function in stabilizing TatC since both proteins are suggested to

form a complex. On the contrary, single ΔtatA or ΔtatE mutations ex-

hibit diverse defects, but no complete dysfunction in Tat-transported

protein localization. However, despite the number of studies analyzing

tat mutants and focusing on the cellular consequences of the Tat se-

cretion impairment in E. coli, none of them investigated the cell phe-

notype under simultaneous deletion of all tatABCDE genes.

The Tat pathway operates independently of the Sec and YidC post-

translational protein transport systems. Proteins are targeted to the Tat

apparatus by an N-terminal signal sequence containing a highly-con-

served RR motif that is critical for efficient recognition of Tat substrates

(Alami et al., 2003; Stanley et al., 2000). However, it has been shown

that signal sequences with a single mutation of an arginine residue are

still transported by the Tat system (Ize et al., 2002; Summer et al.,

2000). In E. coli, at least 29 secreted proteins are predicted to be Tat-

dependent. These proteins are involved in important functions e.g.

energy metabolism, substrate uptake, cell envelope structure and pa-

thogenicity (Berks et al., 2005; Tullman-Ercek et al., 2007). Interest-

ingly, some of the redox proteins are reported to be transported via the

Tat pathway yet they do not have a signal sequence of their own. These

proteins use a so-called ‘’hitchhiker mechanism’’ and form a multimeric

complex with another protein containing a Tat signal (Rodrigue et al.,

1999).

Recently, attention has been attracted by the application of Tat-

dependent transport in protein expression and engineering. The Tat

pathway is a promising tool for export of complex recombinant proteins

and native E. coli proteins that fail to be secreted via the Sec pathway

(Tinker et al., 2005; Walker et al., 2015). In particular, the proofreading

mechanism allows for easier downstream purification as there is less

protein heterogeneity in the periplasm sample. Moreover, the role of

the Tat pathway in bacterial pathogenesis is under investigation (Ball

et al., 2016; Pradel et al., 2003; Ochsner et al., 2002). Although the Tat

protein export system is not essential for the growth of E. coli, the lack

of a functioning pathway causes significant growth defects.

Deletion of the Tat system results in mislocalization of Tat-depen-

dent proteins. Among those, amidases AmiA and AmiC were reported to

be important for a functional cell envelope phenotype and cell division

process (Bernhardt and de Boer, 2003; Ize et al., 2003). Their mis-

localization leads to formation of long chains of cells, which appear to

be defective in cell separation (Stanley et al., 2001). Despite the clear

importance of Tat-dependent secretion in E. coli, our understanding of

its biophysical underpinnings remains vague.

In this study, we have sought to ascertain at a comprehensive level

how E. coli responds to a defect in the Tat protein export pathway. The

deletion mutant ΔtatABCDE has been used to determine the E. coli

phenotype and proteome alterations under disruption of the Tat

pathway. We describe several stress responses and novel phenotypes

emerging from the Tat system's deletion. Moreover, we have experi-

mentally identified a range of known Tat substrates and studied their

localization.

2. Materials and methods

2.1. Cell culture and fractionation

E. coli strains utilized for this study were MC4100 and a variant of

said strain with a full tatABCD deletion and a partial tatE deletion

(Table 1). Five mL Luria Bertani (LB) medium (10 g/L sodium chloride,

10 g/L tryptone, 5 g/L yeast extract) pre-cultures were inoculated from

glycerol stocks and grown aerobically overnight at 30 °C, 200 rpm. The

next day cultures were diluted to an OD600 of 0.05 in 25mL fresh LB.

Cultures were then grown at 37 °C, 200 rpm in 250mL Erlenmeyer

flasks for 5 h. Cells equivalent to a density of OD600 of 10 (∼12mL)

were taken and fractioned into cytoplasmic (C), membrane (M) and

periplasmic (P) samples. Periplasmic (P) fractions were collected using

an EDTA/lysozyme/cold osmotic shock method previously described

(Randall and Hardy, 1986), with modifications (Pierce et al., 1997).

Spheroplasts were further fractionated into cytoplasmic (C) and in-

soluble/membrane (M) fractions as described earlier (Pierce et al.,

1997). Fractions of three biological replicates from each stain were

prepared.

2.2. Inclusion bodies preparation

Inclusion bodies (IBs) were separated from bacterial cultures grown

in conditions described in the previous section. Cells were grown for 5 h

and harvested by centrifugation at 10.000× g, 4 °C for 10min. Pellets

were resuspended in washing buffer (150mM NaCl, 50mM Tris−HCl,

pH 8.0) and cells were disrupted by French Press (operated at

16.000–18.000 psi) followed by a high-speed centrifugation at

22.000× g. Unbroken cells, large cellular debris and the inclusion body

proteins were washed twice with a washing buffer and IBs were isolated

as described previously (Joliff et al., 1986). In short, pellets were re-

suspended in lysis buffer (5M urea, 50mM Tris−HCl, pH 8.0), in-

cubated 15min at room temperature and centrifuged for 30min at

22.000× g. The supernatant containing denatured proteins of IBs was

separated and concentrated using Amicon® Ultra-0.5 centrifugal filters

(Millipore).

2.3. Proteomics sample preparation and LC–MS/MS analysis

Protein concentration was determined by the Bicinchoninic Acid

(BCA) Protein Assay (Thermo Fisher Scientific). Cytoplasmic proteins

(100 μg) were reduced with TCEP, alkylated with iodoacetamide and

digested in-solution using trypsin (Muntel et al., 2012). Desalting of

peptides prior to mass spectrometry analysis using Stage tips, C18

material (Thermo Fisher Scientific) was performed according to the

protocol described earlier (Rappsilber et al., 2007). For absolute protein

quantification, a tryptic digest of yeast alcohol dehydrogenase (ADH1,

Waters, USA) was added into the samples to a final concentration of

50 fmol/μL. The nanoACQUITY™ UPLC™ system (Waters) was used to

separate and introduce peptides into the Synapt G2 (Waters) mass

spectrometer. Parameters for liquid chromatography and IMSE were

used as described previously (Zühlke et al., 2016).

Proteins from periplasmic and membrane fractions (30 μg) were

separated via 1D SDS-PAGE, the entire gel lanes cut into ten pieces

each. Proteins from isolated inclusion bodies (30 μg) were run via 1D

SDS-PAGE 5–6mm into the resolving gel and the bands containing

proteins were cut out of the gel. Proteins were digested with trypsin

(Promega, USA) overnight. Peptides were purified using ZipTip C18 tips

(Millipore). The eluted peptides were subjected to LCeMS/MS analysis

performed on a Proxeon nLC 1200 coupled online to an Orbitrap Elite

(Thermo Fisher Scientific) mass spectrometer. Peptides were separated

on in-house self-packed columns (id 100 μm, od 360 μm, length

200mm; packed with 3.6 μm Aeris XB-C18 reversed-phase material

(Phenomenex)) in an 80min nonlinear gradient from 1% acetonitrile

and 0.1% acetic acid to 95% acetonitrile, 0.1% acetic acid. To obtain a

better separation of peptides of the IBs fraction, peptides were sepa-

rated on in-house self-packed columns (id 100 μm, od 360 μm, length

200mm; packed with ReproSil-Pur 120 C18-AQ, 3 μm material

(Maisch)) in a 180min nonlinear gradient. A full MS scan (resolution of

60,000) was acquired using the automatic data-dependent mode of the

instrument. After acquisition of the full MS spectra, up to 20 dependent

scans (MS/MS) were performed according to precursor intensity by
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collision-induced dissociation fragmentation (CID) in the linear ion

trap. The mass spectrometry proteomics data have been deposited to

the ProteomeXchange Consortium (http://proteomecentral.

proteomexchange.org) via the PRIDE partner repository with the da-

taset identifier PXD008803 (username: reviewer18233@ebi.ac.uk,

password: FfgJJudJ).

2.4. Protein identification and quantification

MS/MS spectra of cytoplasmic samples were searched against an E.

coli K12 MC4100 UniProt/Swissprot database (Proteome ID:

UP000017782, 3985 protein entries, version January 2017) with added

laboratory contaminants and yeast ADH1 sequence (Zühlke et al.,

2016). MS/MS spectra of periplasmic and membrane samples were

searched against the above-mentioned database using MaxQuant soft-

ware (version 1.5.8.3) (Cox and Mann, 2006). The search was per-

formed with the Andromeda search algorithms (Cox et al., 2011).

Search parameters were set as follows: a minimal peptide length of six

amino acids, up to two missed cleavages, carbamidomethylation of

cysteine specified as a fixed modification, N-terminal protein acetyla-

tion and methionine oxidation were set as variable modifications. The

false discovery rate (FDR) was estimated and protein identifications

with FDR < 1% were considered acceptable. A minimum of two un-

ique peptides per protein was required for relative quantification using

the label free quantification (LFQ) algorithm provided by MaxQuant.

2.5. Protein functional analysis and subcellular localization prediction

The Student’s t-test requiring a p-value of< 0.05 was subsequently

conducted to determine proteins with significant alterations in protein

abundance. Changes in protein abundance of Δtat vs. wild type (WT)

were presented with a log2 fold change (Supplementary Table 1). If the

proteins were identified in only one of the strains in three biological

replicates, they were added to the list of ON/OFF proteins. Heat maps

were generated with Prism 7 (GraphPad) and the protein biological

functions were assigned based on their FIGfam roles according to The

SEED (http://pubseed.theseed.org/) (Overbeek et al., 2014) com-

plemented with manual curation. The protein subcellular localization

was assigned based on the E. coli specific STEP database (STEPdb)

(Orfanoudaki and Economou, 2014).

2.6. Transmission electron microscopy (TEM)

Cells were fixed (1% glutaraldehyde, 4% paraformaldehyde, 0.2%

picric acid, 50mM sodium azide in 5mM HEPES buffer pH 7.4) at 4 °C

and stored at the same temperature until further processing.

Subsequently to embedding in low gelling agarose, cells were postfixed

in 2% osmium tetroxide in washing buffer (50mM cacodylate buffer pH

7, 10mM magnesium chloride, 10mM calcium chloride) for 1 h at 4 °C.

After dehydration in a graded series of ethanol (20%, 30%, 50% for

10min each step; 70% ethanol with 0.5% uranyl acetate for 30min at

4 °C; 90%, 96%, 100% ethanol) the material was embedded in AGAR

100 resin. Sections were cut on an ultramicrotome (Reichert Ultracut,

Leica UK Ltd, Milton Keynes, UK), stained with 4% aqueous uranyl

acetate for 3min followed by lead citrate for 1min and analyzed with a

transmission electron microscope LEO 906 (Zeiss, Oberkochen,

Germany). Afterwards, the micrographs were edited by using Adobe

Photoshop CS6.

2.7. Crystal violet biofilm assay

A quantitative biofilm assay was performed in 96-well polystyrene

plates as described previously (O’Toole, 2011). Briefly, cells were in-

oculated from overnight cultures grown in LB and Belitsky minimal

medium (Stülke et al., 1993), diluted in replicates in both media to an

initial turbidity of 0.05 at 600 nm and grown at 37 °C without shaking.

Cell density (turbidity at 600 nm) was measured after 24 and 48 h in a

microtiter plate reader (BioTek Synergy™ Mx) and analyzed with Gen5™

version 2.0 software. After removing the supernatants, biofilms were

stained with crystal violet and absorbance at 550 nm was measured.

Total biofilm was normalized by bacterial growth for each strain and

represented as biofilm formation index (BFI). Each data point was

averaged from at least 20 replicate wells.

2.8. Quantification of colanic acid

Colanic acid was quantified by measuring L-fucose, the sugar com-

ponent which is exclusively found in this exopolysaccharide (EPS)

(Stevenson et al., 1996). Samples of E. coli biofilm, growing in the wells

of 6-well polystyrene plates for 48 h, were collected and colanic acid

concentration was measured based on previously described method

(Obadia et al., 2007). Biofilm samples were boiled for 15min to in-

activate EPS-degrading enzymes and release EPS from the cell surface.

In the next step, samples were centrifuged at 14.000 x g for 30min at

4 °C, after cooling down to room temperature. The supernatants were

collected, and polysaccharides were precipitated with 70% ethanol

overnight. Samples were subjected to centrifugation at 14.000× g for

30min at 4 °C. The pellet was diluted to 0.2 mL with distilled water and

mixed with 0.8 mL of H2SO4/H2O (6:1; v/v). The mixture was heated at

100 °C for 20min and cooled down to room temperature. For each

sample, absorbance at 396 nm and 427 nm, before and after addition of

100 μL of cysteine hydrochloride, was measured. The absorption due to

this reaction was subtracted from the total absorption of the sample, as

described earlier (Obadia et al., 2007). A L-fucose (Sigma-Aldrich) ca-

libration curve was used (0–100 μg/mL) to determine the fucose con-

centration. The values for E. coli biofilm samples were normalized by

cell turbidity at 600 nm.

3. Results and discussion

3.1. Comparative proteomic analysis of E. coli subfractions

In this study, we carried out a comparative proteomic analysis of E.

coli wild type and ΔtatABCDE strains. To efficiently identify and

quantify proteomic changes, three different subcellular fractions were

investigated, i.e. periplasmic and cytoplasmic protein fractions as well

as an insoluble protein fraction containing mainly membrane proteins.

The application of subcellular compartment fractionation was pre-

viously shown to improve protein identification, especially for mem-

brane and periplasmic proteins (Brown et al., 2010). However, the

common limitation of subfractionation methods are the impurities of

highly abundant cytoplasmic proteins in periplasmic and membrane

fractions (Brown et al., 2010; Wolff et al., 2008). To validate a high

resolution and good depth coverage of periplasmic and membrane

proteins in the subcellular fractions, we have calculated the abundance

of protein impurities in all the fractions based on signal intensities

(Table 2). As expected, the analysis of relative protein abundances

Table 1

Strains and plasmids used in this work.

Strains Description Reference/source

MC4100 AraR, F2 araD139 DlacU169 rpsL150 relA1 flB5301 deoC1 ptsF25 rbsR Wexler et al. (2000)

ΔtatABCDE (Δtat) MC4100 strain lacking tatABCDE genes, AraR Wexler et al. (2000)
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points to cross-contamination in all the subfractions of E. coli MC4100

and to significantly higher levels of cytoplasmic contaminants for

membrane and periplasmic fractions of the E. coli Δtat mutant. These

results are not surprising, given the fact that some tat deletion strains

have been reported to present cell envelope disruption and cytoplasmic

protein leakage (Ize et al., 2003). Based on the high content of cyto-

plasmic proteins in the periplasmic fraction of the E. coli ΔtatABCDE,

but not the control strain, we conclude that the complete deletion of the

Tat system leads to a disruption of the inner membrane and cytoplasmic

protein leakage during fractionation. Collectively, our results indicate

that the fractionation protocol distinctively enriched subcellular frac-

tions, however, due to the Δtat membrane impairment, it was not

possible to obtain a comparable protein enrichment rate for both

strains.

3.2. Pleiotropic effects in an E. coli tat mutant

Various reports have demonstrated that ΔtatAE and ΔtatC E. coli

mutants display pleiotropic phenotypes. The most prominent effect of

the Tat-system impairment is the formation of filamentous, chain like

structures (Fig. 1), comprised of cells which fail to undergo a complete

cell division (Stanley et al., 2001). This phenotype is assumed to be the

result of mislocalization of amidases AmiA and AmiC. Both proteins are

involved in splitting the murein septa and the separation of cells. It has

been shown that the chain forming phenotype can be complemented by

overexpression of AmiB (Bernhardt and de Boer, 2003). Here, we

decided to investigate if the simultaneous deletion of tatABCDE will

contribute to the discovery of novel phenotypes of the E. coli tat mu-

tants.

In addition to previously reported findings, this study revealed an

increase in inclusion body formation (Fig. 1B) and membrane vesicu-

lation in the E. coli tat mutant (Fig. 1C) compared to the wild type

(Fig. 1A). Inclusion body formation occurs naturally in bacteria as a

result of the accumulation of unfolded proteins. In our study, the tat

mutant strain formed inclusion body-like aggregates in moderately

higher amounts than the wild type. Thus, we conducted a proteomic

analysis to investigate whether there is any difference in the composi-

tion of the IB fraction between the wild type and the mutant (Supple-

mentary Table 2). Several cytoplasmic proteins such as GroEL and

DnaK, the main drivers of protein folding (in concert with their co-

chaperones DnaJ-GrpE and GroES, respectively), IbpA and ClpB have

been found to be more abundant in the IB fraction of the mutant strain

compared to the WT. Together, these proteins have been already

identified as real cytoplasmic components of E. coli IBs (Carrio and

Villaverde, 2002) and GroEL itself may promote IBs formation via

clustering of small aggregates. Interestingly, we could identify the cell

division protein ZipA in Δtat IBs. This protein is essential for cell divi-

sion, as it binds with FtsZ protein and forms the septal ring structure

that mediates cell division in E. coli (Brown et al., 2010). Together with

the mislocalization of AmiA and AmiC, the lack of functioning of ZipA

may contribute to the formation of long-chains of cells in the E. coli Δtat

mutant.

The second novel phenotype we observed in Δtat E. coli cells was the

formation of outer membrane vesicles (OMV). Several cells formed

OMVs, especially the cells who failed to undergo complete division

(Fig. 1C). This phenotype is most likely induced in response to the state

of the cell envelope and the accumulation of overexpressed or mis-

folded proteins. In conclusion, the ΔtatABCDE mutation in E. coli results

not only in the formation of long chains of cells, as previously reported

for ΔtatAE and ΔtatC mutants, but also in the production of OMVs and

increased formation of IBs, which may serve as a complementary me-

chanism for managing stress at the cell envelope.

3.3. The effect of Δtat mutation on the export of Tat-dependent substrates

The genome of E. coli is predicted to encode between 22 and 34

proteins with a Tat signal peptide (Bendtsen et al., 2005; Dilks et al.,

2003; Robinson and Bolhuis, 2001; Tullman-Ercek et al., 2007). These

predictions are primarily based on the properties of the signal peptides;

however, confirming their status as Tat dependent substrates is difficult

due to the fact that some of the signal peptides are also capable of

directing export of heterologous proteins to the periplasm through the

Sec pathway (Blaudeck et al., 2001, 2003; Stanley et al., 2002) and this

pathway is essential for the viability of the cells (Economou, 2005).

Current studies have shown that the Tat system is used to directly ex-

port 27 proteins to the periplasm and indirectly export another 8 using

the hitchhiker mechanism described before (Berks et al., 2005;

Tullman-Ercek et al., 2007). Out of the 27 reported, we only identified 8

Tat substrates and 3 of the hitchhiker proteins (Fig. 2). The presence of

so few Tat substrates is most likely due to the low stress conditions in

which the cells were grown, as well as the phase in which they were

harvested (exponential). Many of Tat-dependent proteins have been

found to be expressed only under certain conditions such as anaerobic

growth (HyaA, HybO, NrfC, TorA and TorZ) (Hussain et al., 1994;

Méjean et al., 1994; Sawers and Boxer, 1986), presence of cinna-

maldehyde at a low pH (YagT) (Neumann et al., 2009) or hydroxyurea

(FhuD) (Davies et al., 2009). The expression of some of the Tat sub-

strates can be also inhibited by other proteins like NarL (YnfE, YnfF,

YnfG and once again TorA) and NarP (FdnH) (Constantinidou et al.,

2005). The rest of the Tat substrates have been shown not to be es-

sential for the growth conditions tested (SufI, YahJ, MdoD, YaeI, Ycb

and FdoH) (Gerdes et al., 2003). Within these 8 identified Tat substrates

and 3 hitchhiker proteins we could discern 3 different localization and

expression profiles.

The first four proteins examined were HybA, EfeB, AmiA and AmiC

as they were found to be exclusively present in the periplasm of the WT,

but not in the Δtat strain, strongly suggesting that they are exported

exclusively by Tat. HybA and EfeB (previously YcdB) seem to be lacking

entirely in all other fractions of Δtat strain, presumably due to de-

gradation in the absence of export. The up-regulation of hybA and efeB

genes expression in the E. coli ΔtatC strain has been already shown (Ize

et al., 2004), thus we assume that the absence of HybA and EfeB in our

Δtat mutant might be due to degradation inside the cell. On the other

hand, the levels of AmiA and AmiC accumulated in the membrane

fraction of the WT as well as in the Δtat mutant. This suggests that there

is an inherent stability in these proteins that allows for an excess of

protein to associate with the membrane without sequestration in in-

soluble bodies. When analyzing the content of IBs formed in the Δtat

strain, no traces of these proteins were determined. This suggests that

their presence in the membrane fraction is due to the association of

these proteins with the inner membrane of the cells, but not in inclusion

bodies.

Another two Tat dependent substrates, CueO and NapA, were

identified in the periplasm of the Δtat strain. However, they were not as

Table 2

Distribution of enriched proteins and protein impurities observed in subcellular

fractions via LC–MS/MS.

Cell fraction E. coli MC4100 E. coli MC4100 Δtat

Total

recovery

[%]a

Protein

impurities [%]b
Total

recovery

[%]a

Protein

impurities [%]b

Cytoplasm 76.58 23.42 73.23 26.77

Periplasm 66.88 33.12 31.75 68.25

Membrane 66.88 33.12 50.27 49.73

a Total recovery shows the percentage of the total abundance, calculated

from LFQ intensities, of proteins identified in a certain subfraction and assigned

to this subfraction by STEPdb.
b Protein impurities shows the percentage of the total abundance, calculated

from LFQ intensities, of proteins identified in a certain subfraction but assigned

to other subfractions by STEPdb.
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abundant and found in much lower quantity than in the WT, suggesting

that instead of using Sec as a secondary translocation mechanism these

traces of protein are artifacts of the fractionation process discussed

before. When comparing the amount of protein present in WT and

mutant, we found that both proteins accumulate in the membrane

fraction of the Δtat strain. In the case of CueO this accumulation only

happens in Δtat, implying that the protein either associates with the

membrane or causes aggregation into inclusion bodies.

The next group contains two Tat substrates, FdnG and DmsA. Due to

their tight association with inner membrane proteins they are not

present in the periplasmic fraction. FdnG is associated with the trans-

membrane protein FdnI, whereas DmsA form a complex with DmsB and

DmsC (Stanley et al., 2002). Both FdnI and DmsC are not present in our

samples, probably because of the difficulty to identify transmembrane

proteins using the proteomics methods described in this study

(Rabilloud, 2012). We observe a dramatic decrease in abundance of

FdnG and DmsA in Δtat cells. The presence of FdnG and DmsA in the

Δtat cells is most likely due to their association to the inner membrane

on the cytosolic side. Since we did not identify them in the IB fraction,

we assume they do not aggregate.

The final group of Tat substrates are the hitchhiker proteins: DmsB,

HyaB and HybC. DmsB is undetected in the Δtat cells. Both HyaB and

HybC form multimeric complexes with HyaA and HybO, respectively to

be correctly co-transported across the membrane with the help of the

chaperons HyaE and HybE (Berks et al., 2005; Palmer et al., 2005).

Neither HyaA nor HybO were identified, although they are both located

upstream in their operons, followed by their hitchhiker counterparts.

However, both of these proteins have transmembrane domains

(Hatzixanthis et al., 2003) meaning that, as described before, their

identification is analytically challenging. HyaB was not present in Δtat

cells and HybC was downregulated, however the abundance values

were not statistically significant. In both cases the amount of protein we

Fig. 1. Transmission electron micrographs of E. coli MC4100 (WT) (A1-A3) and Δtat (B1-B3, C1–C3) strains at different magnifications.

The cells were grown aerobically in LB medium for 5 h. The mutant strain shows morphological changes such as formation of 1. Long chains of cells, 2. Inclusion

bodies and 3. Outer membrane vesicles. Scale bars A1, B1= 2 μm; scale bars A2, A3, B2, B3,C1, C2, C3= 250 nm.
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expect to find are minimal since both operons are under promotors that

are induced under anaerobiosis. It is likely then that both HyaB and

HybC are either being produced on their own, or alongside HyaA and

HybO, but these last two are degraded before they can be exported

since the cells are not under anaerobiosis. Thus, without HyaA and

HybO their hitchhikers HyaB and HybC are not able to cross the inner

membrane to the periplasm and can accumulate in the cytoplasm in

small amounts before being degraded.

3.4. Proteome changes linked to the loss of Tat export

Deactivation of the Tat apparatus causes profound stress in E. coli

cells. The global analysis of gene regulation has shown the effect of tatC

deletion on the expression of genes involved in cell envelope associated

functions, iron and copper homeostasis and polysaccharide synthesis

(Ize et al., 2004). However, to our knowledge, there have been no

studies on the effects of tatABCDE deletion on the E. coli proteome.

Thus, in this study we decided to characterize the effect of the loss of all

known Tat secretion components on proteins located in the periplasm,

membrane, and cytoplasm. A set of 98 proteins related to stress re-

sponse were identified and represented in the heat map (Fig. 3) (Sup-

plementary Table 3). Changes in protein abundance between the E. coli

tat mutant and its parental strain were shown as log2 fold changes.

3.4.1. Activation of chaperones and proteases in periplasm

E. coli cells upregulate the expression of chaperones and proteases in

response to cellular and environmental stress. We observed that the

abundances of several chaperones and proteases were increased in the

cytoplasmic and periplasmic fractions of the tat mutant cells (Fig. 3A).

Among the upregulated chaperones in the cytoplasm, the most promi-

nent increase in the protein abundance was observed for the HscA

chaperone which is required for the assembly of iron-sulfur clusters

(Takahashi and Nakamura, 1999). Moreover, two of the major cha-

perone systems DnaK/J/GrpE and GroEL/GroES also become upregu-

lated as a consequence of the tat deletion. DnaK is one of the most

abundant and essential stress inducible chaperones (Bukau and Walker,

1989), it works together with its co-chaperones DnaJ and GrpE to fa-

cilitate de-novo protein folding in stressed E. coli cells. GroEL is ac-

companied by its cofactor GroES, and together they are essential for

viability under all growth conditions tested (Fayet et al., 1998). Fur-

thermore, a number of additional proteins, including ClpB, HtpG, IbpA/

B and HslO, are induced under stress conditions to prevent and/or re-

pair stress-induced damage in the E. coli proteome (Hoffmann et al.,

2004; Schröder et al., 1993; Thomas and Baneyx, 2000). Proteases work

together with chaperones and form the cell quality control system of E.

coli. These proteolytic enzymes degrade damaged, misfolded or un-

assembled polypeptides, which become harmful when accumulated in

the cell. The main cytoplasmic proteases such as Lon, ClpP/X and HslV/

U are present in the cytoplasmic fraction of E. coli Δtat in high amounts.

The periplasmic fraction shows activation of DegP/Q proteases. In ad-

dition, we observed the increase in the abundance of cytoplasmic

proteases and chaperones in the periplasmic fraction of the Δtat

(Fig. 3A1). We assume that most of the cytoplasmic proteins observed

in the periplasmic fraction are technical impurities of the osmotic shock

separation process (Brown et al., 2010; Yaagoubi et al., 1994). How-

ever, considering their upregulation in both the cytoplasmic and peri-

plasmic fractions, the induction of chaperones and proteases in the tat

mutant remains unquestionable. We also hypothesize that the upregu-

lation of some cytoplasmic proteins such as GroEL and DnaK may

suggest their actual presence in the periplasm. It has been previously

reported that a high load of cytoplasmic aggregates can result in their

secretion to the periplasm together with GroEL and DnaK (Mar Carrió

and Villaverde, 2005). In conclusion, the observed increase in the

abundance of chaperones and proteases is most likely a reaction to the

perturbations caused by mislocalization and cytoplasmic accumulation

of Tat substrates, and the loss of their function in the cell, which dis-

turbs the whole network of proteins that are directly or indirectly in-

volved in Tat secretion.

3.4.2. Cellular stress responses

Our analysis has also revealed the induction of proteins involved in

the stress response to heat, oxidation, changes in osmolarity and cold

(Fig. 3B). Interestingly, we observed that PspF, the transcriptional ac-

tivator of the stress-induced psp operon, is present only in the E. coli tat

mutant. The Psp response is induced by perturbations in the integrity

and energization of the inner membrane. PspF initiates the Psp response

which has been shown to become active with defects of the Sec secre-

tion system (Jones et al., 2003) and enhances the efficiency of the Tat

pathway function (Delisa et al., 2004) when the translocation apparatus

becomes saturated. Furthermore, most of the upregulated oxidative

stress related proteins were also identified in the periplasmic fraction

(Fig. 3B1). For example, thioredoxin TrxC which reduces disulfide

Fig. 2. Protein abundance of Tat substrates in E. coli Δtat vs. WT.

The table shows Tat substrates their abundance which increased or decreased due to the Tat pathway deletion. Proteins are grouped according to their localization

pattern. The functional classification and accession numbers were adopted from UniProt. The average ratios (log2 fold change) of the protein abundance in Δtat vs.

WT are shown. The fold change in the abundance is marked with shading; blue – decreased abundance, orange- increased abundance. Significantly different results

were marked with asterisks, (*) P < 0.05, (**) P < 0.01, (***) P < 0.001.
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Fig. 3. Heat map of changes in the abundance of stress response proteins between E. coli Δtat and the WT.

A set of 98 proteins related to stress responses were categorized into 10 functional groups using Figfam classification. The heat map shows proteins involved in:

protein folding and degradation (A, A1), stress responses (B, B1) cell envelope stress and cell division (C) and iron and molybdenum homeostasis (D). Proteins

represented in panels A1 and B1 were identified in high abundance in the periplasmic fraction, however according to STEPdb they are cytoplasmic proteins. The

changes in protein abundance between E. coli Δtat and the parental strain are represented as mean log2 fold change and are depicted in a color gradient from blue

(decreased protein abundance in Δtat) to yellow-green (increased protein abundance in Δtat). Significant results were marked with asterisks, (*) P < 0.05, (**)

P < 0.01, (***) P < 0.001.
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bridges and methionine sulfoxide formed by reactive oxygen species

during the oxidative stress. TrxC is induced by OxyR in the cytoplasm,

however it is also present in the periplasm of the tat mutant. It has been

shown that some small cytoplasmic proteins such as thioredoxin and

superoxide dismutase (SodA) can be released from the cytoplasm

through the mechanosensitive ion channel of large conductance (MscL)

during osmotic shock (Ajouz et al., 1998; Krehenbrink et al., 2011).

3.4.3. Cell envelope stress

It has been previously observed that E. coli tat mutants have im-

paired membrane integrity which results in outer membrane

permeability and depletion of peptidoglycans (Ize et al., 2004). One

possible explanation for this defect of cell envelope integrity is the

mislocalization of amidases AmiA and AmiC, involved in cell wall

metabolism. To combat stress resulting from the disruption of the

peptidoglycan layer and compensate for its depletion, E. coli upregu-

lates proteins involved in the cell wall biogenesis pathway. The pro-

teomic analysis revealed an increased abundance of proteins MurA/B/

D/E/F (Fig. 3C), which take part in the synthesis of murein. Most likely,

the cell senses the depletion of peptidoglycans in the membrane and

escalates their synthesis. In addition, we observed an increase of pro-

teins involved in colanic acid synthesis. This polysaccharide is produced

Fig. 4. Induction of colanic acid synthesis in E. coli Δtat.

Genetic organization of E. coli colanic acid synthesis (cps) cluster (A). Genes which protein products were synthesized upon tat mutation were marked. Table

representing induced proteins of colanic acid synthesis and their cellular localization (B). Concentrations of colanic acid in E. coli WT and Δtat grown in LB liquid

medium were compared (C). To quantify colanic acid, concentration of its specific component, L-fucose, was measured. LB liquid medium was used as a control. Bars

represent geometric means ± standard deviations from three parallel samples. A Student’s t-test was applied to determine statistical significance, (***) P < 0.001.

K.M. Dolata et al. Microbiological Research 218 (2019) 97–107

104



in response to changes in the environment, that may damage the outer

membrane, and it protects the cell capsule of E. coli (Gottesman and

Stout, 1991). The upregulation of proteins involved in colanic acid

synthesis is described in the next Section (3.5). The phenotypic analysis

has shown that ΔtatABCDE, similar to ΔtatC (Ize et al., 2004), is im-

paired in the cell separation stage of cell division. Here, we identified

some important proteins for the cell division process which may be co-

responsible for the formation of long chains of cells in the E. coli tat

mutant. We determined the upregulation of MinC, cell division in-

hibitor protein (Conti et al., 2015), and MraZ whose overproduction

was reported to be lethal and perturb cell division (Eraso et al., 2014).

Together with these findings we observed a dramatic downregulation of

transcriptional regulator protein BolA which is involved in the co-

ordination of genes that control cell physiology and cell division (Aldea

et al., 1988).

3.4.4. Iron and molybdenum homeostasis

The Tat secretion pathway is involved in the transport of iron. Many

of the known Tat substrates bind Fe-S cofactors, and EfeB is directly

involved in the iron uptake by extracting iron from heme in E. coli cells.

We believethat tat deletion regulatory influences the expression of the

ferric citrate transport (fec) operon. We observed that FecA is not pre-

sent in the periplasmic fraction of Δtat and it is significantly down-

regulated (−10 log2 fold change) in the insoluble fraction. Since FecA

binds (Fe3+ citrate)2 to the outer membrane and initiates transcription

of the fec transport genes, its absence in the cell most likely results in

cessation of the Fec-dependent transport, which explains the absence of

FecE transporter in the E. coli tat mutant. In addition, we found several

other proteins e.g. YggX, Dps, Bfr, Fdx, PreA and FdoH, important for

maintaining the cell iron homeostasis, to be downregulated in the of E.

coli Δtat (Fig. 3D). Proteins YggX and Dps are known for their protective

role under iron imbalance conditions in E. coli (Almiron et al., 1992;

Pomposiello et al., 2003), so their downregulation in the cytoplasm is

clearly related to the stress response. We have also observed the

downregulation of several proteins important for molybdenum uptake.

This unbalance in molybdenum homeostasis may be due to the dra-

matic decrease in DmsA, which is the largest subunit that binds mo-

lybdenum at its active site in E. coli (Trieber et al., 1996).

3.5. Δtat mutation provokes synthesis of colanic acid capsular

polysaccharide

It has previously been observed that the ΔtatC strain responds to

envelope stress by upregulation of genes involved in the cell envelope

synthesis. Expression of the cps operon was shown to be induced (more

than 2-fold difference compared to parental strain) only under anae-

robic conditions (Ize et al., 2004). The results of our study not only

showed the induction of cps operon proteins in ΔtatABCDE under

aerobic conditions, but also the exclusive presence of nearly all the cps

proteins in the tat mutant when compared with the parental strain. In

short, we observed an induction of most of the cps genes responsible for

the production of colanic acid, an exopolysaccharide necessary for the

formation of the three-dimensional structure of E. coli biofilms (Danese

et al., 2000). Fourteen out of 20 proteins involved in this cluster are

present in our dataset, notably 13 of them only in the Δtat strain

(Fig. 4A–B). Of all the proteins in the cps cluster only one of them has a

Tat signal peptide: WcaM (Stevenson et al., 1996). However, WcaM was

not present in the obtained proteomic data, and neither were Wzx or

WcaB/D, which were assumed to be also upregulated. These proteins

are inner transmembrane proteins, which makes them highly difficult

to solubilize and detect using standard proteomics. In conclusion, the

identification of proteins up- and downstream from WcaM, Wzx, WcaB/

D may suggest an induction of the entire csp operon. The fact that most

of the proteins were identified only in the Δtat strain, but not in the WT,

strongly suggests the dependence of colanic acid formation on the Tat

secretion deficiency in the cell. Moreover, the upregulation of the

colanic acid synthesis in Δtat was also mirrored by an increased amount

of the exopolysaccharide produced by the mutant compared to WT

(Fig. 4C).

3.6. Colanic acid synthesis promotes biofilm formation in E. coli Δtat

In the previous Section (3.5) we showed that the deletion of tat

genes leads to induction of a set of proteins involved in the synthesis of

colanic acid, which are not present in the wild type. Based on this

observation and the fact that this exopolysaccharide is required for

development of biofilm in E. coli, we decided to investigate biofilm

formation of the tat mutant in comparison to wild type cells. A biofilm

forms when bacteria adhere to surfaces in aqueous environments. Ul-

timately, a biofilm is formed to protect bacteria from stressful en-

vironmental factors, although it is known that certain cellular changes

such as DNA damage, oxidative stress (Geier et al., 2008) and iron

depletion (García et al., 2015) also promote biofilm development. In

fact, it is often believed that any stress may trigger biofilm formation as

a means of protection. To comparatively quantify biofilm formation of

mutant and WT, a biofilm assay based on the ability of bacteria to

adhere to plastic surface of microtiter plates was performed. To this

end, cells were grown in standard LB medium to mirror the conditions

of the proteomic experiment. Biofilm formation was also assessed for

cells grown in minimal medium, since it has been reported that a strong

biofilm formation in E. coli can be observed mostly in minimal media

(Naves et al., 2008). Biofilm formation was defined as the intensity of

crystal violet stained cells divided by optical density of the upper cul-

ture. The obtained results showed enhanced biofilm formation ability of

E. coli Δtat, especially after 48 h in both media (Fig. 5). These results

may seem surprising, especially taking into account the previously re-

ported decrease in biofilm formation of a ΔtatC mutant (Ize et al.,

2004). Nevertheless, it has to be noted that biofilm formation is a highly

complex phenomenon that is initiated via numerous pathways de-

pending on the strain, medium and environment. Apart from the co-

lanic acid, the presence of IBs in the tat mutant may account for the

observed biofilm production. It has been shown that IBs formation is

associated with an abnormal phenotype involving cell clustering and

the development of biofilm-like characteristics (Lee et al., 2008). In

conclusion, we assume that the higher biofilm-forming capacity of E.

coli Δtat is acquired as a response to stress generated by the loss of Tat-

secretion and can be attributed to the upregulation of colanic acid

cluster proteins in the mutant, not observed in the wild type.

4. Conclusions

We have presented a global view of cellular consequences of a

tatABCDE deletion, that to the best of our knowledge, is so far the most

comprehensive analysis of the proteome changes due to the Tat appa-

ratus deficiency in E. coli. Apart from the already known filamentous

chain-like phenotype of E. coli Δtat, we identified the production of

OMVs and increased inclusion body formation as novel phenotypes of

tat mutants. Our proteomic analysis has revealed the upregulation of

proteins involved in protein folding, degradation and response to heat,

oxidation, osmolarity, and cold. In addition, the impairment of E. coli

outer membrane resulted in the induction of proteins responsible for

cell wall biogenesis. The tat deletion negatively affects the synthesis of

iron and molybdenum transporters and imbalances their homeostasis in

the cell. Finally, we have shown that a simultaneous deletion of

tatABCDE genes leads to the activation of proteins responsible for co-

lanic acid synthesis, which contributes to the biofilm formation in tat

mutant.
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