
How are the Non-classically Secreted Bacterial Proteins Released
into the Extracellular Milieu?

Guangqiang Wang • Haiqin Chen • Yu Xia •

Jing Cui • Zhennan Gu • Yuanda Song •

Yong Q. Chen • Hao Zhang • Wei Chen

Received: 25 February 2013 / Accepted: 5 June 2013 / Published online: 21 August 2013

� Springer Science+Business Media New York 2013

Abstract Most bacterial proteins that are destined to

leave the cytoplasm are exported across the cell membrane

to their sites of function. These proteins are generally

exported via the classical secretion pathway, in which the

signal peptide plays a central role. However, some bacterial

proteins have been found in the extracellular milieu with-

out any apparent signal peptide. As none of the classical

secretion systems is involved in their secretion, this

occurrence is termed non-classical protein secretion. The

mechanism or mechanisms responsible for non-classical

secretion are contentious. This review compiles evidence

from the debate over whether the release of the non-clas-

sically secreted proteins is the result of cell lysis and dis-

cusses how these proteins are exported to the exterior of the

cell.

Introduction

Proteins can play their proper role only when they are

delivered to the appropriate destination. Following the

nascence of protein synthesis in the cytosol, many bacterial

proteins must be transported across a membrane to reach

their sites of function. The protein export mechanism in

prokaryotes has been extensively studied at the molecular

level. Exported proteins are initially synthesized as pre-

cursors with an amino-terminal extension, the signal pep-

tide. These preproteins are first targeted toward the

translocation machinery in the cell membrane. The

exported proteins are then transported through a proteina-

ceous channel in the membrane. Finally, the signal peptide

is removed, leading to the release of the mature protein

from the membrane. The fate of newly synthesized proteins

is thought to be determined by the signal peptide, which

distinguishes the exported proteins from the cytoplasmic

ones and is needed to target the proteins toward the export

pathway [45, 51, 55, 60, 61].

Although many of the proteins that secrete into the

extracellular milieu have signal peptides, some cytoplas-

mic proteins with no known signals or secretion motifs can

also be found in extracellular locations in bacteria. As none

of the classical secretion systems appears to participate in

their secretion, this type of secretion is referred to as non-

classical protein secretion [7, 37]. With the development of

proteomics and protein characterization technologies, the

number of these proteins is steadily growing. Although

their number varies by experimental condition and bacte-

rial species, non-classically secreted proteins have been

shown to exist across a wide range of bacteria, and some

are common in specific bacteria [7, 54].

The presence of non-classically secreted proteins in the

extracellular environment can be attributed simply to cell

lysis. Although several reports support such attribution [38,

59], an increasing number of experiments cast doubt on this

point. One of the most elegant and direct pieces of evi-

dence in this regard is that provided by Boël et al. [10, 11],

who showed that the export of enolase and glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) can be inhibited by

preventing the 2-phosphoglycerate-dependent automodifi-

cation of enolase and inserting a hydrophobic tail in the
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GAPDH protein, respectively. Although the mechanism or

mechanisms responsible for non-classical secretion remain

unknown, considerable effort has been devoted to identi-

fying the proteins that are secreted in this manner. Aguilera

et al. reported that GAPDH is secreted via the LEE-enco-

ded type III secretion system in enteropathogenic Esche-

richia coli [1], and the staphylococcal major autolysin is

known to be involved in the secretion of non-classically

secreted proteins in Staphylococcus aureus [42]. Ten non-

classically secreted proteins have also been identified to

involve SecA2-dependent secretion in Listeria monocyt-

ogenes [32]. However, in the latter study, it was not

ascertained whether these proteins were directly or indi-

rectly involved in the export of non-classically secreted

proteins. More studies are required to confirm whether

different transport mechanisms are used for the same pro-

tein in different bacterial species or for various non-clas-

sically secreted proteins.

Cell Lysis or Secretion?

The Evidence Supporting the Cell Lysis Hypothesis

As proteins identified in the extracytoplasmic milieu of

bacteria are traditionally thought to be strictly cytosolic,

and there is no known mechanism for their secretion, they

have been assumed to result primarily from the cell lysis.

Bacterial surface localization is the result of the reassoci-

ation of the released enzymes from the lysed cell. There is

some research to support this view (Table 1).

First, most of these non-classically secreted proteins are

abundant proteins of the cytoplasmic proteome and are

secreted in the stationary phase [2, 34, 53]. Tullius et al.

[57] provided evidence to show that the extracellular

abundance of Mycobacterium tuberculosis glutamine syn-

thetase and superoxide dismutase is due simply to their

high level of expression and extracellular stability. Further,

the amount of cytosolic proteins in the culture is very small

in some species. For example, in one study, cytosolic

proteins were found to account for less than 1 % of the

total proteins in the culture supernatant of Bacillus cereus

and Bacillus thuringiensis [19].

Second, the cell lysis hypothesis is also supported by

evidence showing the levels of cytoplasmic proteins in the

extracellular proteome to increase in some mutants of

Bacillus subtilis [2]. The binding of these extracellular

cytoplasmic proteins from the medium onto the bacteria

surface has also been reported [3, 9, 26]. Oliveira et al.

provided direct evidence to support the cell lysis hypoth-

esis. They found an impaired GAPDH presence on the

surface and in the supernatant of group B streptococcus to

be associated with a lower level of bacterial lysis [38].

Research Supporting the Secretion Hypothesis

The foregoing evidence provides some support for the cell

lysis hypothesis. However, following the development of

proteomics and protein characterization technologies, an

increasing number of studies have indicated that the release

of cytoplasmic proteins is not simply mediated by cell

lysis, at least in some special bacteria (Table 1). The fol-

lowing evidence provides support for the alternative

secretion hypothesis.

First, in several studies, the apparent molecular weights

and isoelectric points of the cytoplasmic proteins located in

the extracellular milieu and identified in 2-D gels were not

significantly different from their calculated values, and no

Table 1 The major evidences for cell lysis hypothesis and secretion hypothesis

Evidences supporting cell lysis Evidences for secretion hypothesis Reference

Belonging to the abundant proteins of the

cytoplasmic proteome

Found no modification and fragments in the cell exterior [2, 31, 34, 42, 47, 52, 53]

Normally secreted in the stationary No cytoplasmic markers were detected [2, 17, 23, 27, 39, 52, 53, 63]

A small amount of the cytosolic proteins

in the culture

The large amount of the cytosolic proteins found in the

culture of some bacteria

[2, 19–21]

The strongly increased amounts of these

cytoplasmic proteins in some mutants

Significant decrease of cytoplasmic proteins in special

mutants

[2, 38, 56, 65]

Protein profiles are different between extra- and intra-

cells

[14, 33, 50, 62]

The inducible secretion of some cytoplasmic proteins

under some special experimental conditions

[5, 13, 18, 34, 36, 43, 48, 49]

The genetic modification of GAPDH and enolase

preventing their translocation to exterior

[10, 11, 64]

Perform multiple biologically autonomous functions [4, 22, 41]
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modification was observed in the vast majority of these

proteins other than the removal of the N-terminal methio-

nine by the determined N-terminal sequence [31, 42, 47,

52]. Cytoplasmic proteins were not identified in the culture

(although some were abundant in the cytoplasmic prote-

ome), and neither were the proteolytic fragments of the

corresponding proteins detected therein [42].

Second, several research groups have used a number of

cytoplasmic marker macromolecules to assess cell integrity

in various bacterial species. In E. coli and Staphylococcus

agalactiae, for example, the protein preparations were

examined for the presence of DNA contamination [23, 63].

Dreisbach et al. [17] employed TrxA as the cytoplasmic

marker protein to identify the reliable surfacome of S.

aureus and to check for cell integrity. Other researchers

measured the lactate dehydrogenase activity in the super-

natant of the cell suspension to confirm cytosolic protein

leakage from the cells in Lactobacillus plantarum and

Lactococcus lactis [6, 27]. The strictly cytoplasmic enzyme

aminopeptidase C was used as an indicator of cytoplasmic

contamination in L. monocytogenes [52]. In all of these

examinations, no or very few cytoplasmic markers were

found in the extracellular milieu of the cells, and thus the

presence of cytosolic proteins in the culture supernatants is

unlikely to be the result of cell lysis. The constant cell

density and viability counts in the stationary phase pro-

vided further evidence to suggest that the release of these

proteins is not the result of cell lysis. In addition to mon-

itoring cell integrity, some researchers have taken special

precautions during experiments to prevent the contamina-

tion of cytosolic proteins, by cultivating the cultures in a

fermenter, growing the cells in a medium supplemented

with glucose, and/or harvesting the cultures prior to entry

into the stationary phase. In each case, non-classically

secreted proteins were also found in the cultures. Another

report discussed the comprehensive coverage of the

extracellular proteins of Corynebacterium pseudotubercu-

losis identified with a high degree of confidence by a newly

combined approach [39]. Intriguingly, 19 of the 70 proteins

in the exoproteome of C. pseudotuberculosis strain 1002

were primarily regarded as cytoplasmic, but only 2 of 67 in

the exoproteome of the strain C231. The authors found that

13 of the 19 proteins in the exoproteome of the strain 1002

could be secreted by non-classical mechanisms [39], which

strongly suggests that the secretion of these proteins is not

due to cell lysis.

Third, a number of studies have used 2-D gel electro-

phoresis to compare the profiles and abundances of extra-

cellular and intracellular proteins separately to determine

whether the extracellular proteins are the result of cell

lysis. In Staphylococcus pneumoniae, the distribution of the

major protein spots in the cytoplasmic extract was found to

be significantly different from that of the cell wall extract

when an equivalent amount of protein from the total

cytoplasmic protein extract and cell wall extract was sep-

arated via 2-D gel electrophoresis [33]. Choi et al. [14]

found a very low degree of correlation between the cyto-

solic and secreted fraction proteins of S. pneumoniae using

the DAnTE program, and found the amount of cytosolic

protein in the exoproteome to not differ significantly at

each growth stage. Walz et al. [62] found that two-thirds of

all protein spot positions and relative abundances between

the cytosol and exoproteome in Bacillus anthracis are

distinctively different. In another study, the six separation

profiles of Lactobacillus rhamnosus surface-associated

proteins extracted using six different methods were similar

to one another but markedly different from the total protein

extracts analyzed by gel electrophoresis [50]. It is notable

that, in contrast to B. subtilis, some of the non-classically

secreted proteins did not increase in the mutants. In S.

aureus, the amounts of the main non-classically secreted

proteins (Eno, Gap, EF-Tu, EF-G, DnaK, GroEL, Tkt, and

PdhD) were not influenced by a mutation in agr or sigB

[65]. Only four of the 16 most common non-classically

secreted proteins (Tkt, Ppi, Tig, and EF-Tu) were more

abundant in the exoproteome of the Mycobacterium

smegmatis Dlgt mutant than in the exoproteome of the

wild-type. Five of these proteins (Gap, DnaK, DnaK,

GpmA, and Adh) were more abundant in the exoproteome

of the parental strains [56]. Hence, increased amounts of

these non-classically secreted proteins in the mutants

should not contribute to the mutants’ susceptibility to cell

lysis. Cell lysis may not be the major contributor to protein

accumulation in the exoproteome. Unlike the case B. cer-

eus and B. thuringiensis, the amount of cytosolic protein in

the culture was very large in B. subtilis and B. anthracis,

with the total spot volume of cytosolic proteins in the

culture supernatant more than 10 % of the total spot vol-

ume [2, 19]. When recombinant M. tuberculosis GS and

SOD were expressed in M. smegmatis, 95 % GS and 66 %

SOD were exported into the culture [20, 21]. When carb-

oxylesterase Est55 from Geobacillus stearothermophilus,

which lacks a classical signal peptide, was expressed in B.

subtilis, more Est55 was found in the medium compared to

the intracellular content during the late stationary phase

[64]. Using a subcellular fractionation approach followed

by quantitative Western blot analyses, Vanet and Labigne

found the supernatant protein profiles to be very different

from those of the cell pellets and a typical cytoplasmic

protein. A beta-galactosidase homolog was found to be

exclusively associated with the pellets of the whole cell

extracts, and no traces were found in the supernatant [58].

These studies strongly suggest that the release of cyto-

plasmic proteins is not simply mediated by cell lysis.

Fourth, the secretion of several specific non-classically

secreted proteins has been induced in special experimental
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conditions, similar to eukaryocytes, where non-classical

protein export is tightly regulated and usually induced by

specific stimuli, such as various forms of cell stress [43]. It

has been suggested that the aim of non-classical proteins

released via the non-classical secretion pathway is to protect

the organism in question from their undesirable effects. The

secretion of KatA is H2O2 inducible in B. subtilis, and is

essential to protect B. subtilis cells from oxidative assault

[34]. Similarly, in Legionella pneumophila, the levels of

periplasmic KatA have been shown to increase steadily in the

presence of H2O2, and the inactivation of katA reduced the

stationary phase survival of 100–10,000-fold [5]. A greater

amount of the DnaK protein was released in the presence of

bile salts in Bifidobacterium animalis. The secretion of DnaK

induced by bile salts is thought to facilitate the colonization

of the human host B. animalis in the gut bile environment

[13]. In M. tuberculosis culture filtrates, FbaA and Ald were

found in increased amounts under a low oxygen concentra-

tion, and hypoxic conditions are generally believed to be the

environment that the pathogen M. tuberculosis localizes in

the central part of the granuloma [48]. It is thus reasonable to

suppose that these proteins may be involved in bacterial

virulence. In the presence of a low level of glucose, L.

plantarum exhibits an elevated level of cell wall-associated

GAPDH, and further experiments have shown the levels of

such GAPDH, cell membrane permeability, and carbon

source availability to be interdependent parameters [49].

Similarly, under iron starvation conditions, an increase in

GAPDH release was seen in Streptococcus pyogenes and

Streptococcus gordonii [18, 36]. Such induction may be

related to bacterial virulence, but further investigations are

required to confirm that speculation.

Fifth, the most straightforward way of proving that cell

lysis does not explain the presence of certain cytoplasmic

proteins in the extracellular space of bacteria is to prevent

their release. Research has confirmed that the 2-phos-

phoglycerate-dependent automodification of enolase and a

hydrophobic alpha-helical domain within enolase are nec-

essary for its export from the cytoplasm [10, 64]. In one

study, C-terminal-deleted flagellin was confined to the

intracellular domain in B. subtilis [29], and in another the

S. pyogenes GAPDH was not exported to the cell surface

when a hydrophobic tail was inserted at the C-terminal end

of GAPDH [11]. In E. coli, GAPDH secretion is abolished

in mutants that are defective in type III ATPase EscN [1].

Yang et al. [64] provided comprehensive evidence to show

that the release of several cytoplasmic proteins into a

growth medium is not the result of gross cell lysis in B.

subtilis. The other evidence supporting the secretion

hypothesis is related to the mechanisms of these proteins

secretion (see the forthcoming discussion).

The various functions that the non-classically secreted

proteins exercise in the cell exterior provide further

evidence to suggest that the release of cytoplasmic proteins

cannot simply be attributed to cell lysis. The cytoplasmic

proteins present in the cell exterior are not extravagant, but

they perform multiple functions. Since these proteins have

multiple biologically unrelated autonomous functions and

often localize to separate cellular compartments, they are

also called moonlighting proteins [7, 8, 24]. The major

moonlighting functions identified in pathogens and probi-

otics are adhesion to the host epithelia and host compo-

nents, such as extracellular matrices and plasminogen, and

modulation of host immune responses [4, 22, 41]. These

proteins are thought to be involved in bacterial virulence or

bacterial benefit.

Collectively, the evidence presented in this section

indicates that cytoplasmic proteins that lack typical signal

peptides and are present in the extracellular milieu are not

simply the result of cell lysis and that their appearance is

probably a general occurrence in bacteria.

The Potential Export Pathway

SecA2-Dependent Secretion Pathway in Gram-Positive

Bacteria

To date, the protein secretion systems characterized in

monoderm bacteria include the secretion (Sec), twin-argi-

nine translocation (Tat), Flagella export apparatus (FEA),

fimbrilin-protein exporter (FPE), hole forming (Holin),

ATP-binding cassette (ABC) transporters, and WXG100

secretion system (Wss) pathways [15]. Owing to the lack of

detectable secretion signals, these proteins should not be

transported via the well-characterized Sec and Tat path-

ways. Only specific proteins are secreted through such

pathways as FEA, FPE, and ABC. Hence, these proteins

cannot be the pathways’ substrates. The Wss also known as

the ESAT6-secretion system, secretes small antigenic

proteins that reportedly share a WXG motif as identified by

PSI-BLAST [40]. Pasztor et al. [42] proved that the pres-

ence or absence of prophages has little influence on the

excretion of cytoplasmic proteins in S. aureus . Further, it

has been predicted that none of the non-classically secreted

proteins is exported via holins (that can form holes in the

membrane) in L. monocytogenes [16, 44], and thus that

holins cannot explain the release of these proteins.

It should be noted that some Gram-positive bacteria

have an accessory SecA protein known as SecA2. SecA2

plays an important role in the export of certain proteins

with or without signal peptides, and is believed to con-

tribute to pathogenesis [46]. Using comparative secretomic

analysis of wild-type and SecA2 mutant M. tuberculosis on

2-D-PAGE, Braunstein et al. [12] identified SodA and

KatG as SecA2-dependent secreted proteins, whereas the
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non-classically secreted proteins RplL and CspA were

more abundant in culture filtrates in SecA2-mutant M.

tuberculosis. In another experiment, 17 SecA2-dependent

secreted and surface proteins of L. monocytogenes were

identified using a proteomics approach. Of these proteins,

seven contained signal peptides. The 10 SecA2-dependent

surface proteins that lacked signal peptides had well-

described cytosolic functions [32]. Oliveira et al. reported

that GAPDH was slightly more abundant at the surface and

in the culture supernatant of the SecA2 mutant compared

with the WT strain [38] (Table 2).

However, these investigations failed to determine whe-

ther SecA2 was directly or indirectly involved in the export

of these cytoplasmic proteins. It is likely that their excre-

tion was not regulated by the SecA2-dependent pathway,

but it may have been related to the pathway’s authentic

substrates. It is possible that p60 and MurA, which are the

substrates of the SecA2-dependent pathway with signal

peptides, induced altruistic autolysis, which contributed to

the SecA2-dependent release of cytosolic bacterial proteins

in L. monocytogenes [32]; since the authors proved that p60

autolysin is not required for the release of other SecA2-

dependent proteins, that release may be related to the

MurA that is required for cell separation, just like the major

autolysin (Atl) of S. aureus, which reportedly plays an

important role in the excretion of cytoplasmic proteins [42]

(see forthcoming details). The ability of SecA2 to coin-

stantaneously transport proteins with and without signal

peptides would be surprising. Hence, further investigation

is required to determine whether SecA2 can export these

non-classically secreted proteins directly.

Major Autolysin-Related Pathway in Gram-Positive

Bacteria

While Pasztor et al. [42] demonstrated that the major

autolysin (Atl) plays a crucial role in the excretion of non-

classically secreted proteins, the most abundant proteins in

the cytoplasm were not found in the exoproteome of S.

aureus (Table 2), which implies the existence of a selec-

tion mechanism in cytoplasmic protein excretion. The

enhanced expression of other autolysins in Atl mutation

cannot compensate for the defect in the excretion of

cytoplasmic proteins in S. aureus [42]. The p60 autolysin

is not required for the release of these proteins in L.

monocytogenes [32], and the lytC lytD double-mutant B.

subtilis lacking two major autolysins has no effect on their

secretion [64]. This evidence suggests that the excretion of

cytoplasmic proteins is related only to special autolysins. It

should also be mentioned that Atl is targeted to the cell

septa region for the next cell division site. In another study,

the non-classically secreted proteins: enolase, GAPDH,

GS, and glucose-6-phosphate isomerase showed localized

binding to the cell division septa and poles of Lactoba-

cillus crispatus [26]. In B. subtilis, enolase exhibited a

diffuse profile in the exponential phase but localized very

strongly to one pole in the stationary phase when secreted

abundantly [25]. The cellular localization of enolase was

controlled by the BY-kinase PtkA [25], but PtkA’s effect

on the release of non-classically secreted proteins was not

examined. Taken together, this evidence suggests that the

specific localization of autolysins may be an essential

factor in determining cytoplasmic protein excretion and

that these proteins are preferentially released at the cell

division septa or poles during septum formation. This

assumption is worthy of additional research, particularly to

define the relationship between the autolysins that localize

at different subcellular locations of bacteria and cytoplas-

mic protein excretion and to determine the effect of the

localization of non-classically secreted proteins in the cell

on their secretion. It is possible that the cytoskeleton or

components of the cell wall synthesis machinery are

involved, but much more work is required to identify the

possible secretion mechanisms.

Table 2 The potential export

pathway for the non-classical

protein in different bacteria

Species The potential export pathway Reference

Mycobacterium tuberculosis SecA2-dependent secretion pathway [12]

Cell lysis [57]

Listeria monocytogenes SecA2-dependent secretion pathway [32]

The secretion is not affected by p60 autolysin [32]

Staphylococcus aureus Major autolysin-related pathway [42]

Independent with other autolysins [42]

Lactobacillus plantarum Related to plasma membrane permeability [49]

Bacillus subtilis MscL-related pathway [28]

Not affected by the lytC lytD double major autolysins

mutant

[64]

Enteropathogenic Escherichia

coli

Through T3SS when grown in DMEM [1]

Unknown pathway when grown in LB [1]
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Other Potential Pathway in Gram-Positive Bacteria

Saad et al. [49] demonstrated that the concentration of cell

wall GAPDH is closely related to membrane permeability

in L. plantarum (Table 2). The authors found that free

GAPDH was not observed in the culture supernatant at any

time during growth and, further, because the provoked cell

lysis was not concomitant with any re-association, that cell

lysis could not be the reason for the presence of GAPDH

on the cell surface [49]. Using flow cytometry measure-

ment and the double labeling of L. plantarum with anti-

GAPDH antibodies and propidium iodide, they established

a close relationship between plasma membrane integrity

and cw-GAPDH concentration [49]. A limited number of

proteins were found on the cell wall of L. plantarum, which

suggests the existence of a selection mechanism in the

efflux of cytoplasmic proteins that we know nothing about.

In another study, the large conductance mechanosensi-

tive channel protein MscL of B. subtilis was found to

prevent the specific release of cytoplasmic proteins during

hypo-osmotic shock. MscL did not affect such secretion

under normal growth conditions. However, under hypo-

osmotic shock conditions, specific and normal cytoplasmic

proteins were selectively released by MscL mutant cells

and the presence of MscL prevented the specific release of

these proteins. The authors further confirmed that the

specific protein release could not be attributed to cell death

or lysis [28]. These results show that there is an unidenti-

fied pathway for their selective release.

Potential Export Pathway in Gram-Negative Bacteria

Protein secretion has been more thoroughly investigated in

Gram-negative bacteria than Gram-positive bacteria. To

date, six major protein secretion systems, T1SS to T6SS,

have been discovered and named [15]. However, only a

few Gram-negative species have been reported to release

non-classically secreted proteins, and such secretion

depends on the growth conditions. Few studies have

focused on the mechanism directing that secretion. In

eukaryocytes, certain proteins that lack signal peptides,

such as IL1b, can apparently be incorporated into auto-

phagosomes and then released in exosomes [43]. The

transport of such cytoplasmic proteins, such as GroEL, EF-

G, and GlnA to the supernatants via membrane vesicles

(MVs) has also been reported, but the proteomic profiling

of the native outer MVs derived from E. coli has shown

significant differences and little specificity in comparison

with the extracellular proteomes of E. coli analyzed by 2D-

PAGE [30, 35, 63]. It is difficult to assess the degree to

which MVs contribute to the release of non-classically

secreted proteins. In their most recent study, Aguilera et al.

elegantly demonstrated the secretion of GAPDH through

T3SS by enteropathogenic E. coli (EPEC) grown in Dul-

becco’s modified eagle’s medium (DMEM) and proved

that GAPDH secretion is abolished in mutants that are

defective in the type III ATPase EscN and restored by escN

gene complementation [1]. However, when grown in Luria

broth (LB), GAPDH is secreted to the supernatant of escN

mutant strain CVD452, indicating that a secretion system

other than T3SS is responsible for GAPDH secretion when

EPEC is grown in LB. Further studies have shown that gut

microbiota E. coli strains such as EcoR12, EcoR26, and

Nissle 1917 that do not contain the T3SS-encoding genes

do not secrete GAPDH when grown in DMEM. Only

probiotic strain Nissle 1917 in the gut microbiota E. coli

strains tested was found to secrete GAPDH when grown in

LB cultures. These results prove that there are at least two

alternative pathways for GAPDH secretion in E. coli. One

is pathogen-specific T3SS in cells grown in DMEM, and

the other is the widespread, but unidentified, pathway in

pathogenic and non-pathogenic E. coli grown in LB [1]

(Table 2).

The export mechanisms of non-classically secreted

proteins appear to be even more complex, as the afore-

mentioned evidence indicates the existence of various

kinds of distinct non-classical export routes. Further

research is needed to confirm whether different bacterial

species use different transport mechanisms or whether

different such mechanisms are used for different non-

classically secreted proteins. Since these non-classically

secreted proteins play some important roles within the

cytoplasm, their secretion must be strictly controlled no

matter which pathway they follow.

Conclusions and Future Directions

This overview suggests that although there are different

views on the release of non-classically secreted proteins,

such release is unlikely to occur simply because of cell

lysis. These proteins could be secreted via pathways that

have yet to be comprehensively or systematically investi-

gated. There are several key questions surrounding non-

classically secreted proteins that require further investiga-

tion. Is SecA2 directly involved in the export of these

cytoplasmic proteins? Are all of the autolysins involved in

the excretion of these proteins? Is the cellular localization

of such proteins in cytoplasm related to their secretion? We

hope that this review arouses more research interest in

tackling these and related questions. A greater under-

standing of non-classical protein secretion will help to

improve bacterial efficiency.
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10. Boël G, Pichereau V, Mijakovic I, Mazé A, Poncet S, Gillet S,
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Soufi B, Macek B, Jensen PR, Mijakovic I (2010) Bacillus sub-

tilis BY-kinase PtkA controls enzyme activity and localization of

its protein substrates. Mol Microbiol 77(2):287–299

26. Kainulainen V, Loimaranta V, Pekkala A, Edelman S, Antikainen
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