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The production of lipopolysaccharide (LPS)-free recombinant proteins from culture supernatants is of
great interest to biomedical research and industry. Due to the LPS-free cell wall structure and the well-
defined secretion factor B (SecB)-dependent secretion pathway, Gram-positive bacteria are a superior
alternative to Escherichia coli expression systems. However, the lack of inducible expression systems
for high yields has been a bottleneck. To address this, we developed the pKS81 plasmid, featuring the
uhpT (glucose-6-phosphate [G6P] transporter) promoter for high expression of recombinant proteins
induced by extracellular G6P via a three-component hexose phosphate transport regulatory system
(HptARS), the N-terminal SecB-dependent signal peptide sequence for recombinant protein secretion,
and the C-terminal 8 X histidine tag for purification by nickel affinity chromatography. We also
generated an expression host strain, Staphylococcus aureus LAC9, lacks the uhpT gene and harmful
superantigen and leukotoxin genes, allowing for constitutive HptARS activation by extracellular G6P
and increased safety, respectively. Using the pKS81 plasmid, we successfully achieved high yields of
prokaryotic (staphylococcal leukotoxin E) and eukaryotic (human annexin A2 protein tagged with
mouse IgG1) recombinant proteins, up to 900 mg/L. Our newly established inducible and secretory
expression system provides for efficient production and easy purification of LPS-free recombinant
proteins, making it valuable for biomedical research and industrial applications.
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A large-scale production of recombinant proteins is important for biopharmaceutical companies and other
industries. Escherichia coli (E. coli) has been the most widely used recombinant protein expression agent
due to the ease of genetic manipulation and the availability of various inducible expression vectors that
reproducibly produce large protein yields. The main challenges with protein expression and purification in
E. coli systems are a lack of an efficient secretory system that requires complicated purification processes and
results in contamination by lipopolysaccharides (LPS) which is highly toxic to humans!2 In E. coli, proteins are
synthesized in the cytoplasm and excreted by the secretion factor B (SecB)-dependent type II secretion system
by which pre-proteins are carried to the inner membrane and transferred to the periplasmic space where they are
folded and excreted by non-specific periplasmic leakage®*. However, many recombinant proteins are trapped in
the periplasm®, which requires enzymatic and/or mechanical disruption for protein purification. During these
processes, recombinant proteins are mechanically or enzymatically damaged resulting in functional loss or poor
yield®. Furthermore, recombinant proteins purified from E. coli are heavily contaminated with LPS which can
cause secretion of proinflammatory cytokines, inhibition of cell growth, and hyperactivation of immune cells,
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resulting in endotoxic shock or even death”®. Therefore, LPS must be removed from FDA-approved biologics
which requires extensive and costly downstream procedures®!°.

Gram-positive bacteria possess a single layer of cytoplasmic membrane free of LPS and the presence of
defined SecB-dependent secretory system which allows the translocation of recombinant proteins into the
culture supernatants without LPS contamination, making it an ideal system to produce recombinant proteins
for biomedical uses!!!2. Several Gram-positive bacteria including Bacillus, Lactococcus, and Streptomyces have
been used in industry to produce a variety of recombinant proteins!*>-!¢. However, large-scale production of
recombinant protein has been challenging due to the lack of efficient inducible expression systems.

Recently, we characterized the hexose phosphate transport (Hpt) system in Staphylococcus aureus'’. The
Hpt system is composed of the three-component regulatory system (HptARS) and the UhpT hexose phosphate
transporter. HptA senses extracellular glucose-6-phosphate (G6P) which induces phosphorylation of the HptS
histidine kinase, followed by phosphorylation of the HptR transcriptional factor in the HptRS regulatory system.
The phosphorylated HptR binds to the uhpT gene promoter region (GTTCAGTATTTTGGATAATTTAATAA
TTTT) and induces uhpT transcription at several hundred-fold to facilitate uptake G6P from the media!”"%.

In this study, we developed an inducible secretory expression vector system by generating a pKS81 plasmid,
containing the uhpT gene promoter and the SecB-dependent signal peptide sequence, in a S. aureus UhpT
deletion mutant expression host strain. Using this system, we demonstrated successful expression of prokaryotic
and eukaryotic proteins at yields of up to 900 mg/L. These results indicate that the inducible secretory expression
vector system established in this study provides for efficient production and easy purification of LPS-free
recombinant protein which can be broadly used for biomedical research and industry.

Materials and methods

Bacterial strains, plasmids, DNA constructs, and peptide sequences

The E. coli-S. aureus shuttle vector, pOS1, was obtained from Dr. Taeok Bae (Indiana University). The DNA
sequences of the uhpT promoter, the signal peptide sequence of HIb (UniProtKB: P09978), LukE (UniProtKB:
054081), AnxA2 (UniProtKB: P07355), and mouse IgGFc (UniProtKB: P01868) were chemically synthesized
(GenScript Biotech). A bioluminescent reporter plasmid, pLuxABCDE (Caliper) was used to assess the
transcriptional activity of the uhpT promoter.

Construction of inducible secretory expression vector system, pKS81 and S. aureus
expression host strain
The synthetic oligonucleotides containing the uhpT gene promoter, a signal peptide sequence of Hlb, multiple
cloning sites, and the C-terminal 8 X histidine residues were synthesized (GenScript Biotech) and cloned into
the EcoRI/Nhel restriction sites in the pOS1 plasmid, resulting in a pKS81 plasmid (Fig. 1A).
AmodifiedpMAD-CM-GFP ,atemperature-sensitive shuttle vector system, was used to generate markerless
deletion of the uhpT, superantigen and leukotoxin genes from S. aureus LAC resulting in S. aureus LAC9
(AuhpT, AhlgABC, AlukFS, Ahla, AlukGH, Apsm, AlukDE, Aselg, Aselk, Aselx) as described previously”. Briefly,
the upstream and downstream of the target gene fragments were amplified by PCR and cloned into pMAD-CM-
GFPuv. The resulting plasmid was electroporated into S. aureus LAC using an ECM 630 exponential decay wave
electroporation system (BTX', Harvard Apparatus). The transformed strain was cultured in CY (1% casamino
acids, 1% yeast extract, 100 mM NaCl) agar plate with chloramphenicol (10 pug/mL) at 43 °C using Isotemp”
incubator (Fisher Scientific), which is a non-permissive temperature for the plasmid replication, to promote the
first homologous recombination. A single colony was transferred to CY agar plate with chloramphenicol and
cultured at 37 °C to promote the second recombination, resulting in a deletion of the target gene. The deletion
of the uhpT, superantigen, and leukotoxin genes was confirmed by sequencing using a nanopore sequencing kit
(Nanopore technologies, UK).

Measuring transcriptional activity of the uhpT promoter by bioluminescent signal

To measure the induction of target gene expression by G6P under the control of the uhpT promoter, a synthetic
DNA fragment containing the uhpT gene promoter region was cloned into a promoterless bioluminescent
plasmid (pLuxABCDE)"®. The resulting plasmid was transformed into E. coli DH5a, transferred into S. aureus
RN4220, and subsequently electroporated into S. aureus LAC wild type or LAC9. S. aureus wild type or LAC9
strains, harboring the constructed plasmid, were cultured in CY broth without or with 2% G6P at 37 °C and
bioluminescence was measured using Cytation 5 cell imaging multimode reader (BioTek Instrument). To
determine the optimal G6P concentration for inducing maximal target gene expression, LAC9 harboring the
constructed plasmid were cultured in CY broth supplemented with varying G6P concentrations (0, 0.5, 1, 2 or
3% w/v), corresponding to approximately 19.2 mM, 38.4 mM, 76.8 mM, and 115.3 mM, respectively, at 37 °C
and bioluminescence was measured using the same method.

Expression and purification of staphylococcal leukotoxin E (LukE) and human annexin A2
fused with mouse IgG1 heavy chain (AnxA2-mlgG1) using pKS81 and S. aureus expression
host strain

Synthetic DNA encoding LukE or AnxA2-mIgG1 was cloned between the BamHI and Xhol sites in the pKS81.
The resulting plasmids were transformed into S. aureus LAC9 by electroporation. To determine the optimal G6P
concentration for maximal LukE expression, the transformed strains harboring pKS81 LukE were cultured in
CY broth containing various concentrations of G6P (0, 0.5, 1, 2, or 3% w/v) at 37 °C for 18 h with shaking at
200 rpm using MaxQ" 4450 Benchtop Orbital Shaker (ThermoFisher scientific). To verify the protein expression
in culture supernatants, the samples were centrifuged at 13,500 X g using a microcentrifuge (Eppendorf),
supernatant proteins were then concentrated by precipitation with trichloroacetic acid (10%, w/v). The proteins
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Fig. 1. Construction of an inducible secretory expression system, pKS81. (A) The sequence of the HptR
binding site, uhpT promoter (-35 and -10), ribosome binding site, and N-terminal signal peptide sequence of
the HIb, multicloning sites, and 8 X histidine tag cloned into the pOS1 plasmid. (B) A schematic illustration of
recombinant protein expression, secretion, and purification process.

were analyzed by 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) at 125 V for
1.5 h using a XCell SureLock™ Mini-Cell electrophoresis system (Invitrogen) and visualized using Coomassie
Blue staining. The image of the stained gel was digitized by the ChemiDoc” MP imaging system (Bio-Rad
Laboratories, Inc) using Image Lab" Touch Software, version 2.4.0.03, with optimal auto-exposure setting.

For protein purification, LAC9 strains harboring the constructed plasmids were cultured in 50 mL of CY
broth containing 2% G6P at 37 °C for 18 h with shaking at 200 rpm. Generally, OD, of overnight culture
ranged around 1.8. The culture supernatants were collected by centrifugation at 18,000 X g for 10 min using
Sorvall RC6 + superspeed centrifuge, filter-sterilized using 0.45 um polyethersulfone syringe filter (Corning),
and the His-tagged proteins were purified on the Hisprep™ Fast flow 16/10 column (Cytiva) by AKTA pure”
chromatography systems (Cytiva) with Unicorn 6.4 software, as suggested by the manufacturer. Purification was
conducted at a flow rate of 5 mL/min, 22 °C, with detection at 280 nm and the fraction volume of 5 mL. The
elution buffer was exchanged with PBS using Amicon” Ultra Centrifugal filter tube (10 kDa MWCO, Millipore
Sigma), and the final volume was adjusted to 3 mL. Protein concentrations were quantified by measuring the
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absorbance at 280 nm using a Nanodrop Spectrophotometer (Thermo Fisher Scientific). Purified proteins were
analyzed by 12.5% SDS-PAGE and visualized using Coomassie Blue staining, with digitized gel images captured
as described above.

Cytotoxicity assay with human leukocytes

A cytotoxicity assay with human leukocytes was performed to verify the biological activity of recombinant
LukE expressed in our pKS81 vector system. Blood was obtained by venipuncture from healthy volunteers
and informed consent was obtained from the volunteers in accordance with the protocol (18-283), which was
reviewed and approved by the Institutional Review Board at Mississippi State University. Human leukocytes
were purified by lysing red blood cells with ammonium-chloride-potassium lysing buffer (Invitrogen). Purified
human leukocytes were adjusted to 1 X 105/mL in serum free RPMI media. Cells were co-incubated with purified
LukE (1 pg), LukD (1 pg, Abcam), or both LukD and LukE for 30 min and then propidium iodine solution (1uM)
was added. The fluorescent intensity as an indication of membrane damage was measured using Cytation 5 cell
imaging multimode reader (BioTek Instrument).

Statistical analysis
The statistical significance of data for cytotoxicity assay was analyzed by Student t-test using GraphPad Prism
version 9.4.1 (GraphPad).

Results

Construction of an inducible and secretory expression vector system and a compatible S.
Aureus host strain

Synthetic DNA containing the HptR binding sites, the promoter region of the uhpT gene (-35 and -10 sites),
a ribosome binding site, and the N-terminal secretory signal peptide sequence of the f-hemolysin (HIb), the
multicloning sites, and C-terminal 8 X histidine residues was chemically synthesized and cloned into the pOS1
E.coli-S. aureus shuttle vector, resulting in an inducible and secretory expression vector system, pKS81 (Fig. 1A).
The resulting pKS81 vector allows for induced expression of the target gene by extracellular G6P and secretion
of the expressed protein into the media due to the SecB-dependent HIb signal peptide sequence. The C-terminal
8 X histidine tag allows for simplified purification of the expressed protein from the supernatant using nickel
affinity column chromatography (Fig. 1B).

Since G6P is a highly metabolizable sugar quickly depleted by bacterial metabolism, the transcriptional
activation of the uhpT promoter by G6P could be temporal, lasting only as long as G6P remains in the culture
media. However, since UhpT is the only G6P transporter in S. aureus'’, we speculated that a deletion of the
uhpT gene would conserve G6P in the culture media which could constitutively activate the HptARS system
and sustain transcriptional activation from the uhpT promoter. In addition, S. aureus LAC strain produces
superantigens and leukotoxins and the contamination of these toxins could be harmful. To ensure high yield
production of recombinant protein and increased safety, we removed the uhpT, superantigen, and leukotoxin
genes from S. aureus LAC wild type strain using a markerless deletion system!’, resulting in S. aureus LAC9
strain (AuhpT, AhlgABC, AIukFS, Ahla, AlukGH, Apsm, AlukDE, Aselg, Aselk, Aselx). To demonstrate constitutive
transcriptional activation of the uhpT promoter by extracellular G6P, the uhpT promoter was cloned into a
promoterless bioluminescent pLuxABCDE plasmid, which was transformed into S. aureus LAC wild type and
LACO9 strain (Fig. 2A). When S. aureus wild type strain was cultured in the CY broth supplemented with G6P,
the bioluminescent signal rapidly increased, peaked at 4 h, and then decreased thereafter (Fig. 2B). By contrast,
the bioluminescent signal from S. aureus LAC9 was sustained throughout a whole culture period. These results
indicated that a deletion of the uhpT gene resulted in the sustained presence of G6P in the culture media, which
constitutively activated the HptARS system to induce continuous transcriptional activation of the uhp T promoter.
It is noted that no bioluminescent signal was observed from both S. aureus wildtype and AuhpT strains cultured
in the CY broth without G6P supplementation. These results indicated that transcriptional activation of the
uhpT promoter is strictly dependent on the presence of G6P in the culture media.

In addition, to determine the optimal conditions for maximal the uhpT promoter activity, LAC9 was cultured
with various G6P concentrations (0-3% w/v). The bioluminescence intensity exhibited a dose-dependent
response, with 2% and 3% G6P yielding robust and sustained levels of bioluminescent signals (Fig. 2C). This
result suggests that 2% and 3% G6P supplementation would be suitable for maximal expression of target protein.

Expression of prokaryotic proteins using an inducible and secretory protein expression
vector system
To further confirm the optimal G6P concentration for protein expression, the staphylococcal leukotoxin E
(lukE) gene was amplified and cloned into the pKS81 plasmid which was transformed into S. aureus LAC9.
When cultured in CY media with varying G6P concentrations (0-3% w/v), the strain showed a dose-dependent
increase in LukE protein expression levels (Fig. 2D), consistent with the dose-dependent uhpT promoter activity
observed in Fig. 2C. The bioluminescence signals and protein expression levels were similar at 2% and 3%
G6P, indicating that 2% G6P was fully sufficient for maximal transcriptional activity and protein expression.
Therefore, 2% G6P was selected as the optimal concentration for target protein expression and purifications in
the subsequent experiments.

To demonstrate that the inducible and secretory expression system established in this study can produce
a large quantity of prokaryotic protein LukE, the supernatant from the strain cultured in the CY media
supplemented with 2% G6P (w/v) showed high level of LukE expression at the expected molecular weight of
32.7 kDa which was absent in the culture supernatant from the CY media without G6P (Fig. 3A). A highly pure
LukE protein was obtained by nickel affinity chromatography, a yield of up to 15 mg/50 mL of culture.
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Fig. 2. Analyzing transcriptional activation of the uhpT promoter and protein expression by G6P. (A) A
schematic illustration of bioluminescent signal induced by extracellular G6P via HptARS, three-component
regulatory system and the uhpT promoter cloned into the promoterless pLuxABCDE plasmid. (B) S. aureus
LAC wild type and LAC9 strains harboring a bioluminescent reporter plasmid pLuxABCDE were cultured in
CY broth supplemented without or with 2% G6P. Activation of the uhpT gene promoter, indicated by induction
of bioluminescent signal, was measured using Cytation 5 cell imaging multimode reader (BioTek). Data

shown are the mean + SEM combined from three independent experiments. (C) S. aureus LAC9 harboring

a bioluminescent reporter plasmid pLuxABCDE were cultured in CY broth supplemented with various
concentrations of G6P (0, 0.5, 1, 2, or 3% w/v). Activation of the uhpT gene promoter, indicated by induction
of bioluminescent signal, was measured using Cytation 5 cell imaging multimode reader (BioTek). Data shown
are the mean + SEM combined from three independent experiments. (D) A synthetic DNA fragment encoding
LukE was cloned into BamHI and Xhol sites in the pKS81 plasmid which was transformed into S. aureus LAC9
strain. Transformed strain was cultured in CY broth supplemented with various concentrations of G6P (0, 0.5,
1, 2, or 3% w/v) for 18 h at 37 °C with shaking at 200 rpm. The proteins in culture supernatant were collected
and protein expression was analyzed by SDS-PAGE followed by Coomassie Blue staining. M: Protein marker,
lane 1: culture supernatant from CY broth without G6P, lane 2: with 0.5% G6P, lane 3: with 1% G6P, lane 4:
with 2% G6P, lane 5: with 3% G6P.

To verify the bioactivity of the purified LukE, we performed a cytotoxicity assay using human leukocytes.
The LukE is an S component of the bi-component leukotoxin, which is not cytotoxic by itself but requires an
F-component of the bi-component leukotoxin D (LukD) for cytotoxicity?®. As shown in Fig. 3B, incubation of
human leukocytes with LukE alone did not induce any cytotoxicity. By contrast, incubation of human leukocytes
with both LukE and LukD (obtained from Abcam) induced a strong cytotoxicity, as indicated by the propidium
iodine signal. These results indicated that the LukE expressed and purified from our study was highly pure and
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Fig. 3. Biological activity of recombinant LukE expressed and purified from an inducible and secretory protein
expression vector system, pKS81. (A) A synthetic DNA fragment encoding LukE was cloned into BamHI

and Xhol sites in the pKS81 plasmid which was transformed into S. aureus LAC9 strain. Transformed strain
was cultured in CY broth without or with supplementation of G6P (2%, w/v) for 18 h at 37 °C with shaking

at 200 rpm. The culture supernatant was collected and recombinant LukE protein was purified by the nickel
affinity chromatography. Protein expression and purification were analyzed by the SDS-PAGE with Coomassie
Blue staining. M: Protein marker, lane 1: culture supernatant from CY broth without G6P, lane 2: culture
supernatant from CY broth with G6P, lane 3: purified LukE. (B) Human leukocytes (1 X 10° cell/mL) were
incubated with purified LukE (1 pg), LukD (1 pg, Abcam), or both LukE/LukD (1 pg each) for 30 min at 37° C.
Cytotoxicity as indicated by incorporation of propidium iodine (PI) to the cellular DNA was measured using
Cytation 5 cell imaging multimode reader (BioTek). Data shown are the mean + SEM combined from three
independent experiments. Asterisk indicates statistical significance in Student t-test, compared to the results
from cell only (p <0.001).

biologically active. It also indicates that the expression host S. aureus LAC9 strain did not produce any other
harmful bi-component leukotoxins.

Expression of eukaryotic protein using an inducible and secretory protein expression vector
system

Initially, we attempted to express AnxA2-mIgGl using a conventional isopropyl p-d-1-thiogalactopyranoside
(IPTG)-inducible pET expression system in E. coli BL21(DE3) pLysS. However, we were unable to obtain soluble
AnxA2-mlIgGl; instead, we produced a low quantity of insoluble protein, rendering it unsuitable for bioassays
(Fig. 4A). Additionally, the expression levels were inconsistent across trials, with some experiments yielding no
detectable expression in the E. coli expression system. We then cloned the gene encoding the human annexin A2
fused with mouse IgG1 Fc (AnxA2-mIgG1) into the pKS81 plasmid which was transformed into S. aureus LAC9.
The supernatant from the strain cultured in the CY media supplemented with 2% G6P (w/v) showed a high level
of AnxA2-mIgG1 expression at the expected molecular weight of 69.1 kDa, while no expression was observed
in the culture supernatant from the CY media without G6P (Fig. 4B). A large quantity of pure AnxA2-mIgG1
protein was obtained by nickel affinity chromatography, with a yield of up to 45 mg/50 mL of culture.

Discussion

A lack of LPS and efficient secretion of recombinant proteins are great advantages of protein production in
Gram-positive bacteria'>!62!. However, the lack of efficient inducible expression systems has been a challenge??.
In this study, we leveraged the HptARS system in S. aureus, a bacterial three-component regulatory system which
responds to extracellular G6P and induces transcriptional activation of the uhpT promoter by several thousand
folds!”. We also utilized S. aureus LACY strain lacking the uhpT gene as an expression host so that extracellular
G6P would not be metabolized by S. aureus, and rather, constitutively activate the HptARS system for high-yield
production of recombinant protein by the uhpT promoter. It is noteworthy that transcriptional activation of
the uhpT promoter is tightly regulated by G6P as indicated by no bioluminescent signal from S. aureus LAC9
cultured in CY media without supplementation of G6P (Fig. 2B). This is because G6P is the only signal molecule
that activates the HptARS system. In addition, varying concentrations (0-3%) of G6P significantly influence the
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Fig. 4. Enhanced expression and purification of human annexin A2 tagged with mIgG1 by an inducible

and secretory protein expression vector system, pKS81. (A) Expression of AnxA2-mIgGlin pET expression
system using a pET28 vector in E. coli BL21 (DE3) pLysS strains with IPTG induction. Protein expression was
analyzed by the SDS-PAGE with Coomassie Blue staining. M: Protein marker, lane 1: Uninduced, lane 2: IPTG
induced soluble fraction, lane 3: IPTG induced insoluble fraction. (B) Expression of AnxA2-mIgG1 using a
pKS81vector in S. aureus LACY. Transformed S. aureus LAC9 was cultured in the CY broth with or without
G6P (2%, w/v) for 18 h at 37° C with shaking at 200 rpm. The culture supernatant was collected and AnxA2-
mlIgG1 was purified by the nickel affinity chromatography. Protein expression and purification were analyzed
by the SDS-PAGE with Coomassie Blue staining. M: Protein marker, lane 1: culture supernatant from CY broth
without G6P, lane 2: culture supernatant from CY broth with G6P, lane 3: purified human annexin A2 with
mlIgG1 tag.

activation of the uhpT promoter (Fig. 2C) and the yield of LukE proteins (Fig. 2D) in a dose-dependent manner,
with 2% G6P showing optimal induction for high yields. This tight regulation is advantageous for producing
toxic proteins or proteins that tend to form inclusion bodies when expressed at high concentrations.

For simple expression and purification of target proteins, we designed an expression vector system to clone
the target gene in-frame, fused between the N-terminal signal peptide sequence of Hib gene and a C-terminal
8 X histidine residue sequence. Secretion of proteins in Gram-positive bacteria is mostly mediated by the
Sec-dependent pathway in which the N-terminal signal peptide of target protein is recognized by the signal
recognition particle (SRP), which transfers the target protein to the cytoplasmic membrane?>~2%, The target
protein is then translocated across the cytoplasmic membrane by the Sec translocase and cleaved by the signal
peptidase (SPase) at the alanine-X-alanine motif in the signal peptide sequence, resulting in the release of target
protein into the culture media?>?*?>. This provides the added benefit that recombinant proteins retain their
native conformation, thereby maintaining their functional properties. Moreover, the concentration of G6P used
in the culture has been shown to directly affect the yield of recombinant proteins, underscoring the importance
of optimizing this parameter for efficient protein production.

As proof of principle, we expressed both a prokaryotic (LukE) and a eukaryotic protein (AnxA2-mIgG tag)
using a pKS81 and demonstrated yields of 15 mg and 45 mg, respectively, from a 50 mL culture supplemented
with 2% G6P. Typically, the yield of these recombinant LukE and AnxA2-mlIgG in E. coli with IPTG inducible
system was 5 mg and < 1 mg, respectively. Eukaryotic protein expressions in E. coli are often challenging due to
factors such as their tendency to form insoluble aggregates withing the cytoplasm, making recovery of functional
proteins difficult and inefficient?*~28. For instance, in our experience, AnxA2-mlgG expressed in E. coli primarily
partitioned into the insoluble fraction, yielding either a small amount of protein or none at all in different
experiments (Fig. 4A). High expression levels can also induce stress responses in the cells, which further reduce
protein yields. A study by Sivashanmugam et al.?° optimized conditions to achieve high yields of recombinant
proteins in E. coli using high cell density methods, reaching a very high cell density of OD, 10-20 and resulting
in 14-34 mg from a 50 mL culture for seven different eukaryotic proteins. In contrast, our expression vector
system and the S. aureus host strain established in this study have demonstrated higher efficiency in producing
both prokaryotic and eukaryotic recombinant proteins, using a cell density of only OD, 1.8. This suggests that
our expression system could provide an effective tool for expressing challenging proteins, such as AnxA2-mIgG.

To evaluate the purity and bioactivity of recombinant proteins expressed from the pKS81 system, we tested
the cytotoxicity of LukE against human leukocytes. Our results showed that LukE alone did not result in
cytotoxicity against human leukocytes but was highly cytotoxic in the presence of LukD, the F component of
the bi-component leukotoxin. This indicates that the LukE purified using our system is both highly pure and
functionally active.

In conclusion, our newly established inducible and secretory expression system underscores the versability
and high efficiency in generating a large amount of highly pure and LPS-free recombinant proteins, both
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prokaryotic and eukaryotic, from Gram-positive bacteria, suitable and useful for production of FDA-approved
biologics. This system is a robust tool for generating and purifying biologically active proteins, with the added
benefit that adjusting G6P concentrations can optimize protein yields, thereby enhancing its applicability in
biomedical research and biotechnology.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information file.
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