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Abstract

Background Bacillus subtilis is one of the workhorses in industrial biotechnology and well known for its secretion
potential. Efficient secretion of recombinant proteins still requires extensive optimization campaigns and screening
with activity-based methods. However, not every protein can be detected by activity-based screening. We therefore
developed a combined online monitoring system, consisting of an in vivo split GFP assay for activity-independent
target detection and an mCherry-based secretion stress biosensor. The split GFP assay is based on the fusion of a
target protein to the eleventh B-sheet of sfGFP, which can complement a truncated sfGFP that lacks this 3-sheet
named GFP1-10.The secretion stress biosensor makes use of the CssRS two component quality control system, which
upregulates expression of mCherry in the htrA locus thereby allowing a fluorescence readout of secretion stress.

Results The biosensor strain B. subtilis PAL5 was successfully constructed by exchanging the protease encoding gene
htrA with mCherry via CRISPR/Cas9. The Fusarium solani pisi cutinase Cut fused to the GFP11 tag (Cut11) was used as

a model enzyme to determine the stress response upon secretion mediated by signal peptides SPee;, SP, and SPg,
obtained from naturally secreted proteins of B. subtilis. An in vivo split GFP assay was developed, where purified GFP1-
10 is added to the culture broth. By combining both methods, an activity-independent high-throughput method was
created, that allowed optimization of Cut11 secretion. Using the split GFP-based detection assay, we demonstrated

a good correlation between the amount of secreted cutinase and the enzymatic activity. Additionally, we screened a
signal peptide library and identified new signal peptide variants that led to improved secretion while maintaining low
stress levels.

Conclusion Our results demonstrate that the combination of a split GFP-based detection assay for secreted
proteins with a secretion stress biosensor strain enables both, online detection of extracellular target proteins and
identification of bottlenecks during protein secretion in B. subtilis. In general, the system described here will also
enable to monitor the secretion stress response provoked by using inducible promoters governing the expression of
different enzymes.
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Introduction

The Gram-positive soil bacterium Bacillus subtilis is one
of the most important microorganisms for industrial
recombinant protein production [1, 2] and thus became a
major workhouse in biotechnology as outlined in a recent
review [3]. The main reasons include the GRAS (gener-
ally recognized as safe) status of derived products, a non-
biased codon usage, easy fermentation in large quantities
and genetic accessibility through natural competence [2,
4-6). B. subtilis harbors a potent Sec secretion machin-
ery allowing for secretion yields of up to 25 g protein per
liter culture medium [2, 7]. Downstream processing of
secretory proteins is relatively simple and cost-effective
because cell lysis and subsequent purification meth-
ods are not required [8]. Most proteins are secreted by
B. subtilis in an unfolded conformation using the signal
recognition particle (SRP)-dependent general secre-
tion (Sec) pathway [9, 10]. Sec-secreted proteins pos-
sess N-terminal signal peptides with a tripartite domain
structure consisting of a positively charged N-region fol-
lowed by a hydrophobic H-region and a polar, uncharged
C-region with the latter containing a signal peptidase I
(SPase I) recognition site [11]. The SRP recognizes and
binds the N-terminal signal peptide as it emerges from
the ribosome tunnel. After interaction with the mem-
brane-bound receptor FtsY, the ribosome-nascent chain
complex is transferred to the SecYEG pore through
which the target protein secretion is coupled to trans-
lation. Finally, a type I SPase cleaves the signal peptide
prior to folding of the mature protein [10, 12].

At present, a combination of signal peptide and heter-
ologous target protein resulting in an optimal secretion
efficiency cannot be predicted. Thus, the most suitable
signal peptide has to be identified experimentally. For
this, libraries are used consisting of homologous or het-
erologous signal peptides [13, 14] or of mutants obtained
from a specific signal peptide [15]. Such libraries are
often analyzed by high-throughput screening using enzy-
matic activity assays with surrogate-substrates allowing
for photometric or fluorometric detection as it is known
e.g. for lipases [16] or proteases [17]. Such enzymatic
activity assays are not available for all target proteins; we
therefore adapted the split GFP technology for activity-
independent in vitro detection of secreted and in vivo
detection of cytoplasmic target proteins in B. subtilis [18,
19]. To this end, the relatively short eleventh p-sheet of
GFP is C-terminally fused to a target protein (GFP11 tag).
For detection, a truncated non-fluorescent sfGFP that
lacks the eleventh [B-sheet also called GFP1-10 is used.
GFP1-10 and GFP11 tag can reconstitute a holo-GFP,

whose fluorescence can be easily detected spectrophoto-
metrically [20-22].

However, split GFP-based detection does not consider
cellular stress caused by target protein secretion, which
may exert adverse effects [23]. Therefore, transcription
factor-dependent secretion stress biosensors were devel-
oped for industrially relevant organisms such as Cory-
nebacterium glutamicum or B. subtilis [24, 25]. In B.
subtilis, this biosensor is based on the CssRS two-compo-
nent quality control system, which recognizes misfolded
and aggregated proteins at the interface of the cell mem-
brane and peptidoglycan and subsequently up-regulates
the expression of protease genes htrA and htrB (23, 26,
27]. Genomic replacement of htrA with a fluorescence
reporter gene enables the quantification of cellular secre-
tion stress via a fluorescence readout [25].

In the present study, we established strain B. subtilis
PAL5 which harbors a mCherry-based secretion stress
biosensor. Additionally, a split GFP assay was devel-
oped allowing for the simultaneous and easy-to-perform
determination of secreted target protein amount and the
corresponding stress response in B. subtilis PAL5. The
cutinase Cut from Fusarium solani pisi served as the
model protein [28], which can be detected with a spectro-
photometric activity assay using p-nitrophenyl palmitate
as the substrate after secretion [29]. Both sensor systems
were separately evaluated using a BioLector microbiore-
actor for online monitoring of cutinase secretion fused
to signal peptides SPp, SP,,, and SPg, obtained from
B. subtilis secretory proteins. The combined systems
enabled the identification of cutinase variants by moni-
toring secretion. Finally, a library of 173 different B. sub-
tilis signal peptides fused to the cutinase was screened
for enzymatically active secreted protein and secretion
stress response to evaluate a putative relation between
both processes.

Materials and methods

Bacterial strains, plasmids, media and growth conditions
All experiments were performed with the protease-defi-
cient secretion stress biosensor strain B. subtilis PAL5,
which is based on the protease-deficient strain B. subti-
lis DB430 [30]. The plasmids used here are described in
Table 1. All B. subtilis strains were cultivated at 30 °C
in enriched LB medium (1% (w/v) NaCl, 8% (w/v) tryp-
tone, 0.5% (w/v) yeast extract, 1% (w/v) glucose) con-
taining 50 pg/ml kanamycin for maintenance of plasmid
pBSMull [31] and derivatives. E. coli DH5a [32] was
used for molecular cloning and E. coli BL21(DE3) [33]
for GFP1-10 production. The bacteria were cultivated at
37 °C in LB medium (1% (w/v) NaCl, 1% (w/v) tryptone,
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Table 1 Plasmids used in this study

Name Description Source
pBSMul1 E. coli-B. subtilis shuttle vector, PHpa“, secretion signal (SPlipA), ColE1, repB, Km', Amp" [31]
PET22b-sfGFP1-10 pET22b(+) containing the truncated sfGFP1-10 under control of P, [18]

pBSMul1lipA_SPBox

Signal peptide (SP) library based on pBSMul3 signal peptide library from [13] containing Hindlll-  [18]

Xbal inserts of the lipase lipA from B. subtilis with all 173 predicted B. subtilis Sec signal peptides

pJOE8999.1 E. coli-B. subtilis shuttle vector, pUCori, rep pE194ts, cas9, Km" tractRNA, lacPOZ [34]
pJOE-sgRNA:htrA pJOE8999.1 with inserted This
sgRNA for htrA locus (5-TACATCCGTGAGGTCGCTTC-3') between Bsal restriction sites study
pJOE-sgRNAhtrA_H1H2 pJOE-sgRNA:htra with 3300 bp Sfil-Sfil fragment harboring the regions upstream and down- This
stream of htrA required for homologous recombination and htrA (5'-proG-htrA-ykcC-3'). study
pJOE-sgRNA:htrA-htrA: :PhtrA-mCherry pJOE-sgRNA:htrA-H1H2 with mCherry inserted between proG-Py,;,, and ykcC using SLIC. This
study
pJT'Tmcs-mCherry Amp®, Gm®, P, RBS, mCherry [39]
pBS-4nt-SPp.-Cut11 pBSMul1 containing an 827 bp Ndel-Xbal SPpel-cut-11 fragment [29]
PBS-4nt-SPep,-Cut11 pBSMul1 containing an 845 bp Ndel-Xbal SPepr-cut-11 fragment [29]
pBS-4nt-SPg,-Cut11 pBSMul1 containing an 848 bp Ndel-Xbal SPbsn-cut-11 fragment [29]
PBS-Xnt-SPp-Cut11 pBS-4nt-SPp-Cut11 with a spacer extended by the insertion of 1-8 adenine(s) at the 5-end [29]
from4to 12 nt
pBS-Xnt-SPe,-Cut11 PBS-4nt-SPg,,-Cut11 with a spacer extended by the insertion of 1-8 adenine(s) at the 5-end [29]
from4to 12 nt
pBS-Xnt-SPg,,-Cut11 pBS-4nt-SPg,,-Cut11 with a spacer extended by the insertion of 1-8 adenine(s) at the 5-end [29]

from4to 12 nt
pBSMullcut11_SPBox

Signal peptide (SP) library based on pBSMul3 signal peptide library from [18] containing Hin- This
dlll-Xbal inserts of the cutinase cut from f. solani pisi with all 173 predicted B. subtilis Sec signal

study

peptides and the GFP11 tag sequence at the 3"-end of cut

pPBSMul1_SPBox_SPp,g-Cut11
fragment
PBSMul1_SPBox_SPy,~Cut11
fragment
pBSMul1_SPBox_SPy,m7-Cut11
fragment
PBSMul1_SPBOX_SPy,mz+-Cut11

pBSMullcut11_SPBox variant with signal sequence from DacB and 657 bp EcoRI-Xbal cut-gfp11  This

study

pBSMulTcut11_SPBox variant with signal sequence from Mpr and 657 bp EcoRI-Xbal cut-gfp11  This

study

pBSMulTcut11_SPBox variant with signal sequence from NamZ and 657 bp EcoRI-Xbal cut-gfp11  This

study

pBSMullcut11_SPBox variant with signal sequence from NamZ and 657 bp EcoRI-Xbal cut-gfp11  This
fragment. Amino acid exchange A252S in GFP11-tag.

study

0.5% (w/v) yeast extract) containing 100 pg/ml ampicil-
lin for maintenance of plasmid pET22b-sfGFP1-10 for
GFP1-10 production or 50 pg/ml kanamycin for main-
tenance of plasmids based on the CRISPR/Cas9 plasmid
pJOE8999.1 [34]. Transformation was carried out using
naturally competent B. subtilis cells [35] and chemically
competent E. coli cells [36].

Recombinant DNA techniques

Standard DNA techniques were performed as described
[36]. Kits for DNA purification were obtained from Ana-
lytic Jena (Jena, Germany), kit for isolation of genomic
DNA from Qiagen (Hilden, Germany) and enzymes from
Thermo Fisher Scientific (St. Leon-Roth, Germany).

Construction of secretion stress biosensor strain B. subtilis
PALS

Strain construction was performed with the CRISPR/
Cas9 plasmid pJOE8999.1 methodology as described pre-
viously [34].

Plasmid construction

For the targeted double-strand break in the /trA locus
and the subsequent integration of the fluorescence
reporter gene via homologous recombination, the
CRISPy-web tool [37] was used for the identification of a
suitable protospacer adjacent motif (5-AGG-3’) and the
corresponding spacer sequence (5-TACATCCGTGAG-
GTCGCTTC-3’). For spacer sequence incorporation
into plasmid pJOE8999.1, the oligonucleotides htrA-
sgRNA1 (5-AAACGAAGCGACCTCACGGATGTA-3)
and htrA-sgRNA2 (5-TACGTACATCCGTGAGGTC-
GCTTC-3), which were designed with 5’-end overhangs
matching Bsal restriction sites, were hybridized by mixing
in a molecular ratio of 1:1 and heating to 99 °C for 10 min
prior to cooling down with 1 °C/min. Subsequently, the
hybridized DNA was ligated into the Bsal hydrolyzed
pJOE8999.1 resulting in plasmid pJOE-sgRNA:htrA. Suc-
cessful integration was checked via blue-white screen-
ing [38] and subsequent sequencing with the primer
pJOEInsertfw  (5- CTAAAGCTTAGGCCCAGTC-
GAAAG-3’). For homologous recombination after
CRISPR/Cas9 induced double-strand break, the htrA
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locus and, additionally, the up- and downstream regions
(each approx. 1 kb) were amplified as a Sfil fragment
with primers fw-htrA-H1 (5- TATAGGGTCGACGGC-
CAACGAGGCCGAATCCTCTTTCAAGGATTC-3)
and rev-htrA-H2 (5- CTTAATCTAGAAAGGCCT-
TATTGGCCCTGATGAAAGGCTCGCCGGAG-3’)
from isolated genomic B. subtilis DB430 DNA by PCR.
The resulting DNA fragment was ligated into the Sfil
hydrolyzed vector pJOE-sgRNA:htrA resulting in the
homologous recombination cassette containing plasmid
pJOE-sgRNA:htrA_H1H2. For replacement of htrA with
the mCherry gene in the homologous recombination cas-
sette, the plasmid pJOE-sgRNA:htrA_H1H2 was ampli-
fied via PCR without /trA thereby excluding strA using
primers fw-htrA-H2 (5- GATGAGCTCTACAAAT-
GACCTAGTGTAGGGACATAATGCCTCAGGCC-3)
and  rev-SLIC-PhtrAfull (5-CATGAATTCGATAT-
CAAGCTTATCCATCATGTTCACTCC-3). In addi-
tion, the mCherry gene from plasmid pJT"Tmcs-mCherry
[39] was amplified with primers fw-SLIC-mCherry
(5- ATAAGCTTGATATCGAATTCATGGT-
GAGCAAGGGCGAG-3) and  rev-SLIC-mCherry
(5'- GGTCATTTGTAGAGCTCATCTTACTTGTA-
CAGCTCGTC-3’) before both DNA fragments were
united to the plasmid pJOE-sgRNA:htrA-htrA::PhtrA-
mCherry by SLIC cloning [40].

Genomic integration of mCherry into htrA locus

B. subtilis DB430 was transformed with the newly con-
structed  plasmid  pJOE-sgRNA:htrA-htrA::PhtrA-
mCherry and was plated on LB agar plates containing
50 pg/ml kanamycin for plasmid maintenance and 0.2%
(w/v) mannose for cas9 induction. Thereafter, Cas9 pro-
duced a double-strand break in the 4trA locus due to the
previously cloned spacer sequence, which was repaired
by homologous recombination between the genome
and the plasmid-encoded homologous recombination
cassette. In this process, the genomic /trA gene was
replaced by the mCherry gene. After incubation at 37 °C
for 16 h, clones were picked and transferred to fresh LB
agar plates and incubated for 24 h at 50 °C, twice. Clones
were checked for plasmid loss prior to amplification of
the genomic segment of potential mCherry integrants via
PCR with the primer pair fw-htrA-H1/rev-htrA-H2 and
subsequent DNA sequencing.

Construction of Cut11 signal peptide library

The plasmid pBS-4nt-SPp,-Cutll [29] was used to con-
struct the Cutll signal peptide library. The cutll gene
was extracted by hydrolysis with EcoRI and Xbal and was
ligated into the likewise hydrolyzed signal peptide library
plasmid pBSMulllipA_SPBox harboring a constitutive
Py Promoter [18]. After transformation, about 2000
single E. coli DH5a colonies were washed off from agar
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plates and plasmids were isolated to generate a library
containing all 173 different signal peptides. This num-
ber of clones should result in a coverage of >99% [41] of
all signal sequences fused to cutll. B. subtilis PAL5 was
transformed with this library and cultures grown from
single colonies were analyzed regarding enzymatic activ-
ity towards pNPP, split GFP and mCherry fluorescence.

Online cultivation and fluorescence measurements of
cut11 expression cultures in a biolector microbioreactor
system

Expression cultures

For cutll expression cultures, 1 mL enriched LB medium
was inoculated with a single B. subtilis transformant and
grown overnight at 30° C and 1100 rpm in a FlowerPlate".
The overnight cultures were used to inoculate 1 mL
expression medium in each FlowerPlate® well to an opti-
cal density (ODgg,) of 0.05. Cells were then cultivated
in BioLector microbioreactor (m2p-labs, Baesweiler,
Germany) at 30 °C and 1100 rpm for 24 h.

Online measurements

Cell growth was measured as light scattering signal at
A=620 nm. For online monitoring of secretory Cutll
production, a 3% (v/v) GFP1-10 solution was added after
16 h of cultivation and the fluorescence accompanying
the reconstitution of holo-GFP was measured using the
eYFP filter (A =508 nm, A, =532 nm). GFP1-10 was
produced in E. coli BL21(DE3) using pET22b-GFP1-10 in
inclusion bodies, which were purified as described pre-
viously [18]. For obtaining GFP1-10 solution, the puri-
fied inclusion body fraction was dissolved in 9 M urea (1
ml urea per 75 mg of protein). Cellular stress caused by
cutinase secretion was monitored using the mCherry fil-
ter (A\;,=580 nm, A\; ;=610 nm). All measurements were
carried out at a time interval of 15 min.

Cut11 signal peptide screening

Expression cultures

The Cutll signal peptide screening was carried out in
microtiter plates (MTPs). 150 uL enriched LB medium
were inoculated with a single B. subtilis PAL5 library
transformant and grown at 30 °C and 900 rpm. For
expression cultures 150 pl enriched LB medium was
inoculated with 5 pl of the overnight cultures prior to
cultivation at 30 °C and 900 rpm for 24 h. For in vivo split
GFP assay, 3% (v/v) GFP1-10 solution were added into
culture broth after 16 h of cultivation.

Offline fluorescence measurements

For offline fluorescence measurements, the cultures were
diluted 10-fold with 100 mM Tris-HCI pH 8 prior to the
measurements in the Tecan Infinite M1000 Pro micro-
plate reader (Tecan, Minnedorf, Switzerland). The GFP
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fluorescence obtained by holo-GFP reconstitution was
measured with the following parameters: A\;, =485 nm
(bandwidth 10 nm), Ag,=505-550 nm (5 nm steps,
bandwidth 5 nm, gain 120). The emission maximum at
510 nm was used for analysis and was normalized to the
cell density (ODgg) for calculation of fluorescence units.
Additionally, the secretion stress signal, represented by
mCherry fluorescence, was read out with the following
parameters: A\;, =585 nm (bandwidth 10 nm), Ap,=605—
650 nm (5 nm steps, bandwidth 5 nm, gain 150). The
emission maximum at 610 nm was used for analysis and
normalized to the cell density (ODgg,) for calculation of
fluorescence units.

Determination of Cutll activity For determination of
the enzymatic activity of Cut11, the chromogenic substrate
p-nitrophenyl palmitate (pNPP, Sigma-Aldrich/Merck,
Darmstadt, Germany) was used [42]. After cultivation,
cultures were separated into supernatant and cell pellet
by centrifugation. The supernatants were diluted 40-fold
with 100 mM Tris-HCl pH8 and subsequently, 10 pl of the
dilution were mixed with 190 pl substrate solution (47.22
mM K,HPO,, 2.77 mM KH,HPO,, 1.11 mg/ml gum ara-
bic, 2.3 mg/ml sodium deoxycholic acid, 3 mg/ml p-nitro-
phenyl palmitate), incubated at 37 °C and the change of
absorption at 410 nm was measured for 15 min using the
SpectraMax 250 plate reader (Molecular Devices, Biber-
ach an der Riss, Germany). The volumetric activity (U/ml)
was calculated using the molar extinction coefficient of
pPNP (15,000 M cm™ for the used reaction conditions)
and normalized to the cell density (ODgg).

In silico analyses Domain structures of SPp,, SPg,,, and
SPg,, were predicted with SignalP 6.0 [43], and the sig-
nal peptide hydrophobicity was determined according to
Kyte&Doolittle using ProtScale [44, 45]. The Pearson cor-
relation coefficient [46] was determined with the “Pearson
function” within Microsoft Excel.

Results and discussion
Monitoring secretion stress response towards Cut11
secretion with the biosensor strain B. subtilis PAL5
The secretion stress biosensor strain B. subtilis PAL5 is
based on the CssRS two-component system and was
constructed by replacing the htrA gene with mCherry
encoding the red-fluorescent protein to distinguish the
biosensor signal from the green fluorescence signal of the
split GFP assay.

The functionality of the biosensor strain was tested in
a BioLector microbioreactor by time-resolved secretion
stress analysis of F solani pisi cutinase fused to three
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different B. subtilis signal peptides (see Additional file
1: Fig. S1), namely SPg,, from the extracellular protease
Epr [47], SPp, from the pectate lyase Pel [48] and SPg,
from the extracellular ribonuclease Bsn [49]. We previ-
ously observed that these signal peptide-cutinase fusions
resulted in different amounts of extracellular cutinase in
the order of SPp, > SPg, > SP;, [29]. All variants were
constitutively expressed in the biosensor strain B. subtilis
PALS5. For online monitoring of secretion stress, trans-
formants were cultivated in the BioLector microbio-
reactor for 24 h at 30 °C, while scattered light intensity
and mCherry fluorescence were continuously measured
(Fig. 1A). All cutinase producing cultures showed similar
growth behavior (Fig. 1A, inset), which allowed a direct
comparison of mCherry fluorescence intensities of the
different strains. In all cases, secretion stress increased
from the beginning of the exponential growth phase
(approx. 6 h after inoculation) to around 12 h after inoc-
ulation (Fig. 1A). B. subtilis PAL5 had a relatively high
basal stress level, as indicated by the fluorescence inten-
sity of the empty vector harboring strain, presumably due
to misfolding of naturally secreted proteins of B. subtilis
as previously described [25].

The mCherry fluorescence for the variants with SPg,,
and SPp,, was similar throughout the cultivation period.
For the SPp, variant, secretion stress increased slightly
earlier and more strongly, resulting in about 30% higher
mCherry fluorescence compared to the other cutinase-
secreting strains. For analyzing the correlation between
secretion stress and amount of active target protein after
secretion, cutinase activities were measured with pNPP
in the cell-free supernatants after cultivation (Fig. 1B).
The SPg,, variant exhibited the lowest stress level and
also showed the lowest extracellular cutinase activity.
Secretion of the variant SPp, showed a similar stress
response but yielded about 50% higher enzymatic activ-
ity. Variant SPp, clearly showed the highest stress level
compared to the other signal peptide constructs, but
enzymatic activity was only slightly higher than that of
variant SPp,,, (1.00+0.13 U/ml compared to 0.88+0.06 U/
ml). In contrast to our previous study [29], variant SPg,
showed a higher cutinase activity than variant SPp, pre-
sumably caused by different medium composition, here
8-fold more tryptone (8% (w/v) tryptone vs. 1% (w/v)
tryptone) and different cultivation conditions (growth for
24 h at 30 °C vs. growth for 6 h at 37° C). Both factors
strongly influence the protein yield as shown before for
cutinase secretion by C. glutamicum mediated by differ-
ent signal peptides [50].

Different signal peptides resulted in different yields
of secreted enzyme; however, a correlation between the
enzymatic activity and secretion stress was not observed,
as it was already reported for C. glutamicum [24]. The
reasons for this discrepancy can be manifold. SPp,, for
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Fig. 1 Stress response induced by secretion of cutinase fused to different signal peptides. A Growth and secretion stress were measured online in a
Biolector microbioreactor. B. subtilis PALS harboring the expression vectors pBS-4nt-SPpg-Cut11 (SPpg), pBS-4nt-SPe,-Cut11 (SPgy,) or pBS-4nt-SPg-Cut11
(SPgs,,) for cutinase secretion or the empty vector (EV) was grown for 24 h and mCherry fluorescence (Ex. A=580 nm, Em.A=610 nm) as well as cell density
(insert: light scattering at A=620 nm) were determined. Expression vectors harbor the constitutive Py, promoter, a four nucleotide long ribosome bind-
ing site spacer between Shine-Dalgarno sequence and start codon and the GFP11 tag encoding sequence at the 3'-end of the cut gene. B Enzymatic
activities in supernatants from BiolLector grown cultures were determined with pNPP as substrate. Cultivation was carried out in biological triplicates and
hydrolytic activity was measured in technical triplicates. Error bars indicate the standard deviations

example, is a much shorter and less hydrophobic sig-
nal peptide than SPg,, and SPg,. (see Additional file 1:
Fig.S1). A similar signal peptide constellation has already
been analyzed with the signal peptides of a-amylase,
levansucrase, and levanase from B. subtilis. This com-
parison revealed that the signal peptide of levansucrase,
which was the shortest and least hydrophobic signal pep-
tide among the examined ones, is cleaved more slowly
from the mature protein [51]. Furthermore, signal pep-
tides also influence the translation initiation [29]. The
tenfold higher translation initiation rate calculated for
SPp in comparison to SPg, and SPg,, could result in
overloading of the chaperone PrsA, which has already
been observed for the overexpression of other secretory
proteins [52].

These results indicate that stress associated with Sec-
dependent protein secretion can be easily monitored
with the novel mCherry-based sensor strain B. subtil-
ity PALS5, thereby providing important information on
possible bottlenecks of biotechnological production of
secretory proteins in B. subtilis. On the other hand, the
relation between stress response and amount of secreted
enzyme or extracellular enzymatic activity remains to be
elucidated in more detail.

Online detection of secreted Cut11 during cultivation
using the in vivo split GFP assay

The activity-independent split GFP assay provides infor-
mation about the amount of cytoplasmic and secreted
GFP11-tagged proteins [18, 19]. For the previously

published in vitro split GFP assay, the cell-free culture
supernatant that contains the GFP11 tagged target pro-
tein must be separated from cells after cultivation and
subsequently mixed with externally produced GFP1-10
in solution. Before fluorescence measurements, this mix-
ture has to be incubated for at least 16 h under agita-
tion for reconstitution of fluorescent holo-GFP formed
by GFP1-10 and the GFP11 tag [18]. In order to allow
a fast detection suitable for online monitoring of target
protein secretion, we tested the addition of GFP1-10 to
the culture broth during cultivation thereby enabling in
vivo holo-GFP reconstitution. To evaluate if the split GFP
assay can also be applied in vivo for the online detection
of protein secretion, B. subtilis PAL5 harboring one of
the previously used expression plasmids was cultivated
in a BioLector microbioreactor in enriched LB medium
at 30 °C for 24 h. GFP1-10 solution was added directly
to the culture broth at a final concentration of 3% (v/v)
after 16 h of cultivation. Backscatter and GFP fluores-
cence were subsequently measured every 15 min for a
time period of 24 h.

We directly compared the fluorescence values deter-
mined for different strains producing SPp-, SPg,. or
SPp,,-Cutll, as all cultures showed similar growth
behavior (Fig. 2A, inset). The fluorescence values
obtained from strains carrying the corresponding empty
vector were subtracted from those of cutinase secreting
strains (Fig. 2A). As expected, the target protein produc-
ing strains showed almost no fluorescence signal until
the GFP1-10 solution was added. Then, GFP fluorescence
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Fig. 2 Online detection of Cut11 secretion using the in vivo split GFP assay. A Cell growth and online detection of secreted Cut11 were determined in a
BioLector microbioreactor system. Cell density (light scattering at A=620 nm) and split GFP fluorescence (Ex. A=508 nm, Em. A=532 nm) were measured
of B. subtilis PAL5 harboring one of the expression vectors pBS-4nt-SPp-Cut11 (SPpg)), pBS-4nt-SP,-Cut11 (SPg,,) or pBS-4nt-SPg, -Cut11 (SPg) or the
respective empty vector (pBSMul1, EV). All expression vectors harbor a four nucleotide spacer between Shine-Dalgarno sequence and cut!1 start codon.
The fluorescence values of strains carrying the empty vector were subtracted from the fluorescence values of cutinase-expressing strains. A solution of
GFP1-10 was directly added to the culture broth to a final concentration of 3% (v/v) after 16 h of cultivation (indicated by dotted line). B Enzymatic activi-
ties of supernatants of cultures grown for 24 h in a BioLector system. All cultivations were performed in biological triplicates and activity measurements
were additionally performed in technical triplicates. Error bars indicate the standard deviations

rapidly increased for about an hour, caused by assembly
of holo-GFP from GFP1-10 and secreted cutinase car-
rying the GFP11 tag. A good correlation was observed
between split GFP fluorescence and the corresponding
enzymatic activity determined with the substrate pNPP
(Fig. 2B). The results therefore clearly demonstrate the
applicability of the in vivo split GFP assay as an easy-to-
perform and time-saving in vivo assay suitable for online
detection of secreted enzymes.

Analyzing cutinase secretion by simultaneous use of the
split GFP assay and the secretion stress biosensor

As a next step, we evaluated the simultaneous use of the
mCherry-based secretion stress biosensor strain B. sub-
tilis PAL5 and the in vivo split GFP assay to investigate
whether the amount of secreted Cutll (determined by
the split GFP and activity assay) directly correlates with
the corresponding signal of the secretion stress biosen-
sor. To this end, the production of SPp-, SPg,- and
SPp.,-Cutll was gradually increased by varying the
spacer length (four to twelve nucleotides) between the
Shine-Dalgarno sequence and the Cutll start codon
binding site as described previously [29]; the constructs
are shown in Fig. 3. The cutinase secreting strains were
cultivated at 30 °C and 1100 rpm for 24 h, the fluores-
cence of holo-GFP and mCherry were measured directly
in the culture broth after cultivation, while the enzymatic
activities were measured in the cell-free supernatant. All

values were normalized to the SPp, variant with a four
nucleotide long spacer (4nt-SPp,;; Fig. 4).

As expected, Cutll secretion for each signal peptide
was maximally increased when the spacer length was
extended from 4 to 8 or 9 nt, as observed previously
[29]. A good correlation was found between fluorescence
data from the in vivo split GFP assay and the enzymatic
activities (Fig. 4A and B; r=0.85; R>=0.73). However,
the sensitivity of the in vivo split GFP assay decreased
with inferior performing variants, as shown by similar
split GFP fluorescence, but different activities, e.g., for
the variants carrying the signal peptide SP,, and 4 to 6
nt spacers (Fig. 4B-SPg,; see Additonal file 1: Tab. S1).
Notably, the enzymatic activities and the stress responses
of B. subtilis strains secreting cutinase fused to different
signal peptides and with varying spacer lengths showed a
good correlation (Fig. 4A and C; see Additional file 1: Tab.
S2). The correlation between secretion stress response
and enzymatic activities was similar for cutinases which
secretion was facilitated by the signal peptides SPg,,
and SPp, (r=0.92 and r=0.96). For SPp, the correlation
between biosensor response and enzymatic activity was
slightly worse (r=0.84). Here, it was noted that for spacer
lengths>7 nt the increase of secretion stress response
was higher than the increase in cutinase amount and
enzymatic activity. The level of secretion stress deter-
mined for the constructs carrying different spacer lengths
coincided with the corresponding calculated translation
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ACAT ATG 4nt
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AAAAAACAT ATG Int
AAAAAAACAT ATG 10nt
AAAAAAAACAT ATG 11int
AAAAAAAAACAT ATG 12nt

Fig. 3 Schematic illustration of the cutinase expression plasmids. The expression plasmids harbor a Shine Dalgarno sequence (SD, yellow), a spacer
region (brown), the start codon of the target gene (red line), the respective signal sequence (SPp, [dark green], SPEpr [blue] or SPg,,, [violet]), cut (orange)
and the gfp11 tag (light green). The nucleotide sequences covered by the Shine Dalgarno (SD) sequence and the spacer region with lengths varying from

410 12 nucleotides (nt) by insertion of adenosines are shown

initiation rates that we have reported previously (see [29]
for details). The disproportionally high increase in secre-
tion stress may indicate improper protein folding at a
significant rate, thereby reducing efficient protein secre-
tion. Excessive protein secretion can result in overloading
the secretion machinery, but also protein folding com-
ponents, as shown for the extracellular chaperone PrsA
[52]. Additional experiments are required to prove if this
is the case here.

In conclusion, we have successfully combined the split
GFP assay with the secretion stress biosensor thereby
providing more detailed insights into the process of
recombinant protein secretion. Increased stress can pin-
point a bottle neck in secretion; therefore, it is desirable
for secretion optimization to select a SP that confers low
accompanying secretion stress.

Screening of a signal peptide library using the in vivo

split GFP assay and the secretion stress biosensor strain B.
subtilis PAL5

Finally, we analyzed, whether the combination of the
detection systems described before is applicable for a
screening campaign at 96 well-scale by using the cutin-
ase as a model enzyme. To this end, the cutll gene was
fused to all 173 -Sec-related signal peptides predicted
for proteins secreted by B. subtilis [13]. After transfor-
mation of B. subtilis PAL5 with the SP-Cutll library,
480 individual clones were analyzed with respect to the
amount and activity of the secreted cutinase and the

accompanying secretion stress, as determined by measur-
ing the mCherry fluorescence. The data were normalized
to those obtained with B. subtilis PAL5 expressing the
fusion 4nt-SPp, "cutinase defined as benchmark (Fig. 5A).

Screening of the signal peptide library again revealed
a correlation between results obtained with the split
GFP assay and enzymatic activity (r=0.77; R*=0.61),
although with reduced sensitivity for low-secreting vari-
ants. Again, no correlation was observed between the
secretion stress response and the amount/activity of the
secreted cutinase. Screening campaigns with single bio-
logical samples are however subject to large statistical
variations. Therefore, we selected five clones with the
highest level of cutinase secretion based on the split GFP
measurement that were subsequently recultivated as bio-
logical triplicates and then reassessed for cutinase secre-
tion and associated stress (Fig. 5B).

All variants showed similar enzymatic activities
and split GFP fluorescence intensities. Plasmid DNA
sequencing of the respective five parental clones iden-
tified the signal peptides SPy,,; (and SPyumz:), SPyip
(two clones) and SPp,., responsible for the high-
level cutinase secretion. The split GFP fluorescence
of variant SPy,.,--cutinase was slightly reduced com-
pared to SPy,,,-cutinase. It is interesting to note that
SP\amzs-cutinase harbors the point mutation A252S
in the GFP11 tag, which may affect holo-GFP recon-
stitution. Among the variants, SPp,z-cutinase and
SPyamz-cutinase were the best secreted enzymes and
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Fig. 4 Analysis of cutinase secretion by B. subtilis with Cut11 carrying three different signal peptides and varying the length of the ribosome binding
site spacers. B. subtilis PALS strains harboring expression plasmids pBS-Xnt-SPpq-Cut11 (SPpg)), pBS-XNnt-SPep-Cut11 (SPey,) or pBS-Xnt-SPge-Cut1 (SPgg)
were cultivated in a BioLector microbioreactor system at 30 °C and 1100 rpm for 24 h. The plasmid series differ in the length of the ribosome binding site
spacer (4-12 nucleotides, indicated as Xnt in the plasmid name) between the Shine-Dalgarno sequence and the cut11 start codon resulting in a gradual
change of translation efficiency as described by Volkenborn et al.,, 2020. A Relative enzymatic activities (grey bars) were measured with the substrate pNPP.
B Relative amounts of secreted Cut11 (green bars) determined by the in vivo split GFP assay, where a solution of 3% (v/v) GFP1-10 was directly added into
the culture broth after 16 h of cultivation. C The change of secretion stress was determined as relative fluorescence of mCherry (red bars). All cutinase
activities and fluorescence values of split GFP and mCherry were measured after 24 h of cultivation, normalized to the backscatter and compared to the
4nt-SPPel variant. Cultivations were performed in biological triplicates and activity measurements were additionally performed in technical triplicates.
Error bars indicate the standard deviations

they were secreted at a similar level. Considering the secretory production of SPy,,y-cutinase poses less
cellular stress associated with secretion, a substantially  stress on the cells, suggesting more efficient secretion.
higher mCherry fluorescence was detected for SPp,z  Thus, for further optimization of secretion, for instance
(100.48+6.26 AU vs. 77.711£4.76 AU, respectively) indi- by improving the signal peptide via (random) mutagen-
cating a more pronounced stress response. Apparently esis approaches SPy,,,z would be the preferred choice.
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Fig. 5 Screening of a SP-Cut11 library. A The cutl1 gene was fused to B. subtilis signal peptide library. The secretion biosensor B. subtilis PAL5 was trans-

formed with the SP library and 480 clones were analyzed in vivo regarding

the enzymatic activity using the substrate pNPP (grey, activity), the protein

amount as determined by split GFP fluorescence (green, split GFP fluorescence) and the corresponding secretion stress as indicated by mCherry fluores-
cence (red, mCherry fluorescence) The construct 4nt-SPy.-cutinase was taken as benchmark (dotted line) B Selected variants were transferred to B. subtilis

PAL5 and the resulting strains were cultivated, analyzed, and the correspond

However, in case variant SPp, z-cutinase would be cho-
sen for further optimization it is desirable to also allevi-
ate increased secretion stress e.g. by optimization of the
secretory protein folding for instance by enrichment of
cations in the peptidoglycan layer or by overexpression of
the molecular chaperone PrsA [53-55].

In conclusion, we showed here for the secretion of
cutinase by B. subtilis that the secretion stress response
only partially reflects secretion levels. Protein misfold-
ing competes with effective secretion leading to high-
level stress and disproportionally low protein secretion.
Nevertheless, the stress response can pinpoint secretion
bottlenecks and thus can aid in selection of a more suit-
able signal peptide for further improvement of secretion
of a target protein.

ing signal peptides were identified by DNA sequencing

Conclusions

In this study, we have combined the mCherry-based
secretion stress biosensor strain B. subtilis PAL5 with
the in vivo split GFP assay allowing for parallel monitor-
ing of the cellular stress response during protein secre-
tion and the activity-independent quantification of a
secreted target protein. The in vivo split GFP assay con-
sistently revealed a good correlation with extracellular
enzymatic activity, although a slightly reduced sensitivity
was observed for variants exhibiting low secretion lev-
els. Interestingly, we did not observe a direct correlation
between secretion stress and the amount of secreted pro-
tein fused to different signal peptides. The signal peptide
(and its corresponding RNA regions) may affect diverse
steps on the way to the mature secreted enzyme, e.g.,
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mRNA stability, translation initiation, interaction with
the signal recognition particle, signal peptide processing
and folding upon/after translocation. Upon modulation
of the translation initiation rate by changing the length
of the ribosomal binding site spacer [29], we indeed
observed a correlation between the amount and activ-
ity of secreted target protein and secretion stress. Our
results suggest that the secretion biosensor strain B.
subtilis PAL5 can be used in combination with fluores-
cence activated cell sorting (FACS) for the identification
of cells, which secrete a protein of interest at high level
as previously demonstrated for the secretion biosensor
strain C. glutamicum K9 using a signal peptide mutant
library [15]. As a future approach it appears conceivable
to combine the here described methods with the pre-
viously described iSplit GFP assay [19] for the in vivo
detection of intracellular target proteins. Such a combi-
nation would allow to monitor in more detail the entire
secretion process and thus enable researchers to easily
identify bottlenecks for secretion optimization.
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