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Approximately 30% of all currently licensed, recombinantly expressed biotherapeutic 
products are produced in Escherichia coli, among which a significant proportion are 
exported to the periplasm by the general Secretory ‘Sec’ pathway. However, this 
pathway cannot handle many target proteins and the Tat pathway is emerging as a 
powerful alternative means of export. The Tat system exports fully folded proteins, 
moreover it preferentially exports correctly folded proteins and has been shown to 
export a range of biotherapeutics. This review will discuss our current understanding 
of the Tat pathway and its potential application for the industrial-scale production of 
biotherapeutics.
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Escherichia coli-based platforms for 
expression of recombinant proteins: 
an overview
54 new biologics were approved in the period 
between January 2010 and July 2014. Of 
these, 31% were mAbs and 15% were hor-
mones, the former having an estimated sales 
value of $63 billion in 2013 [1]. Furthermore, 
the overall market value of the biopharma-
ceutical industry has risen steadily over this 
period and has now surpassed an approximate 
total annual sales value of $140 billion  [1]. 
Although mammalian systems have taken 
precedence for the recombinant expression 
of many therapeutic proteins, Escherichia coli 
is still responsible for the production of over 
30% of all biotherapeutics licensed to date 
and is therefore highly valued as a recombi-
nant expression system  [2]. The popularity 
and longevity of E. coli expression systems 
can be accredited to ease of manipulation, 
rapid growth and low cost [3].

Historically, several strategies have been 
used to produce therapeutic proteins in E. 
coli including: first, expression of soluble pro-
tein in the cytoplasm; second, expression as 
insoluble inclusion bodies; third, expression 
in the cytoplasm followed by export to the 

periplasm via the general Secretory or ‘Sec’ 
pathway or fourth, secretion into the culture 
medium with the help of OsmY fusions [4,5]. 
For the latter, the only molecular require-
ment is the presence of an N-terminal signal 
peptide and this is cleaved upon entry into 
the periplasm by a specific signal peptidase. 
Plasmid vectors containing these Sec signal 
sequences upstream of a multiple cloning 
region are commercially available.

The benefits of exporting the target pro-
tein into the periplasm are twofold. First, 
the protein can be more easily extracted by 
selectively rupturing the outer membrane [6], 
which minimizes the release of contaminat-
ing proteins, DNA and general debris. Con-
sequently, clarification performance is also 
improved  [7,8]. Second, the periplasm is the 
only oxidizing compartment in wild-type 
cells and this is essential for efficient disul-
fide bond formation. Since many proteins 
and almost all antibody fragments contain 
disulfide bonds, this ‘protein export’ strategy 
is an important one.

Unfortunately, the Sec pathway is unable 
to export many heterologous proteins, par-
ticularly those that fold rapidly within the 
cytoplasm. This is primarily because the Sec 
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system transports proteins through a relatively nar-
row pore in an unfolded state, and folded substrates 
are often transport-incompetent due to the lack of a 
powerful unfolding capability [9]. Instead, they tend to 
form inclusion bodies within the cytoplasm, giving rise 
to cellular stress and frequently to a reduction in total 
yield. Other potential targets cannot efficiently fold in 
the periplasm due to a lack of suitable chaperone mol-
ecules and protein-folding catalysts. As a direct conse-
quence, attention has focused on the other mainstream 
protein export pathway in bacteria: the Tat pathway.

Essential features of the Tat pathway
In E. coli and many other bacteria, the Tat pathway oper-
ates in parallel with the Sec pathway and is important 
for many cellular processes, including respiratory and 
photosynthetic energy metabolism, iron and phosphate 
acquisition, cell division and cell motility. As with Sec 
substrates, Tat substrates are synthesized with N-termi-
nal signal peptides but for Tat, these contain a number 
of specific determinants including the presence of the 
twin-arginine motif that gives the pathway its full name 
(twin-arginine translocation system). Importantly, the 
Tat system transports proteins across the plasma mem-
brane in a fully folded state; its mechanism is thus fun-
damentally different from that of the Sec system (see 
Figure 1). Translocation is reliant on the proton motive 
force and the system can transport a range of heterolo-
gous proteins if a Tat-specific signal peptide is present at 
the N-terminus (see [10–13]) (Figure 2).

Because the Tat pathway exports folded proteins, 
it clearly has the potential to transport proteins that 
cannot be exported by the Sec pathway. Another inter-
esting characteristic of the Tat pathway that is par-
ticularly relevant for biotechnological exploitation is 
its unique ‘proofreading’ capacity (discussed below). 
Consequently, it is likely that this system has a natural 
tendency to produce high quality, active products.

In comparison to the Sec pathway, the Tat pathway 
has far fewer natural substrates and is somewhat more 
specialized. In enteric bacteria such as E. coli, for exam-
ple, there are typically 20–30 known substrates that 
range in size from less than 10 kDa (high-potential 
iron–sulfur proteins) to 150 kDa (formate dehydroge-
nases) [14,15]. This variability indicates that the size and 
shape of the substrate protein may be relatively unim-

portant, which in turn suggests that the Tat pathway 
has the potential to export a correspondingly wide 
range of biotherapeutic products, potentially including 
relatively complex molecules.

The Tat pathway is responsible for the export of a 
number of periplasmic proteins that require cofactor 
insertion prior to folding in the cytoplasm, and also 
those that assemble into oligomeric complexes in the 
cytoplasm  [16,17]. Like Sec substrates, Tat substrates 
are identified by the presence of an N-terminal signal 
which in addition to the twin-arginine motif, has a 
number of other features: it has a tripartite architec-
ture with a polar N-terminal domain, a hydrophobic 
core (H domain) and a polar C-terminal domain. The 
conserved SRRxFLK motif that harbors the twin-argi-
nine motif is located at the junction between the N and 
H domains. The presence of both arginine residues is 
important for efficient export, but in bacteria a single 
arginine is sufficient for export to take place albeit with 
reduced efficiency [18–20]. A notable difference between 
Sec and Tat signal peptides is the presence of basic resi-
dues in the C-terminal domain prior to the cleavage 
site, and there is some evidence that they carry out a 
‘Sec avoidance motif ’ that prevents mistargeting by, or 
perhaps futile interactions with, the Sec pathway [21,22]. 
Table 1 shows a number of Tat signal peptides, with the 
critical twin-arginine motif highlighted [23].

Tat components & complexes
Current models of the Tat system have the translocase 
consisting of two core complexes – a membrane-embed-
ded substrate-docking complex and a pore-forming 
complex that likely assembles once substrate is docked. 
Depending on the organism, these core complexes are 
composed from a selection of components  [24]. For 
example in the model Gram-negative bacterium, E. 
coli, the Tat system is composed of three components 
– the 9.6 kDa TatA, the 18.5 kDa TatB and the 28.9 
kDa TatC proteins [25]. The genes encoding these pro-
teins are all found in a single operon and are expressed 
constitutively. In the Gram-negative Tat system, TatB 
and TatC form the substrate-docking complex in the 
membrane where, upon substrate docking, it is thought 
that the homo-oligomeric TatA complex coalesces to 
form the pore, although the translocation mechanism 
is not fully understood  [26–28]. In the TatABC system, 
all components are necessary for translocation to occur. 
However, tatA null mutants do have functioning Tat 
systems due to the presence of a TatA paralogue, TatE, 
located elsewhere in the genome. TatA and TatE share 
53% sequence identity  [29] with TatE thought to have 
arisen from a gene duplication event. Indeed TatE can 
functionally replace TatA; however, there is no evidence 
that TatE provides any additional role [29–31].

Key terms

Protein export: the process by which proteins are 
translocated across the bacterial plasma membrane.

Signal peptide: cleavable N-terminal peptide that is 
necessary and sufficient to direct the export of a protein by 
the Sec or Tat pathways (removed on crossing the plasma 
membrane).
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Figure 1. Protein export by the Tat and Sec Escherichia coli translocation 
pathways. Tat substates are synthesized with an N-terminal signal peptide, 
after which they fold and are exported into the periplasm by the Tat 
translocon. The signal peptide is removed after entry into the periplasm. 
Proteins with a Sec signal peptide are synthesized with Sec-specific 
signal peptides but they are transported through the Sec translocon in 
an unfolded state. For Sec substrates, folding occurs after entry into the 
periplasm.
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Figure 2. Organization of the Tat subunits in the 
bacterial plasma membrane. TatA and TatB are 
single-span membrane proteins with short periplasmic 
N-terminal regions and longer cytoplasmic C-terminal 
domains. They also contain short amphipathic regions 
that are believed to interact with the membrane 
bilayer. TatA and TatB are related but carry out 
different roles, but E. coli also contains a TatA 
paralogue, TatE, that is present in low quantities. TatE 
appears not to play a major role in the translocation 
process. TatC is a more complex, six-span protein that is 
found closely associated with TatB, while TatA is found 
as a separate homo-oligomeric complex at steady state. 
During translocation, the TatBC and TatA complexes 
coalesce to form the full translocon.
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Bacillus subtilis is an industrially relevant Gram-
positive bacterium that provides an example of twin-
arginine translocases that differ from the ABC sys-
tem [16]. Here, the translocation apparatus is composed 
of just two proteins – TatA-like and TatC-like – and 
has far fewer native substrates. Interestingly B. sub-
tilis contains two discrete Tat systems that function 
in parallel (similar to many Gram-positive bacteria) 
with different substrate specificities  [32,33]. The first is 
TatAyCy which, under all observations, is constitu-
tively expressed and carries out the translocation of the 
Dyp-type proteins (e.g., YwbN peroxidase), the alka-
line phosphatase YkuE and the Rieske Fe–S protein 
QcrA  [33,34]. The other is TatAdCd produced from 
the tatAdCd operon that forms part of the phoD gene 
cluster and is expressed only under phosphate-limiting 
conditions  [35]. It is unsurprising then that TatAdCd 
has only one known native substrate, PhoD. What is 
surprising, however, is the ability of either TatA-like 
protein to complement both tatA/E and tatB null 
mutants, indicating that these TatA-like proteins in 
Gram-positive bacteria are bifunctional [35]. As a con-
sequence of this reduction in necessary components, 
these TatAC systems have been dubbed ‘minimal Tat 
systems’ and possibly offer a more simplistic approach 
to studying the Tat apparatus.

The Tat pathway’s unique proofreading 
ability
While the Tat system’s ability to export prefolded het-
erologous proteins has attracted considerable interest, 
the system has another trait that is equally important: 
it is not only capable of exporting folded proteins, it 
preferentially exports correctly folded proteins [36,37]. 
There is mounting evidence to suggest the Tat system 
operates with a complex proofreading and a quality 
control mechanism (here, proofreading refers to the 
overall-folded state of the protein, while quality con-
trol refers to the correct incorporation of cofactors). 
This characteristic of Tat has major implications 
for the biopharmaceutical industry because it has 
the potential to ensure the exclusive export of high-
quality products that have high specific activities and 
minimal heterogeneity. The proofreading capacity of 
Tat is important for the normal functioning of the 
organism: the majority of its native substrates must 
fold, by necessity, in the cytoplasm prior to translo-
cation – either because of the insertion of cofactors 
by accessory proteins not present in the periplasm, 
or a high-speed folding that precludes Sec-dependent 
export. As such the proofreading and/or quality con-
trol capabilities of Tat ensure there is no premature 
export of apoproteins.
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Multiple reports abound of the Tat systems’s abil-
ity to completely reject malfolded substrates  [11,36], 
in some cases appearing to target them for degrada-
tion [34,37]. In most cases, protein folding has been dis-
rupted by inhibiting the formation of disulfide bonds, 
by expression of heterologous proteins in the reducing 
cytoplasm of E. coli or through the mutation of bridge-
forming Cysteine residues [12,37], both scenarios result-
ing in the abolishment of export via the Tat apparatus. 
Some studies have sought to address the quality con-
trol mechanism of Tat through disruption of cofactor 
binding prior to export; however, these studies failed 
to establish the folded state of these cofactor-less spe-
cies and thus it cannot be determined if these proteins 
were rejected due to substantial malfolding or a lack 
of cofactor. One study did find evidence to support 
a quality control/proofreading hierarchy; however – 
a Rieske Fe–S protein, QcrA that forms part of the 
cytochrome bc

1
 complex in Gram-positive bacteria, 

was mutated such that Fe–S binding was inhibited or 
a disulfide bridge was broken  [34]. Cofactor-binding-
deficient protein was observed associated with the 
Tat apparatus in the membrane but not in the peri-
plasm, indicating translocation had been halted at a 
late stage, whereas protein lacking the disulfide bridge 
was degraded in the cytoplasm  [34]. Some studies 
have sought to simplify the Tat proofreading process, 
indeed Richter et al. [38] showed that FG repeats taken 
from the small, hydrophilic yeast nuclear pore protein 
Nsp1p which lack secondary structure are exported via 
Tat, albeit with decreasing efficiency as size increased 
(constructs of 20–30 kDa were tested), and is rejected 
upon insertion of a hydrophobic patch (of at least five 
consecutive residues) from PhoA. Similarly, a recent 

study found that IFN α2β and hGH were shown to be 
exported without prior formation of their native disul-
fide bonds  [39]. Taken together, these results seem to 
suggest a much more simplistic hydrophobicity sensor 
employed by the Tat apparatus rather than assessment 
of the folded state of substrates.

Progress is further underway to identify the proof-
reading and quality control mechanisms of Tat with 
the recent identification of residues in the appara-
tus itself important in the precision of proofreading 
capabilities. Dual mutations in either tatA or tatC 
(e.g., P97S and A133T in tatC) have been isolated that 
enable the export of previously export-incompatible, 
aggregation-prone, molten-globule state proteins while 
still maintaining the ability to reject proteins with 
Tat-incompatible signal peptides  [40]. Uncovering the 
mechanism through which Tat carries out proofread-
ing and/or quality control is beneficial to the biophar-
maceutical industry as manipulation of these qualities 
in Tat can both simplify the apparatus involved and 
enable fine-tuned control over the quality of product 
produced.

Transport of heterologous proteins – 
including disulfide-bonded proteins – by the 
Tat pathway
A growing number of heterologous proteins have been 
shown to be exported by the Tat pathway and sev-
eral are listed in Table 2, which excludes proteins that 
have been exported as fusion proteins [12,38,40–41]. The 
first demonstration of heterologous protein export [13] 
involved expression of GFP with an N-terminal TorA 
signal peptide. It was shown that the GFP could be 
efficiently exported to the periplasm and the protein 

Table 1. Natural Tat signal peptides.

Signal peptide Sequence

FdnG MDVSRRQFFKICAGGMAGTTVAALGFAPKQALAQA

FdoG MQVSRRQFFKICAGGMAGTTAAALGFAPSVALA

NapG MSRSAKPQNGRRRFLRDVVRTAGGLAAVGVALGLQQQTARA

NrfC MTWSRRQFLTGVGVLAAVSGTAGRVVA

HyaA MNNEETFYQAMRRQGVTRRSFLKYCSLAATSLGLGAGMAPKIAWA

YnfE MSKNERMVGISRRTLVKSTAIGSLALAAGGFSLPFTLRNAAA

WcaM MPFKKLSRRTFLTASSALAFLHTPFARA

TorA MNNNDLFQASRRRFLAQLGGLTVAGMLGPSLLTPRRATA

NapA MKLSRRSFMKANAVAAAAAAAGLSVPGVARA

YagT MSNQGEYPEDNRVGKHEPHDLSLTRRDLIKVSAATAATA

YcbK MDKFDANRRKLLALGGVALGAAILPTPAFA

List of Escherichia coli Tat signal peptides from [23]. The signal peptides vary in length and in sequence apart from the conserved twin-
arginine motif (in bold). Most of the peptides terminate with an Ala-Xaa-Ala consensus motif that specifies cleavage by signal peptidase 

following translocation.
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was shown to be fluorescent and thus active. In general, 
GFP cannot be exported by the Sec pathway, probably 
because it folds too rapidly, and these initial studies 
thus served as proof-of-principle that Tat can export 
‘Sec-incompatible’ proteins.

Table 2 also shows that a number of disulfide-
bonded proteins have been exported by the Tat path-
way, including hGH, single chain variable fragments 
(scFvs) and interferons. Here, the story becomes more 
complex. In E. coli, disulfide bond formation occurs 
exclusively in the periplasm; the cytoplasm is more 
reducing because it lacks disulfide bond catalysts 
and also harbors a number of pathways that directly 
result in the reduction of disulfide bonds. This has 
led to the assumption that disulfide bond-containing 
proteins cannot be produced in the cytoplasm of 
the majority of prokaryotes including the industrial 
workhorse, E. coli.

Attempts to make the cytoplasm of bacteria less 
reducing and therefore more suitable for disulfide bond 
formation have met with mixed success  [43–47]. Some 
strategies have favored disruption of either or both of 
the gor and trxB reducing pathways [12]. The disadvan-
tage of this, particularly for the strain lacking both 
pathways, is that cells show significant growth defects, 
probably due to the requirement of the reducing path-
ways for other cellular processes [44]. This means that 
these strains are probably not suitable for large-scale 
industrial production of biopharmaceuticals, and to 
our knowledge they have yet to be used in this capac-
ity. Despite these issues, the combination of trxB and 
gor knockouts with a mutation of aphC did give rise to 
a significant improvement in the production of some 
complex disulfide-bonded proteins including a trun-
cated variant of vtPA  [45–48]. An additional 20-fold 
improvement was seen by addition of DsbC, a disulfide 
isomerase [46,49].

CyDisCo strains (cytoplasmic disulfide bond for-
mation in E. coli) are a recently engineered solution to 
this problem  [50,51]. Instead of inactivating the reduc-
ing pathways of the cytoplasm, these strains express 
Erv1p and PDI, which is capable of acting as both an 
isomerase and also a protein-folding chaperone. Coex-
pression of a target protein with Erv1p and PDI facili-
tates efficient cytoplasmic disulfide bond formation, 
reduces inclusion body formation and can give rise to 
much higher yields of soluble product. For PhoA and 
AppA (which each have four disulfide bonds), a 1000-
fold increase in yield was seen relative to a wild-type 
E. coli control (at shake flask scale; [51]). Additionally, 
for vtPA which has nine disulfide bonds, this system 
gave production yields 800-fold higher than those pre-
viously described for the Δgor ΔtrxB strains with coex-
pression of DsbC [51].

The partnership of CyDisCo and the Tat export 
pathway has significant potential for the production 
of disulfide bond-containing biotherapeutics. Tests on 
two model disulfide bond-containing proteins (PhoA 
and AppA, described above) showed that they could 
not be exported by Tat in wild-type cells; apparently 
the Tat pathway rejects them because they are incor-
rectly folded [12,42]. However, these proteins were effi-
ciently exported in CyDisCo strains  [42] in keeping 
with Tat’s preference for export of correctly folded pro-
teins. The combination of CyDisCo-mediated disul-
fide bond formation and export via Tat thus offers a 
means of exporting a range of disulfide-bonded pro-
teins and it will be interesting to test such strains with 
more complex molecules.

The combination of Tat and CyDisCo has also 
enabled efficient export of an anti-interleukin 1β scFv. 
Following translocation, MS confirmed that the scFv 
contained the correct disulfide bonds and was also cor-
rectly processed [42]. Similar results were obtained for 
material produced in ΔdsbB cells (which cannot per-
form periplasmic disulfide bond formation) confirm-
ing the requirement of the CyDisCo system for disul-
fide bond formation. This work thus confirmed that 
the combination of the Tat and CyDisCo systems can 
be used to successfully produce and export biopharma-
ceutically relevant, active material.

For some proteins, however, prior disulfide bond 
formation is not essential for export via the Tat path-
way; interferon a2b, hGH and two antibody fragments 
were all found to efficiently exported to the periplasm 
in both wild-type and CyDisCo strains [39]. For these 
substrates, disulfide bonds were acquired following 
export to the periplasm, probably catalyzed by the 
usual DsbABCD system  [39]. A possible explanation 
for the export of these proteins in the reduced state is 
that they adopt near-native tertiary structures in the 
absence of disulfide bond formation, and thus ‘fool’ 
the Tat machinery into permitting export. hGH, for 
example, is known to be biologically active even after 
cysteine modifications that block disulfide bond for-
mation  [52,53]. In summary, it appears that Tat can 
export a significant number of disulfide bond con-
taining proteins and the logical approach is to test 
for export of novel constructs in both wild-type and 
CyDisCo strains.

Tat-dependent export of heterologous 
proteins in bioreactors
The main benefits for the biopharmaceutical indus-
try of exploiting the Tat pathway are: first, its natural 
proofreading ability which provides a quality control 
function; second, export of heterologous protein to the 
periplasm allows for simpler downstream processing 
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and finally, third, the Tat pathway may facilitate the 
export of proteins that are currently incompatible with 
the ubiquitous Sec pathway. The studies described 
in the above sections have shown that it can export a 
range of heterologous proteins, but these studies were 
mainly conducted at shake-flask scale and the overall 
export yields were accordingly low. However, a few 
tests have been carried out using fermentation systems 
and the results, while preliminary, are encouraging.

In the first of these studies  [13], it was shown that 
GFP could be exported to the E. coli periplasm in wild-
type cells with reasonable efficiency  [54], and greater 
yields were obtained when the TatABC proteins were 
overexpressed. Presumably, the increased export capac-
ity led to more efficient export. A yield of active GFP 
equal to 1.1 g/l was obtained  [54]. This is comparable 
to yields obtained in industrial applications based on 
export by the Sec pathway [55], and this study thus pro-
vided evidence that the Tat system has potential for 
export of heterologous protein at industrially relevant 
levels.

Interestingly, overexpression of TatABC seems to 
have additional benefits in that it also increases overall 
growth rate and has a minimal effect on cell integrity 
or downstream processing [56]. For example, during the 
overexpression of a natural Tat substrate (FhuD), over-
expression of TatABC improved growth rate by 25%, 
prevented saturation of the translocation machinery 
and consequently gave a 40% increase in periplasmic 
accumulation relative to wild-type Tat expression. 
Overexpression of TatABC also protects the integrity 
of the cell and at cell harvest, there was threefold less 
protein in the media than in cultures of wild-type cells. 
This is evidence of the detrimental effect of saturation 

of the Tat machinery, which presumably results in 
secretion stress. Overexpression of the Tat machinery 
did not compromise downstream processing perfor-
mance and therefore represents a useful and logical 
strategy for high-level export of commercially useful 
proteins.

A variant of the Tat export system involving 
expression of a B. subtilis Tat system in  
E. coli
An interesting variant of the Tat-dependent export 
strategy has also been described, involving the expres-
sion of a B. subtilis Tat system in an E. coli tat null 
mutant. One of the two B. subtilis TatAC-type sys-
tems, termed TatAdCd, is active in E. coli and able to 
partially complement an E. coli tat null strain [24,35,57]. 
The system was able to export a signal peptide-GFP 
construct as efficiently as the native TatABC sys-
tem [58]. However, the bulk of the GFP was found to 
be released into the media during batch fermentation 
and approximately 80% of the mature protein is found 
there by cell harvest. This was equivalent to 0.35 g/l 
GFP [58]. The explanation for this ‘periplasmic release’ 
seems to be that the outer membrane of the background 
tat null mutant strain is inherently leaky, presumably 
due to the absence of one or more Tat-exported pro-
teins, and expression of TatAdCd yields only a partial 
complementation; the system is able to export proteins 
bearing some E. coli signal peptides very effectively 
(including the TorA signal peptide), but fails to recog-
nize others. The net result is that heterologous proteins 
can be exported to the periplasm, but the leaky outer 
membrane defect is not complemented by TatAdCd 
and the exported protein is released into the medium. 

Table 2. Heterologous proteins exported by Tat.

Heterologous Tat substrate Mw (kDa) No. of disulfide bonds Require CyDisCo for export? Ref.

hGH 23 2 No [42]

IFN α2β 21 2 No [39]

VH domain construct 14 1 No [39]

scFv against β-galactosidase 29 1 No [39]

GFP 27 0 No [13]

PhoA 47 4 Yes [42]

AppA 50 4 Yes [42]

scFv against interleukin-1β 28 2 Yes [42]

Top7 11 0 N/A [40]

MBP/MalE 43 0 N/A [22]

The table shows a number of proteins that have been shown to be exported by the Tat pathway if a Tat signal peptide (usually from TorA) 

is attached. The M
w
 and number of disulfide bonds are indicated for each protein. For disulfide bond-containing proteins, the dependence 

on CyDisCo components for export is also shown; CyDisCo strains enable the generation of fully folded, disulfide-bonded proteins in the 

cytoplasm and several examples have been shown to be exported by Tat if a signal peptide is present (see text).
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The spheroplast remains intact and there is little 
release of the cytoplasmic contents. Thus, the use of 
this TatAdCd-based system during fermentation offers 
the potential to harvest product direct from medium 
with potential advantages in terms of ease of purifica-
tion and simplified DSP [58]. However, further work is 
required to characterize this strain and determine its 
suitability for fermentation systems.

Tat & glycosylation
Although less costly than other expression systems, a 
major limitation of E. coli for the expression of het-
erologous proteins is that they are unable to perform 
glycosylation. Asparagine-linked (N-linked) glycosyl-
ation is the most prevalent posttranslational modifi-
cation  [59,60] and many biotherapeutics require some 
form of glycosylation for biomedical applications. The 
correct attachment of glycan(s) to a eukaryotic pro-
tein can significantly affect a number of its properties 
including protein folding, stability and solubility. As 
a consequence, Chinese hamster ovary (CHO) cells 
and yeasts are usually used for the production of such 
proteins.

Although rarely seen in prokaryotes, the last decade 
has witnessed the identification and study of protein 
glycosylation systems in the enteropathogenic bacte-
rium Campylobacter jejuni. This system, comprising 
of a number of pgl genes, has sequence similarity to 
eukaryotic glycosyltransferases but leads to the addi-
tion of a structurally dissimilar N-glycans [61,62]. Fur-
thermore, in the C. jejuni system, glycosylation occurs 
independently of the protein translocation machin-
ery [63]. Nevertheless, the expression of the C. jejuni pgl 
locus was sufficient for the glycosylation of recombi-
nant glycoproteins in E. coli [61], raising the possibility 
that this system can be used for the glycosylation of at 
least some biotherapeutics. More recently, groups have 
worked to improve the efficiency of this process using 
pgl genes that have been codon optimized for E. coli 
expression [64].

Pgl-driven glycosylation in E. coli is becoming 
increasingly well characterized with the endogenous C. 
jejuni periplasmic glycoprotein, AcrA, being perhaps 
the most studied substrate [61,63]. It is also compatible 
with both Sec and Tat export machineries indicating 
that unlike in mammalian systems, glycosylation can 
occur post-translocation and for TorA-GFPmut2 (a 
variant of GFP) glycosylation had no effect on activ-
ity  [42,62,64]. Ultimately, this implies that folded pro-
teins can be exported by the Tat-pathway into the 
periplasm and glycosylated, and it will be interesting 
to determine whether such strategies can result in com-
mercially attractive glycosylation platforms.

Conclusions
The Tat pathway has many unique properties that 
render it attractive for the production of heterologous 
proteins in E. coli. It is clearly able to export a range of 
globular proteins and has already been shown to export 
a series of biotherapeutics including antibody frag-
ments, hGH and cytokines. Perhaps most importantly, 
it has an intrinsic proofreading system that enables it 
to preferentially export correctly folded protein to the 
periplasm.

Large-scale studies of Tat-dependent export have 
started to demonstrate its suitability for industrial 
application, with a model protein exported at indus-
trially relevant levels. Encouragingly, the combina-
tion of cytoplasmic disulfide bond formation by 
CyDisCo, and Tat-dependent export of disulfide 
bond-containing proteins, offers clear potential for 
the industrial manufacture of the numerous biothera-
peutics that contain disulfide bonds. This combina-
tion should prove attractive for the production of pro-
teins with multiple disulfide bonds that are difficult 
to express in the E. coli cytoplasm. The development 
of Tat-based systems has thus reached an exciting 
point and it will be interesting to determine whether 
these systems can offer solutions to long-standing 
problems in the biotechnology industry.

Future perspective
Many of the current E. coli-based platforms are based 
on technology that is decades old. Plasmids, promot-
ers and protein export strategies have been improved 
over the years but the general sense is of a technology 
that is mature. Yet, there is a clear need for new bac-
terial systems that can offer rapid, cost-effective solu-
tions for the production of high-value proteins. The 
Tat system, especially in combination with cytoplas-
mic disulfide-bonding systems, may offer a solution 
to some of these problems and time will tell whether 
it enters mainstream use or is simply used as a niche 
technique for a subset of intransigent proteins.
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