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ABSTRACT: Although signal recognition particle (SRP)-dependent
secretion pathway, which is characterized by co-translational
translocation, helps prevent cytoplasmic aggregation of proteins
before secretion, its limited capacity for the protein secretion is amajor
hurdle for utilizing the pathway as an attractive route for secretory
production of recombinant proteins. Therefore, we developed an
Escherichia coli mutant, whose efficiency of secretion via the SRP
pathway was dramatically increased. First, we developed a novel FACS-
based screening system by combining a periplasmic display system
(PECS) and direct fluorescent labeling with the organoarsenic
compound, FlAsH-EDT2. With this screening system, transposon-
insertion library of E. coli was screened, and then we isolated mutants
which exhibited higher protein production through the SRP pathway
than the parental strain. From the genetic analysis, we found that all
isolatedmutants had the samemutation—disruption of the 16S rRNA
gene (rrsE). The positive effect of rrsE deficiency on protein secretion
via the SRP pathway was successfully demonstrated using various
model proteins including endogenous SRP-dependent proteins,
antibodies, and G protein-coupled receptor. For the large-scale
production of IgG and GPCR, we performed fed-batch cultivation with
the rrsE-deficient mutant, and very high yields of IgG (0.4 g/L) and
GPCR (1.4 g/L) were obtained.
Biotechnol. Bioeng. 2016;113: 2453–2461.
� 2016 Wiley Periodicals, Inc.
KEYWORDS: Escherichia coli; SRP-dependent secretion; FACS;
16S ribosomal RNA; G protein-coupled receptor (GPCR)

Introduction

For a long time, Escherichia coli has been a workhorse for the
production of various recombinant proteins due to its distinct

advantages such as rapid growth rate, cost-effectiveness, many
genetic tools, easy scale-up, and convenience for high-cell-density
cultivation (HCDC) (Makino et al., 2011a). In this regard, the
production of therapeutic proteins (e.g., antibodies, scaffold
proteins, vaccines, enzymes, receptors) in E. coli has been
increasingly attracting attention (Lee et al., 2005). Most therapeutic
proteins require the correct formation of disulfide bonds for the
desired biological activity; thus, the periplasm of E. coli has been
chosen for the production of these proteins (de Marco, 2009, 2012).
In addition, secretory production provides several benefits such as
N-terminal authenticity by signal peptide cleavage, ease of
purification during the downstream process, and less proteolysis
(Lee et al., 2005; Yoon et al., 2010).
For the secretory production of recombinant proteins in E. coli,

two different pathways passing through the membrane-associated
SecYEG translocon are available (Beckwith, 2013). First, Sec
pathway which derive the post-translational translocation of
unfolded proteins through the SecYEG translocon is responsible for
the secretion of the majority of E. coli secretory proteins. Although
various therapeutic proteins are successfully secreted via the Sec
pathway (Jeong and Lee, 2000; Makino et al., 2011b; Sockolosky and
Szoka, 2013; Sonoda et al., 2011), the problem of cytoplasmic
aggregation prior to translocation is frequently encountered
(Georgiou and Segatori, 2005; Huang et al., 2012). Next, as
an alternative secretion pathway, the signal recognition particle
(SRP)-dependent pathway is gaining in interest. The SRP pathway
shares the SecYEG translocon with the Sec pathway (Beckwith,
2013), but the cytoplasmic aggregation can be effectively prevented
since the translocation coincidentally occurs during the protein
synthesis (co-translational translocation) (Puertas et al., 2010).
Thereby, the SRP pathway has been especially more useful for the
production of easy-to-aggregate proteins such as the fast-folding
proteins originated from unrelated organisms (Lee et al., 2013;
Puertas et al., 2010; Steiner et al., 2006) or inner membrane proteins
that have multiple transmembrane segments (Nannenga and
Baneyx, 2011; Skretas et al., 2012). However, severe growth defects
were reported occasionally when excess proteins were secreted via
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the SRP pathway (Lee et al., 2013; Makino et al., 2011b). This
phenomenon is thought to be caused by the insufficient capacity of
the E. coli SRP pathway, as the Sec pathway possesses dominant
portion of the SecYEG translocon-mediated protein secretion
(Georgiou and Segatori, 2005). In order to solve this problem,
several efforts such as controlling the endogenous level of
SRP pathway-related biomolecules have been made. Until now,
the co-expression of Ffh (protein component of SRP), 4.5S RNA
(encoded by ffs, RNA component of SRP), or FtsY (SRP receptor) is
known to be effective for SRP-dependent protein production (Lee
et al., 2013; Nannenga and Baneyx, 2011; Puertas et al., 2010). In
addition, it was discovered that knocking out Trigger Factor
(TF, encoded by tig) could improve the SRP machinery, promoting
the competitive binding of SRP to the ribosome (Nannenga and
Baneyx, 2011; Puertas et al., 2010). Besides, co-expression of YidC,
the inner membrane protein insertase, has a positive effect on SRP-
dependent protein production (Lee and Jeong, 2013; Nannenga and
Baneyx, 2011). In spite of various efforts, the application of the SRP
pathway is still limited since the secretion capacity has been
insufficient in many cases. In this regard, even more studies and
techniques are required for the versatile use of the SRP pathway.

In this study, we sought to engineer E. coli towards the enhanced
production of recombinant proteins via SRP-dependent secretory
pathway. For this purpose, we first constructed transposon-inserted
random library, and using a novel FACS-based screening system,
the E. coli mutants exhibiting remarkably higher secretory
production could be successfully isolated. In the engineered
E. coli mutant, the enhanced capability of protein secretion via
SRP-dependent pathway was also demonstrated with the various
protein models including endogenous SRP-dependent proteins,
recombinant antibodies and G protein-coupled receptor. Further,
we performed fed-batch cultivations to produce the therapeutic
proteins (i.e., IgG, GPCR) using the engineered E. coli mutant, and
remarkably high production yield (gram-scale) was achieved
compared to that observed in previous reports.

Materials and Methods

E. coli Strains and Plasmids Construction

All E. coli strains, plasmids (Table S1) and oligonucleotide
primers (Table S2) used in this study are listed in supporting
information. Oligonucleotide primers for molecular cloning and
genomic analysis are also listed in supporting information
(Table S2). E. coli MG1655 was used for gene cloning and all of
the other experiment except IgG expression. To analyze the effect
of isolated mutant (YJ001), deleterious knockout mutant (YJ002)
was constructed by using “Rapid One-Step Inactivation” method
(Song and Lee, 2013). The gene knockout was performed with
the primer set of RrsE KO F/R. For the production of IgG, E. coli
XL1-Blue was used, and YJ003 was also constructed for
evaluating the effect of knockout. For the development and
evaluation of periplasmic fluorescent reporter system, pMMBPF
was constructed. Coding gene of E. coli maltose binding
protein (MBP) was amplified from chromosomal DNA of E. coli
MG1655 by using the primer set of MMBPF F and MBPF R. The
amplified DNA fragment was digested with XbaI and HindIII

restriction endonucleases, and then the digested fragment
was ligated into the corresponding site of pMoPac16, yielding
pMMBPF. Similarly, pMBPF and pDMBPF were constructed by using
the primers of MBPF F or DMBPF F, respectively, instead of MMBPF
F. Expression plasmids for endogenous SRP-dependent proteins were
also constructed in similar way. The primer sets of DsbA F/R, TorT F/
R, or TolB F/R were used for the construction of corresponding
expression vectors, respectively. DsbA signal peptide-fused rat
NTR1 D03 gene was synthesized by using commercial service
(Mutagenex Inc., Suwanee, GA). The subcloned gene was digested
and ligated into the XbaI-HindIII site of pMoPac16, yielding
pDrNTR1. All genetic manipulations (e.g., restriction digestion,
ligation, agarose gel electrophoresis) were conducted according to the
standard procedures (Sambrook and Russell, 2001).

Library Screening

Randomly mutated E. coli library was prepared by using EZ-Tn5TM

<KAN-2> Tnp TransposomeTM kit (Epicentre, Madison, WI).
After random mutagenesis, transposon-inserted mutants were
transformed with pDMBPF to generate the final library for
screening. The cells were inoculated in TB media at 37�C, and gene
expression was induced at 25�C by adding 1mM IPTG (final
concentration). After further cultivation for 20 h, cells were
harvested by centrifugation (6,000 rpm, 10min, and 4�C), and
the cell pellets were resuspended in 1� phosphate buffered saline
(PBS) containing 25mM of FlAsH (Santa Cruz Biotech, Inc., Dallas,
TX) at room temperature for 90min. Then, cells were washed twice
with 1� PBS, and the high-throughput screening was performed by
using MoFloTM XDP (Beckman Coulter, Inc., Brea, CA) equipped
with 488 nm laser and 530/40 nm band pass filter. About 70% of
cells were firstly selected based on the location in FSC-SSC plot
(right-bottom side of main population), and then, among this
population, 3% of cells having high fluorescence signal was finally
sorted. The sorted cells were resorted without change of sorting
gates, and the resorted cells were spread on LB-agar plate
containing 50mg/L of kanamycin and 100mg/L ampicillin. After
overnight cultivation, the cells grown on agar plate were scraped
and subjected to the next round of sorting and resorting.

Genomic Analysis of the Isolated Mutant

Genomic DNA of E. coli strains was extracted by using
MasterPureTM Complete DNA and RNA Purification Kit (Epicentre).
The purified genomic DNA was digested by using XbaI restriction
endonuclease (Enzynomics), and then the small-sized fragments
(<3 kb) were purified through agarose gel electrophoresis followed
by band extraction. The digested DNA fragments were ligated and
the gene was amplified by using the transposon specific primers,
KAN-2 F and KAN-2 R (Table S2). The amplified genes were cloned
into pJET1.2/blunt by using CloneJET PCR Cloning Kit (Thermo
Fisher Scientific, Waltham, MA), and then the sequence was
analyzed to identify the genetic feature of isolated mutants. Colony
PCRs were performed to confirm the location of transposon
disruption according to standard protocols (Sambrook and Russell,
2001), by using EmeraldAmp GT PCR Master Mix (Takara Bio Inc.,
Shiga, Japan).

2454 Biotechnology and Bioengineering, Vol. 113, No. 11, November, 2016



Cytometric Analysis for Evaluating the Expression Level
of Active NTR1 D03

Fluorescently labeled agonist [BODIPY-NT(8-13)] (Sarkar et al.,
2008) was prepared by using commercial peptide synthesis service.
After cultivation and protein expression, the cells were harvested,
and then spheroplasting was performed as previously described
(Jung et al., 2007). The prepared spheroplasts were resuspended in
1� PBS containing 5mMof BODIPY-NT(8-13) and it was incubated
in room temperature for 90min with vigorous mixing. After
fluorescent labeling, cytometric analysis was performed by using
MoFloTM XDP (Beckman Coulter, Inc.) equipped with 488 nm laser
and 530/40 nm band pass filter.

Flask Cultivations for Protein Expression

Cells were inoculated in liquid TB media (BD) containing 2%
glucose and appropriate antibiotics (50mg/L of kanamycin,
100mg/L ampicillin, and/or 35mg/L chloramphenicol). After
overnight cultivation at 37�C, cells were transferred into 10mL of
fresh liquid TB media without glucose in 100mL flasks, and then
the cells were incubated at 37�C. When the cells reached to an OD600

of around 0.5, protein expression was induced by adding the
appropriate inducers (1mM of IPTG w/ or w/o 0.2% of
L-arabinose), and cells were allowed to grow at 25�C for 16 h.

Fed-Batch Cultivation

YJ003 harboring pDLPHþ pBAD33ffh/dsbC or YJ002 harboring
pDrNTR1þ pBAD33yidC was adapted to R/2 minimal media by
performing several subcultures until the cells were well grown in the
media. After the media adaptation, the inoculum was prepared in
200mL of R/2 minimal media containing 20 g/L of glucose, and it
was subjected to the fed-batch cultivation. Detailed procedure of
fed-batch cultivation was already described in the previous study
(Lee et al., 2013). Expression of IgG and folding assistants were
induced after reaching OD600 of around 60 at 25�C, by adding 1mM
IPTG and 0.2% L-arabinose. Small amount of culture solution was
periodically harvested during the cultivation, and the samples were
used for the analysis and quantification. Production yield of fully
assembled IgG was quantified via enzyme-linked immunosorbent
assay (ELISA) by using purified IgG as a standard. The yield of
NTR1 D03 was quantified by using densitometry. Detailed
procedures for ELISA and protein purification were previously
described (Lee et al., 2013).

Analytical Methods

Procedures for SDS–PAGE analysis, Western blot analysis and
RT-qPCR are described in supporting information.

Results and Discussion

PECS-FlAsH Assay for Evaluating Periplasmic Expression

For the cytometric isolation of SRP machinery-enhanced E. coli
mutants, development of a fluorescent reporter system that can

evaluate periplasmic expression is required. Thus, we designed a
“PECS-FlAsH method” by combining periplasmic expression with
cytometric screening (PECS) strategy (Chen et al., 2001) and
fluorescein arsenical hairpin binder-ethanedithiol (FlAsH-EDT2;
more briefly, FlAsH)-mediated staining. FlAsH can specifically bind
to the proteins that contain a tetracysteine motif (-CCXXCC-), and
exhibit fluorescence only after the binding (Griffin et al., 2000).
Thus, we expected the secreted proteins, which are fused to a
tetracysteine motif, to be selectively labeled with FlAsH and the
fluorescence intensities of cells to correlate with the periplasmic
level of the target protein in the cells.
To demonstrate the concept of PECS-FlAsH method, we

constructed two plasmids (pMBPF and pMMBPF), which express
maltose-binding protein (MBP) in the cytoplasm or the periplasm,
respectively (Fig. 1A). In both constructs, an optimized
tetracysteine motif (-FLNCCPGCCMEP) was fused to C-terminus
of MBP for the binding of FlAsH (Martin et al., 2005). To find the
optimal condition for FIAsH labeling, two factors were tested:
(i) concentration of the phosphate buffered saline (PBS); and (ii)
concentration of FlAsH in the reaction buffer. First, the following
four concentrations of PBS were examined: 0.7, 1, 2, and 5� PBS.
After cultivation and FlAsH (25mM) labeling, fluorescence
intensity in each cell was analyzed by flow cytometry, and we
found that the best result in which the fluorescence signals of the
positive and negative controls were fully separated was obtained
when the cells were mixed with FlAsH in 1� PBS. The cells
harboring pMMBPF, which has the coding gene of periplasmically

Figure 1. Development of FlAsH-based periplasmic fluorescent reporter system.

(A) Plasmid structures and schematic diagram of protein expression and secretion.

X and H represent XbaI and HindIII restriction enzyme site, respectively. (B) Cytometric

analysis of FlAsH-labeled E. coli cells harboring model plasmids (pMoPac16, pMBPF,

or pMMBPF). X-axis means fluorescence intensity through 520/30 bandpass filter.

M values represent mean fluorescence intensity.
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secreted MBP, exhibited much higher fluorescence intensity
(M¼ 302.97) than those harboring pMBPF (M¼ 21.56) or
pMoPac16 (M¼ 12.61) (negative controls) (Fig. 1B). On the other
hand, we could not obtain the desired results in lower or higher
concentrations of PBS (Fig. S1). Under the low-salt condition
(0.7� PBS), all the cells exhibited low fluorescence signals due to
poor permeability (Fig. S1A), and under the high-salt conditions
(2 and 5� PBS), non-specific fluorescence signals were observed
due to too high permeability (Fig. S1B and C). Next, we examined
three different concentrations of FlAsH (5, 10, and 25mM) in 1�
PBS, and we got the best result with 25mMof FlAsH. When the cells
were labeled with smaller amounts of FlAsH (5 and 10mM),
fluorescence signals between negative (pMBPF and pMoPac16) and
positive (pMMBPF) models were not fully separated (Fig. S1D and
E). For our next experiments, we used this optimal condition
(25mM of FlAsH in 1� PBS) for FlAsH labeling.

Isolation of SRP Machinery-Enhanced E. coli Mutants by
Screening of Random Library

To isolate the SRP machinery-enhanced mutants, the E. coli
MG1655 mutant library was constructed using transposon (Tn5)-
mediated random insertional knockout. More than 107 colonies
were obtained. As a reporter system, a pDMBPF plasmid, which
contains MBP fused to DsbA signal peptide, was constructed so that
the MBP can be secreted into the periplasm via the SRP-dependent
pathway. Then, the pDMBPF plasmid was transformed into the
Tn5-mediated random library, and more than 108 colonies were
successfully obtained. After cultivation, the cells were labeled with
FlAsH under the optimized condition, and the highly fluorescent
cells were selectively sorted by FACS. After the fourth round
screening of the library, cells showing fairly increased fluorescence
signals were found to be enriched (Fig. 2A). From the fourth round-
sorted cells, five individual clones were randomly selected, and their
MBP expression levels were compared with those of the wild-type
MG1655. In SDS–PAGE analysis, all five of the isolated clones
exhibited significant increase in MBP production compared with
the wild-type MG1655 (Fig. 2B). In addition, secretion yields of
MBP in the periplasm were significantly enhanced in the isolated
clones (Fig. 2B). When compared with the wild-type MG1655, about
3.8-fold increase in the expression level and 3.1-fold increase in the
secretion yield were determined by densitometric analysis.

Next, after curing the plasmids (pDMBPF) from the five isolated
clones, cells were re-transformed with either pMMBPF (for Sec-
dependent secretion using MBP’s own signal peptide) or pDMBPF
(for SRP-dependent secretion using DsbA signal peptide) to
determine whether the isolated mutants were effective only for SRP-
dependent protein secretion. After cultivation, production and
secretion of MBP in each clone were analyzed by SDS–PAGE. Results
showed that expression and secretion of MBP were increased again
in all of the isolated mutants harboring pDMBPF compared to wild-
type MG1655 (Fig. 3A). In contrast, all isolated mutants harboring
pMMBPF showed similar production and secretion levels to the
wild-type MG1655 (Fig. 3B). Additionally, unlike as secretion via
SRP-dependent pathway, the premature forms, which were not
secreted into the periplasm, were observed in all examined strains
(Fig. 3B). Here, it was also experimentally demonstrated that the

accumulation of premature aggregates in the cytoplasm would be
prevented by SRP pathway which mediates co-translational
translocation as described in the introduction section. Interestingly,
in wild-type MG1655, the production of MBP via SRP pathway
showed much lower yield than that by Sec-pathway (Fig. 3A and B).
The lower production yield in SRP pathway may be ascribed to
relatively poorer expression of MBP gene with DsbA signal peptide
(for SRP pathway) compared with MBP gene expression with its
own signal peptide (for Sec pathway). In E. coli, the gene expression
can be affected by several factors including TIR (Translation
Initiation Region) (Lee et al., 2014; Seo et al., 2013). The DsbA
signal peptide fused MBP may be unfavorable for transcription/
translation. However it does not mean the DsbA signal peptide is
not good for secretory production via SRP pathway. In the cases of
other proteins including antibody fragments and full-length IgG,
the use of same DsbA signal peptide did not cause the decreases of
gene expression (Lee and Jeong, 2013; Lee et al., 2013). For the
efficient gene expression, it is also important to choose the proper
signal peptide for target proteins. Overall, the results suggest that all
isolated mutants have enhanced secretion ability specifically for the
SRP-dependent secretion pathway, while the same is not true for the
Sec pathway.

Identification and Characterization of the Isolated
Mutants

Genetic changes in five isolated mutants were investigated by the
inverse PCR method (Ochman et al., 1988) followed by DNA

Figure 2. Isolation of SRP machinery-enhanced E. coli mutants via FACS.

(A) Enrichment of fluorescence signal during the screening. Red, orange, green, and

blue histograms represent 1st, 2nd, 3rd, and 4th round screening, respectively.

M values represent mean fluorescence intensity. (B) SDS–PAGE analysis of MBP

production in the isolated clones. Numbered lanes are five random individual clones.
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sequencing, and the results clearly revealed that all of the isolated
mutants had the same genetic change: interruption of 16S
ribosomal RNA coding gene (rrsX) by transposon insertion
(Fig. S2A). It is well-known that E. coli has seven copies of rrsX (i.e.,
rrsA, rrsB, rrsC, rrsD, rrsE, rrsG, rrsH) with very high homology
(Weider et al., 2005), and further PCR analysis revealed that, rrsE

among the seven rrsX genes was knocked out by transposon
insertion (Fig. S2B). The isolated mutant with the transposon-
mediated rrsE gene knock out was named YJ001.

Enhanced Expression and Secretion of Endogenous
SRP-Dependent Secretory Proteins

To evaluate the effect of rrsE disruption on protein secretion via the
SRP pathway, we generated an rrsE-deficient mutant (named YJ002)
by using “Rapid One-Step Inactivation” method (Song and Lee,
2013). We first compared the growth of YJ002 strain with that of the
parental MG1655 strain to determine whether the cell growth is
affected by the deletion of rrsE. During the cultivation in flask, we
could not find any differences in the growth of both strains
(Fig. S3A). Next, the levels of MBP expression and secretion in
E. coli YJ002 harboring pDMBPF were compared with those of the
wild-type MG1655 and the isolated mutant (YJ001). In both YJ001
and YJ002, similar levels of expression and secretionwere observed,
which were much higher than those of the wild-type MG1655
(Fig. 4A). In addition, E. coli YJ002 harboring pDMBPF showed
similar patterns of cell growth to wild-type MG1655 harboring the
same plasmid during the protein production (Fig. S3B).
Next, we also examined the generic effect of rrsE-deficient strains

on the secretion of three representative endogenous proteins (DsbA,
TorT, and TolB), which have their own signal peptides and are
secreted into the periplasm via the same SRP-dependent pathway.
The genes coding for each protein were cloned into the expression
vector (pMoPac16), yielding pDsbA, pTorT, and pTolB, respectively.
After transformation into both the rrsE-deficient mutants, YJ001
and YJ002, the expression and secretion levels of each protein were
compared with those in wild-type MG1655. In all cases, the
expression of the proteins of interest (DsbA, TorT, and TolB) was
increased in both the mutant strains (YJ001 and YJ002) compared
to the wild-type, irrespective of the signal peptides used for
secretion (Fig. 4B). As the expression level increased, the amount of
secreted proteins of interest also increased. In addition to the
expression in plasmid, we also examined the expression of

Figure 3. Comparison of SRP/Sec-dependent protein expression and secretion in

the isolated clones. The isolated clones were transformed with (A) pDMBPF (for SRP

pathway) and (B) pMMBPF (for Sec pathway), respectively. Then, the expression and

secretion of MBP were analyzed by SDS–PAGE. Closed and open arrowheads

represent the periplasmic (mature) MBP and cytoplasmic (premature) MBP,

respectively.

Figure 4. SDS–PAGE analysis of protein production in rrsE-deficient E. coli mutant. (A) MBP production in the wild-type and rrsE-deficient mutants harboring pDMBPF.

(B) Expression and secretion of endogenous SRP-dependent proteins (DsbA, TorT, and TolB) in the wild-type and rrsE-deficient E. coli mutants. In all panels, lanes M, wt, 1 and 2

represent protein size marker, E. coliMG1655, E. coli YJ001, and E. coli YJ002, respectively. Tot and Peri indicate total and periplasmic fraction of protein extract, respectively. Closed

arrowheads denote correctly expressed and secreted target proteins.
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endogenous DsbA from chromosomal DNA of wild-type MG1655
and mutant YJ002. After cultivation, the level of DsbA in each cell
was analyzed by western blotting, and we found that a little higher
secretion yield of DsbAwas also obtained in YJ002 strain compared
to the wild-type MG1655 (Fig. S4). Overall, the data suggest that
deletion of rrsE gene has a significant effect on protein secretion via
the SRP-dependent pathway.

Enhanced Secretory Production of Antibodies in
rrsE-Deficient Mutant

During the production of antibodies and antibody fragments in
E. coli, they need to be secreted into the periplasm for the correct
formation of disulfide bonds. In our previous study (Lee and Jeong,
2013), we have shown enhanced production of the antibody fragment
M18 scFv against anthrax toxin PAvia the SRP-dependent pathway in
E. coli MG1655 (about 3.7-fold increase), and here we examined
whether the use of rrsE-deficient E. coli strain is effective for the
production of scFv. The plasmid, pDM18, in which M18 scFv was
fused to DsbA signal peptide (Lee and Jeong, 2013), was transformed
into both the wild-type MG1655 and rrsE-deficient YJ002, and the

expression levels of M18 scFv were compared. Similar to the other
model proteins, the expression level of M18 scFv was significantly
increased (about 3.1-fold increase, 1.9mg/L of scFv) in YJ002
(Fig. 5A), and more scFv was also detected in the periplasm of YJ002
than in the wild-type (Fig. 5A).

In addition to scFv, production of full-length IgG was also
examined. In our previous study, we developed pDLPH plasmid for
IgG production in E. coli, in which a light chain (L-chain) and a
heavy chain (H-chain) are secreted via the SRP- and Sec-dependent
pathway, respectively (Lee et al., 2013). In that study, the amount of
full-length IgG produced was as high as 62mg/L by fed-batch
cultivation of E. coli XL1-Blue, which was chosen from strain test,
harboring pDLPH and pBAD33ffh/dsbC (for co-expression of ffh
and dsbC genes). Here, to examine the effect of rrsE deletion on IgG
production, we developed rrsE-deficient E. coli XL1-Blue (named
YJ003), and subsequently pDLPH and pBAD33ffh/dsbC plasmids
were co-transformed into E. coli YJ003. After flask cultivation, the
secretion and production yields of IgG were compared with those of
the wild-type XL1-Blue. E. coli YJ003 showed increased expression
of the light chain which was secreted via the SRP pathway, whereas
the expression of heavy chain via the Sec-dependent pathway was

Figure 5. Production of antibodies (scFv and full-length IgG) in rrsE-deficient mutants. (A) SDS–PAGE analysis of production of M18 scFv. Lanes 1 and 2 represent E. coliMG1655

and E. coli YJ002, respectively. Closed arrowheads indicateM18 scFv. (B)Western blot analysis of IgG production in flask cultivation. Lanes 1 and 2 represent E. coli XL1-Blue and E. coli

YJ003. Open andclosed arrowheads represent light and heavy chainsof IgG, respectively. (C) Timeprofiles of cell growth and IgG production in the fed-batchcultivation. The dashed line

indicates the time point of IPTG induction. Symbols: Circle (*), cell density (OD600); Square (&), yield of periplasmic IgG (mg/L); Triangle (4), yield of extracellular IgG (mg/L).
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not changed compared to that in the wild-type XL1-Blue strain
(Fig. 5B). Next, we performed fed-batch cultivation to examine the
large-scale production of IgG in E. coli YJ003. After cultivation, the
amount of fully assembled IgG in the periplasm was quantified by
ELISA. When cultured for 31 h, the maximum production yield of
165.4mg/Lwas achieved, which was about 2.7-fold higher than that
obtained previously (�62mg/L) with wild-type E. coli XL1-Blue
(Lee et al., 2013) (Figs. 5C and S5A). The maximum volumetric
productivity was 5.85mg/L/h, which was also 2.6-fold higher than
that obtained with the wild-type strain (2.21mg/L/h) (Fig. 5C;
Table S3). In addition to the periplasmic level of the antibody, we
also looked for an extracellular titer of IgG because the leakage of
periplasmic proteins into the culture supernatant was occasionally
reported (Puertas et al., 2010). Surprisingly, it was observed that
significant amount of IgG (236.5 mg/L) was accumulated in the
extracellular medium (Figs. 5C and S5B). The cause of this
accumulation could not be the cell lysis during cultivation because
cell density continued to increase during the accumulation of IgG in
the extracellular medium (Fig. 5C). The cell specific growth rate
(m¼ 0.044 h�1) and maximum cell density (OD600 of 157.2) in this
fed-batch cultivation was similar to those in the previous fed-batch
cultivation with E. coli XL1-Blue, although no accumulation of IgG
in the extracellular mediumwas observed in the previous culture. In
the present fermentation, 384.7mg/L of full-length IgG could be
produced in total and the volumetric productivity was about
13mg/L/h, which was almost sixfold higher than the wild-type
XL1-Blue (2.21 mg/L/h) (Table S3).

Production of G Protein-Coupled Receptor in rrsE-Deficient
Strain

The rat neurotensin receptor 1 (NTR1) D03 mutant is a well-
known G protein-coupled receptor (GPCR) variant, which has
neurotensin binding activity (Sarkar et al., 2008). The correct
cellular location of E. coli-driven GPCR is the inner membrane;
thus, the secretion and integration of NTR1 D03 would be
mediated by the SRP-dependent pathway (Puertas et al., 2010;
Skretas et al., 2012). For this reason, we expected the expression
and membrane integration of NTR1 D03 to be increased in the
rrsE-deficient strain. A gene encoding rat NTR1 D03 mutant was
synthesized and cloned into the expression vector (pMoPac16),
yielding pDrNTR1, and E. coli MG1655 and YJ002 were
co-transformed with pDrNTR1 and pBAD33yidC, respectively.
Here, pBAD33yidC, which is the inner membrane protein
insertase (YidC)-expressing plasmid (Lee and Jeong, 2013), was
employed to further enhance the secretion and integration of
NTR1 D03. After cultivation, the cells were labeled with the
fluorescent ligand [BODIPY-NT(8-13)] of NTR1 D03 (Sarkar
et al., 2008), and cytometric analysis was performed to analyze
the expression and binding activity of NTR1 D03 in the inner
membrane of each strain. When the cells were induced by IPTG,
E. coli YJ002 exhibited about 2.5-fold higher fluorescence
intensity than the wild-type (Fig. 6A). This result indicates the
higher level of active NTR1 D03 in the inner membrane of E. coli
YJ002 than in the wild-type E. coli MG1655. Using purified NTR1
D03 as a standard, the level of NTR1 D03 in YJ002 strain was
densitometrically quantified as 20.9 mg/L (Fig. S6). This was a

much higher value than the other reported production yields of
GPCR in E. coli (0.5–8 mg/L) (Link et al., 2008; Sarkar et al.,
2008). For the large-scale production of NTR1 D03, fed-batch
cultivation was also carried out with E. coli YJ002 harboring
pDrNTR1 and pBAD33yidC. In the fed-batch cultivation, high cell
density (OD600 of 125.6) and production yield as high as 1.4 g/L
could be achieved (Fig. 6B). When compared to previous studies,
this was the most successful case of high cell density cultivation
for GPCR production in E. coli (Milic and Veprintsev, 2015).

In-Depth Study on the Cellular Mechanism of rrsE-Deficient
Mutant

Because the knocked out gene (rrsE) is a copy of 16S ribosomal RNA
coding gene, we compared the ratio of 16S–23S rRNA in rrsE-
deficient YJ002 and wild-type MG1655. After the preparation of total
RNAs, we analyzed the samples by performing agarose gel
electrophoresis and RT-qPCR. In both experiments, we observed
that the ratio of rRNA did not change in YJ002, although the single
copyof 16S rRNAcoding gene (rrsE) wasknocked out (Fig. 7AandB).
Here, we assumed that a repair mechanism might be compensating
for the loss of the 16S rRNA coding gene, so that the normal cellular
levels of rRNAcould bemaintained. In addition, we also analyzed the
transcript levels of ffs and ffh by RT-qPCR. Both 4.5S RNA (encoded
by ffs) and Ffh are the component of SRP and it is known that

Figure 6. Production of G protein-coupled receptor (NTR1 D03) in rrsE-deficient

mutants. (A) Cytometric analysis of NTR1D03 production inwild-typeMG1655 and YJ002.

‘‘ind.’’ and ‘‘no ind.’’ represent the cells w/ or w/o IPTG induction, respectively. X-axis

means fluorescence intensity through 520/30 bandpass filter.M values represent mean

fluorescence intensity. (B) Time profiles of cell growth and NTR1 D03 production in the

fed-batch cultivation. The dashed line indicates the time point of IPTG induction.

Symbols: Circle (*), cell density (OD600); Square (&), yield of NTR1 D03 (mg/L).
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co-expression of the both genes allows the enhanced protein
expression and secretion via the SRP-dependent pathway (Lee et al.,
2013; Nannenga and Baneyx, 2011; Puertas et al., 2010). As a result,
we confirmed that the transcript levels of both SRP components (ffs
and ffh) increased (1.6- and 1.5-fold, respectively) in the mutant,
whereas the level of gyrB (housekeeping gene as a negative control)
did not change (Fig. 7C). From this result, we inferred that the level of
SRPpathway-related biomoleculeswould be harmonically changed to
the direction for improving the SRP pathway under the deletion of
rrsE gene. However, rRNA transcription and SRP-dependent protein
secretion are controlled by complex and intricate processes (Bibi,
2012; Dennis et al., 2004). Furthermore, themolecularmechanism of
the SRP pathway has not yet been fully understood and most of the
prevailing theories are only based on invitro experiments (Bibi, 2012;
Herskovits and Bibi, 2000). Thus, to understand the positive
regulation of the SRP-dependent secretion machinery in rrsX-
deficient strains, further extensive studies such as tracking the
cellular level of numerous factors (e.g., FIS protein, s factors, NTP,
ppGpp) are required. Although the relationship between the rRNA
knockout and SRP pathway could not be thoroughly revealed in this
study, we believe that the results described above will provide
important clues for revealing the mechanism of improved secretion
via the SRP pathway.

Conclusion

In this work, using a novel screening system, we showed that SRP-
dependent secretion could be significantly enhanced by the deletion
of 16s ribosomal RNA coding gene (rrsE) in E. coli. Using various
recombinant protein models including endogenous proteins,
antibodies, and GPCR, we successfully demonstrated the enhanced
production of recombinant proteins in the engineered E. coli
strains. According to our results, deletion of the rrsE gene was not
effective on Sec pathway but highly effective on SRP-dependent
pathway. In addition, we found that the effect of rrsE deletion on
SRP-dependent secretion was not limited to specific strains as well
as signal peptides, and generally applied to various E. coli strains
and various SRP-dependent signal peptides. Growth retardation
problem, which was one of the major obstacles in the use of SRP-
dependent secretion pathway, was not observed in rrsE-deficient
E. coli, and significant amount of cell growth (particularly in the
fed-batch cultivation) could be achieved with high productivity. In
the case of rat NTR1 D03 protein production, we could achieve very
high yield over than gram-scale, and to the best of our knowledge,
this is the first successful report of GPCR production in E. coli using
high-cell-density cultivation. The exact mechanism of the positive
effect of rrsE gene deletion on SRP-dependent secretion needs to be

Figure 7. In-depth analysis of effect of rrsE deletion on protein secretion via SRP pathway. (A) Agarose gel electrophoresis for analyzing the rRNA contents in total RNA

extracts. Lanes 1 and 2 represent MG1655 and YJ002, respectively. (B and C) Cq values from the RT-qPCR. (B) Comparison of the rRNA levels in wild-type E. coliMG1655 and YJ002.

(C) Comparison of the transcript levels of SRP components (ffs and ffh) in wild-type and rrsE-deficient mutant. As an internal standard, transcript level of housekeeping gene (gyrB)

was also compared. ���P< 0.01 (paired two-tailed t-test). P values for each experimental set were listed in supporting information (Table S4).
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further investigated, as it will also be helpful to understand the
mechanism of SRP-dependent secretion pathway in bacterial host.
Due to its distinctive characteristic (co-translational translocation),
SRP-dependent pathway can be more useful for the production of
bigger and complex proteins such as full-length IgG, GPCR etc., and
we believe that our strategy of SRP-dependent secretion in rrsE-
deficient strain seems to be a widely applicable method to expand
the range of protein production in E. coli.

This work was supported by the Intelligent Synthetic Biology Center of
Global Frontier Project (Grant no. 2014M3A6A8066443) funded by the
Ministry of Science, ICT and Future Planning (MSIP).
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