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Development of a Glycerol-Inducible Expression System for
High-Yield Heterologous Protein Production in Bacillus subtilis
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ABSTRACT The development of efficient, low-cost, and robust expression systems is
important for the mass production of proteins and natural products in large amounts
using cell factories. Glycerol is an ideal carbon source for large-scale fermentation due
to its low cost and favorable maintenance of the fermentation process. Here, we used
the antiterminator protein GIpP and its target promoter Py, to construct a highly effi-
cient glycerol-inducible expression system (GIES) in Bacillus subtilis. This system was
able to express heterologous genes in an autoinducible manner based on the sequen-
tial utilization of glucose and glycerol under the regulation of carbon catabolite
repression. In such a system, the concentration of glycerol regulated the strength of
gene expression, and the concentration of glucose affected both the timing of induc-
tion and the strength of gene expression. By enhancing GlpP, the GIES was further
strengthened for high-level intracellular expression of aspartase and secretory expres-
sion of nattokinase. High yields of nattokinase in a 5-L fermenter through batch and
fed-batch fermentation demonstrated the potential to apply the GIES for large-scale
enzyme production. Through the evolution of the —10 box of P, mutants with gra-
dient activities were obtained. In addition, hybrid glycerol-inducible promoters were
successfully constructed by combining the constitutive promoters and the 5’ untrans-
lated region of P, Collectively, this study developed a GIES to obtain high-value
products from inexpensive glycerol. More importantly, the great potential of the pair
of inherent terminator and antiterminator protein as a portable biological tool for vari-
ous purposes in synthetic biology is proposed.

IMPORTANCE In this study, a GIES was constructed in B. subtilis by employing the anti-
terminator protein GIpP and the GlpP-regulated promoter P, Based on the sequential
utilization of glucose and glycerol by B. subtilis, the GIES was able to express genes in
an autoinducible manner. The amounts and ratio of glucose and glycerol can regulate
the gene induction timing and expression strength. The GIES was further applied for
high yields of nattokinase, and its robustness in production scale-up was confirmed in a
5-L fermenter. The high-level expression of heterologous proteins demonstrated the
huge application potential of the GIES. Furthermore, mutants of P ., with gradient
activities and hybrid glycerol-inducible promoters were obtained through the evolution
of the —10 box of Py, and the combination of the constitutive promoters and the 5’
untranslated region of Py, respectively. These results demonstrated the use of the anti-
terminator protein as a regulator for various purposes in synthetic biology.

KEYWORDS glycerol-inducible expression system, Bacillus subtilis, antiterminator
protein, nattokinase, hybrid promoter

fficient and precise expression of a gene of interest (GOI) has been a longstanding
and essential research area for the construction of biological systems required for
enzyme production, natural product synthesis, and synthetic biology (1-3). The GOI is
expressed in either constitutive or inducible systems (4-6). Constitutive systems are
unable to modulate the strength and timing of the GOI expression, making it difficult
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to rationally allocate limited resources between cell growth and product synthesis. On
the other hand, inducible systems are able to decouple cell growth from GOI expres-
sion (7, 8), with autoinducible systems allowing cells to switch automatically from
growth mode to production mode (9). The autoinducible expression of a GOI is often
achieved in two ways. The first is a quorum-sensing system in which signaling mole-
cules are synthesized during cell growth, and the GOI expression is activated or
repressed when their concentration reaches a threshold (10, 11). The second is based
on an inducible expression system whereby the inducer automatically functions during
cell growth to regulate GOI expression. For example, Escherichia coli preferentially uti-
lizes glucose; therefore, by adding both glucose and lactose to the medium, the widely
used pET series vectors can express GOls in an autoinducible manner (12).

Promoters that are inducible by carbon metabolites to initiate gene expression with
high activity and specificity are widely used to construct inducible expression systems.
These promoters include the xylose-inducible P,,,, maltose-inducible P,, and methanol-
inducible P,oy,; promoters (13-15). Moreover, such systems can easily be further devel-
oped into autoinducible expression systems simply by adjusting the medium components,
which are tightly regulated by carbon catabolite repression (CCR). Among the various car-
bon sources, glycerol is ideal in the late stage of fermentation. Using glycerol instead of
glucose greatly reduces the production of acetic acid during the fermentation process,
which in turn reduces host stress during the late stage of fermentation while improving
the utilization of carbon sources (16, 17). More importantly, glycerol is a by-product pro-
duced by biodiesel, fatty acid, detergent, and bioethanol industries. Hence, the abundance
of low-value glycerol urgently needs to be transformed into high-value-added products
(18, 19). In addition, the low price of glycerol reduces the cost of fermentation while avoid-
ing potential food security problems with the use of carbon sources such as glucose and
starch (20).

Bacillus subtilis is a generally recognized as safe (GRAS) microorganism isolated
from soil; due to its strong protein secretion capacity and well-established genetic
manipulation system, it has been used as a powerful chassis cell to produce several
kinds of heterologous proteins (21-23). In recent years, although a variety of expres-
sion systems have been developed in B. subtilis to facilitate high protein yields, some
limitations of those systems include cost and potential toxicity issues (24-26). Hence,
use of the B. subtilis expression system could be beneficial for large-scale expression of
molecules of interest if the cost and/or toxicity of the inducers to the hosts could be
further reduced. B. subtilis is able to effectively utilize glycerol as a carbon source, ben-
efiting from the presence of the glp operon gene products responsible for efficient
glycerol metabolism. GIpP, the glycerol uptake operon antiterminator regulatory pro-
tein, is the vital regulator in the glycerol-inducible glp operon. After binding the ligand
glycerol-3-phosphate (G3P), GIpP activates the expression of five genes (glpD, glpF,
glpK, glpQ, and glpT) by disrupting the terminator located immediately downstream of
the promoter (27-29). Recently, molecular docking and molecular dynamic simulations
were used to resolve the structure-based mechanism and allostery of GlpP binding to
G3P. (30).

Here, we developed a glycerol-inducible expression system (GIES) using the glpD
promoter (Py,0), with higher activity than the strong constitutive promoter P43 (31).
The GIES was highly robust in different genetic environments. Taking into account the
regulation mediated by CCR, autoinduction of heterologous protein expression by the
GIES was achieved through complexing of glucose and glycerol. By overexpression of
glpP, the GIES was further enhanced for high-level production of aspartase (AspA) and
nattokinase (NK). The potential for the GIES to be applied to large-scale enzyme pro-
duction was demonstrated via the high yields of NK in a 5-L fermenter. Furthermore,
mutants of P, with gradient activity and hybrid glycerol-inducible promoters were
obtained through the evolution of the —10 box of P, and the combination of the
constitutive promoters and the 5’ untranslated region (UTR) of Py, respectively.
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FIG 1 Design and construction of the GIES. (A) Schematic diagram of the GIES. (B) Specificity of the inducer in the GIES.
The final concentration of each carbon source was 1% (wt/vol). Control means cell culture in LB medium. The fluorescence
intensity (FI) and OD,,, were determined after 24 h of cell culture. (C) Dose-dependent induction of sfGFP in the GIES by

glycerol. The strong constitutive promoter P43 was employed as the control to determine the strength of P
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fluorescence intensity and OD,,, were determined after 24 h of cell culture. (D) Determination of the robustness of the

GIES in different genetic environments.

These results demonstrated the use of antiterminator protein as a regulator for various
purposes in synthetic biology.

RESULTS AND DISCUSSION

Design, construction, and verification of the GIES. A GIES that enables autoindu-
cible expression of a GOl was proposed based on the theoretical B. subtilis sequential
utilization of glucose and glycerol as carbon sources, which is regulated by CCR
(Fig. 1A). In this system, the antiterminator protein GIpP binds the intermediate G3P
during glycerol metabolism and further induces expression of the GOI by disrupting
the inherent terminator of the GlpP-regulated promoter. In the presence of both glu-
cose and glycerol, CCR guides B. subtilis to preferentially utilize glucose, and glycerol is
consumed only when glucose is depleted. In this case, at the initiation of the fermenta-
tion process, glucose acts as a fast-acting carbon source to enable rapid biomass accu-
mulation; when the glucose is used up, glycerol serves as both the second carbon
source and the inducer of the GOI expression.

GIpP is known to specifically activate three promoters, namely, Py, Pgpr and
Pgiprk- The three promoters have similar structures, including the core region of the
—35/—10 box, a GlpP binding site, and an inherent terminator located in the 5" UTR
(32, 33) (see Fig. ST in the supplemental material). In addition, P is negatively regu-
lated by the catabolite control protein CcpA (27). First, the three promoters, consisting
of 200-bp sequences upstream of their respective genes, were separately cloned, and
their performance was verified by monitoring the expression of the reporter super-
folder green fluorescent protein (sfGFP). As shown in Fig. S2 in the supplemental mate-
rial, Py ,r showed the lowest activity induced by glycerol. Although P, showed high
activity upon glycerol induction, its background activity was also high, resulting in a
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low induction ratio of 2.6-fold. In comparison, P, showed a high induction ratio of
30.7-fold in the presence of 1% glycerol, resulting from its high induction and low
background activity. Equally important, the activity of P, was specifically induced by
glycerol and was not affected by other common carbon sources. (Fig. 1B). Therefore,
Pgipo Was the ideal promoter for the construction of the GIES.

To verify the feasibility of the GIES, we constructed the recombinant strain BS-
BPglIpD-sfGFP, in which P, controlled expression of the reporter sfGFP and RepB
enabled plasmid replication. The BS-BPglpD-sfGFP strain was cultured in medium con-
taining various concentrations of glycerol, and sfGFP expression exhibited a glycerol
dose-dependent profile. As shown in Fig. 1C, sfGFP fluorescence intensity gradually
increased as the concentration of glycerol in the medium increased (Fig. 1C; also see
Fig. S3). Maximum expression of sfGFP was achieved when the concentration of glyc-
erol reached 1% (wt/vol). Moreover, the expression driven by P, was significantly
higher than that noted with the strong constitutive promoter P43, which accounted
for the high yield of protein obtained with the GIES. We also constructed alternative
GIESs with vectors that utilize replication proteins RepA or RepF in place of RepB
(Fig. 1D). In all three GIESs tested, sfGFP expression profiles were similar, that is, SfGFP
was not expressed in the absence of glycerol but expression was efficiently induced by
1% glycerol (Fig. 1D). This result demonstrated the robustness of the GIES in different
environments, which is crucial for future applications.

Achievement of an autoinducible GIES through CCR-regulated carbon source
switching. When we proposed the construction of the GIES, we envisioned that, due
to CCR-controlled regulation of gene expression, B. subtilis would preferentially utilize
glucose before glycerol in a medium containing both glucose and glycerol. In this
case, the GIES regulated the expression of the GOl in an autoinducible manner in
which the induction of gene expression is coupled with the switch in carbon source
from glucose to glycerol. To validate this assumption, the sfGFP expression profile of
the BS-BPglpD-sfGFP construct in glucose and glycerol mixed media was characterized.

When BS-BPglpD-sfGFP was cultured in medium with a fixed glycerol concentration
(1%) but different concentrations of glucose (from 0.05% to 1% [wt/voll), sfGFP appeared
to be expressed in an autoinducible manner. Moreover, sfGFP induction exhibited a glu-
cose dose-dependent delay, meaning that, when the glucose concentration was higher,
the delay in the expression of sfGFP was greater (Fig. 2A). In addition, the onset of sfGFP
induction and that of glucose depletion were strongly coupled, demonstrating the tight
regulation of the autoinducible GIES (Fig. 2B). Notably, the final level of sfGFP yield was
highest in the control group with 1% glycerol, and the delayed induction resulted in
lower sfGFP expression levels. sfGFP is a heterologous protein that does not impose sig-
nificant pressure on the host, and this autoinducible expression system did not exhibit
any substantial advantage over constitutive expression. Further, we characterized the
sfGFP expression profile when the clone was cultured in a medium with a constant glu-
cose concentration (0.2% [wt/vol]) but gradient concentrations of glycerol (from 0.05%
to 1% [wt/vol]). As shown in Fig. 2C, irrespective of the glycerol concentration, sfGFP
induction began at similar times (about 5 h). This was consistent with the fact that glu-
cose was almost depleted at 5 h (Fig. 2D). However, expression levels of sfGFP were
noticeably governed by the glycerol concentration.

Overall, the autoinducible GIES was able to efficiently express the GOI as it automati-
cally switched between glucose and glycerol regulated by CCR. In this system, glucose
regulated the timing of induction, and the strength of the GOI expression was regulated
by both glucose and glycerol. Therefore, it is reasonable to think that fine-tuning of GOI
expression in the GIES can be achieved with a suitable ratio of glucose to glycerol. In
addition, the noninduced sfGFP expression in the control group with only glucose dem-
onstrated that the GOI expression in the GIES was specifically induced by glycerol and
not carbon starvation (Fig. 2A and Q).

Further improvement of the GIES by overexpressing GIpP. In the GIES, the pro-
cess of GIpP disrupting the inherent terminator was vital for the activation of Py,,. To
validate this, the GIES was constructed in the glpP-deficient strain B. subtilis (AglpP). In
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FIG 2 Characterization of the autoinducible GIES. (A) Profile of sfGFP expression with 1% (wt/vol)
glycerol and various concentrations of glucose. The sfGFP expression with 1% glucose was set as the
noninduced control and that with 1% glycerol as the control of constitutive expression. (B) Glucose
consumption during cell growth with 1% (wt/vol) glycerol and various concentrations of glucose. (C)
Profile of sfGFP expression with 0.2% (wt/vol) glucose and various concentrations of glycerol. The
sfGFP expression with 0.2% glucose was set as the noninduced control and that with 0.2% glycerol as
the control of constitutive expression. (D) Glucose consumption during cell growth with 0.2% (wt/vol)
glucose and various concentrations of glycerol. Fl, fluorescence intensity; GOL, glycerol; Glc, glucose.

this system, sfGFP expression cannot be triggered by the GIES (see Fig. S4), which indi-
cates that GIpP is the specific mediator for the activation of Py, by glycerol. Based on
this, we speculated that the level of GIpP directly affected the GOI expression regulated
by the GIES. Accordingly, an extra GlpP expression cassette was introduced to construct
the strengthened GIES (SGIES) (see Fig. S6). The strains SGIES-sfGFP and SGIES-AspA,
which express sfGFP and the E. coli aspartase AspA, respectively, were constructed to
verify the higher yield of heterologous proteins with the SGIES.

In the SGIES-sfGFP strain with a higher GlpP level, sfGFP expression was significantly
enhanced at a moderate glycerol concentration (0.5% [wt/vol]), with the expression
level being about 2-fold greater than that in the GIES (Fig. 3A). Interestingly, in the ab-
sence of glycerol, a higher level of GIpP did not result in significantly higher back-
ground expression (Fig. 3A and B). This result further indicated the specificity and rigor
of GlpP regulation. A similar profile was observed for the expression of AspA. The AspA
expression level driven by GIES with 0.5% glycerol was even lower than that driven by
P43. When the SGIES was applied, AspA expression was considerably strengthened
(Fig. 3C and D).

For the development of an inducible expression system, the regulator's expression
level is often critical. For example, when the lactose-inducible lac promoter was intro-
duced on a high-copy-number plasmid, a high level of Lacl was necessary (34). When
the RcnR binding site was used to regulate the constitutive promoter on the plasmid,
chromosomal expression of RcnR was insufficient to suppress promoter activity (6). For
the synthetic hybrid promoter Py, in Saccharomyces cerevisiae, which was repressed
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FIG 3 Verification of improved GOI expression with the SGIES. (A) Determination of sfGFP expression
strength in the GIES and SGIES. GOL—, no glycerol added; GOL+, 0.5% (wt/vol) glycerol added; Fl,
fluorescence intensity. (B) SDS-PAGE analysis of sfGFP expression in the GIES and SGIES. (C) Overexpression
of AspA in the SGIES. The cells expressing AspA by P43 were cultured in LB medium, and the cells
expressing AspA in the GIES and SGIES were cultured in LB medium with 0.5% (wt/vol) glycerol. (D) SDS-
PAGE analysis of AspA expression. M, marker.

by the repressor XylIR, the lack of XyIR resulted in constitutive expression of the GOI
(35). Here, a similar result was obtained in the antiterminator protein-regulated expres-
sion system.

Highly efficient expression of NK by the autoinducible SGIES. NK, a serine prote-
ase with high fibrin-degrading activity, has great prospects for application in the health
care and medical fields (36). However, its high protein degradation activity exerts consid-
erable stress on the host. In addition, poor thermostability and strong autodegradation
make it difficult for the protease to exist stably after secretion into the fermentation lig-
uid. Thus, the autoinducible SGIES is well suited to achieve a fine balance between cell
growth and NK expression for optimal biomass and highest NK yield, which is difficult to
realize using constitutive expression systems.

Thus, the autoinducible SGIES was applied in the protease-deficient strain WB800 to
obtain a high yield of NK (WB-SGIES-NK). Different concentrations of glucose (0.1%,
0.2%, and 0.4%) were used as the preferred carbon source and to inhibit NK expression
during the cell growth phase. One percent glycerol was used as the second carbon
source as well as the inducer of NK expression during the production phase. When cells
were cultured in a medium containing only glycerol, NK was expressed at the begin-
ning and cell growth was significantly inhibited, most likely due to the stress placed on
the host (Fig. 4a and b). With the addition of glucose, cell growth was significantly
accelerated and a greater biomass was achieved during fermentation (Fig. 4a). The pro-
duction of NK was progressively delayed with increasing glucose concentrations
(Fig. 4b). As expected, delaying the induction reduced the final NK yield, which corre-
sponded to sfGFP expression driven by the autoinducible SGIES. NK expression under
different autoinducible conditions was analyzed by SDS-PAGE and demonstrated that
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FIG 4 Characterization of NK expression in the autoinducible SGIES. (a) Growth of cells expressing NK
in the autoinducible SGIES. (b) Expression of NK in the autoinducible SGIES. (c) SDS-PAGE analysis of
NK expression in the autoinducible SGIES. A, 1% glycerol; B, 1% glycerol and 0.1% glucose; C, 1%
glycerol and 0.2% glucose; D, 1% glycerol and 0.4% glucose. M, marker.

proper decoupling of cell growth and gene expression facilitated NK production
(Fig. 4c). In general, the addition of 0.1% glucose was most favorable for the efficient
production of NK.

As reported previously, a quorum-sensing-based autoinducible expression system
was constructed for efficient expression of NK in Bacillus subtilis (37). Here, we further
clarified the advantages of the autoinducible approach for high yields of NK. In fact,
this autoinducible approach should facilitate the production of most products that
cause stress to the host, such as membrane proteins and antimicrobial peptides.
Therefore, the GIES is expected to have a wider range of applications.

Scale-up production of NK by the SGIES in a 5-L fermenter. The WB-SGIES-NK
strain was employed to validate the expression of NK by the autoinducible SGIES when
production was scaled-up in a 5-L fermenter under batch or fed-batch fermentation.
For batch fermentation, 0.5% (wt/vol) glucose served as the quick-acting carbon source
for rapid cell growth, and 5% (wt/vol) glycerol served as the secondary carbon source
and inducer of NK expression during the production phase. During batch fermentation,
the cells started to grow rapidly from 2 h postinoculation, with a short lag phase due
to the preferential utilization of glucose (Fig. 5A). After the depletion of glucose at 6 h,
the cells maintained the high growth rate while NK was expressed at high levels
(Fig. 5A). Both cell growth (optical density at 600 nm [ODg4y,]) and enzyme activity
peaked at 20 h, at an ODg, of 46.1 = 1.3 and an enzyme activity of 10.9 £ 0.5 U/mL
(394.2 fibrinolytic units [FUl/mL of fibrin degradation activity). After this, the OD¢,, and
enzyme activity progressively decreased until the end of fermentation.

For the feed-batch fermentation, the starter medium contained 0.5% (wt/vol) glu-
cose and 2% (wt/vol) glycerol. The profiles of cell growth and NK expression in the
early stage were similar to those during the batch fermentation (Fig. 5C). However,
with continuous supplementation of glycerol and nitrogen sources from 12 h onwards,
the cells entered a second rapid growth phase until the end of the fermentation, with
the ODg,, reaching 85.0 = 2.8 (Fig. 5C). Benefiting from the higher biomass, the NK
yield from fed-batch fermentation was also higher than that from batch fermentation,
and an enzyme activity of 13.3 = 2.3 U/mL (427.5 FU/mL of fibrin degradation activity)
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FIG 5 Scale-up production of NK in a 5-L fermenter. (A) Characterization of cell growth and NK
production by batch fermentation. (B) SDS-PAGE analysis of NK production by batch fermentation. (C)
Characterization of cell growth and NK production by fed-batch fermentation. (D) SDS-PAGE analysis
of NK production by fed-batch fermentation. The fibrinolytic activity of NK in supernatant is labeled.

was obtained at 20 h (Fig. 5C). Although enzyme activity progressively decreased after
20 h, most likely as a result of NK instability, activity was still higher than that in batch
fermentation.

Microbial production is an ideal way to obtain NK at low cost, and many attempts
have been made (38). In this study, the GIES was applied to achieve a high level of se-
cretory expression of NK. Although the level of NK expression in the GIES was lower
than that recently reported for NK expression using a stronger tandem promoter, it
was already higher than levels noted with other expression systems (39). It is thought
that, with modification, the GIES can be further improved.

Exploration of extending the application of P, in synthetic biology. Fine-tun-
ing of gene expression is crucial in synthetic biology and metabolic engineering (40, 41).
Promoters are the core biological parts for fine-tuning gene expression because they
regulate gene transcription at the most fundamental level (42). Numerous studies have
shown that promoter mutants with different activities can be obtained by diversifying
the sequences of the core promoter region (43-45). Here, we targeted the —10 box of
Pyiwor Which is responsible for specific binding of RNA polymerases, and constructed a
random mutation library by introducing N (Fig. 6A). Using sfGFP as a reporter, 180 single
colonies from more than 1,000 transformants were preliminarily screened in a 96-well
plate. These cells expressed sfGFP at different levels under 1% glycerol induction; most
of the levels were lower than those noted with the wild-type (WT) Py,5, and a few were
slightly higher than WT levels (see Fig. S5). After further validation in test tubes, eight
mutants with gradient activities were finally obtained, and they all showed lower activ-
ities than the WT strain, although AD3 showed slightly higher activity than the WT strain
in 96-well plate screening (Fig. 6B). Importantly, all of these mutants retained strict glyc-
erol-inducible properties, with extremely low levels of sfGFP expression in the absence
of glycerol and apparent sfGFP induction by glycerol. In addition, the sequences of the
—10 box were closely related to their activities (see Table S3). The —10 box sequence of
Pgeo is TATAAT, which is also the consensus sequence recognized by o* in Bacillus
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FIG 6 Extending the application of Py in synthetic biology. (A) Schematic diagram of the construction of a random mutation library targeting the —10 box
of Py0 (B) Characterization of the P ., mutants screened from the random mutation library. Fl, fluorescence intensity. (C) SDS-PAGE analysis of the sfGFP
expression driven by P, mutants. —, without glycerol addition; +, sfGFP expression induced by 1% (wt/vol) glycerol. (D) Schematic diagram of the
construction of hybrid promoters. (E) Characterization of the sfGFP expression driven by hybrid promoters with various concentrations of glycerol. (F)
SDS-PAGE analysis of the sfGFP expression driven by hybrid promoters with 0%, 0.4% and 1% glycerol. N stands for 4 bases (A, T, C, and G) with the same
probability. +1, TSS.

subtilis (46), and thus the WT strain showed high activity. For Py, mutants, the strains
with greater differences from the consensus sequence showed lower activities. The fluo-
rescence detection was confirmed by the SDS-PAGE analysis (Fig. 6C).

Essentially, the interaction between the antiterminator protein GlpP and the inher-
ent terminator is the molecular basis for the glycerol-inducible regulation of P.
Theoretically, the inherent terminator is expected to be developed as a portable block
that, in combination, imparts glycerol-regulated properties to other biological parts.
For instance, combining it with regular constitutive promoters ought to generate novel
hybrid glycerol-inducible promoters (Fig. 6D). To validate this assumption, we con-
structed hybrid promoters with the 5" UTR of P, downstream of the core region of
four typical constitutive promoters (P43, P ,ca Pype, and P,;) that have been widely
used for promoter engineering (5, 45, 47) (see Table S4). Here, the core region included
the —35 box, the —10 box, and the transcription start site (TSS), and 10 bp of 3’ flank-
ing sequence of the TSS was retained to ensure that transcription started smoothly. In
this way, four hybrid promoters (P43-glpD, P,,-glpD, P,,s-glpD, and P, ,-glpD) were
constructed and characterized in test tubes using sfGFP as the reporter. As expected,
these hybrid promoters exhibited glycerol-inducible properties. sfGFP was barely
expressed in the absence of glycerol, whereas sfGFP expression was significantly
induced with increasing glycerol concentrations (Fig. 6E). Among these hybrid pro-
moters, P43-glpD showed the highest activity; P, .A-glpD and P,,,,-glpD were similar in
activity and significantly lower than P43-glpD; while P ,-glpD had the lowest activity.
Notably, the glycerol dose-dependent profiles of the activities of the hybrid promoters
were similar to that of Py, and their activities could be almost completely induced by
1% glycerol (Fig. 1C and 6E). This result demonstrated that the regulatory effects of
GIpP and the inherent terminator are similar and stable, either in P, or in the hybrid
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promoters. The glycerol-inducible sfGFP expression driven by the hybrid promoters
was confirmed by the SDS-PAGE analysis (Fig. 6F).

The evolution of the —10 box of P, yielded mutants with different activities, pro-
viding more choices for diverse applications. It also indicated relative independence
between RNA polymerase-dependent transcription initiation and regulation of the in-
herent terminator in Py,p. It was demonstrated previously that engineering the core
region of transcription factor-regulated promoters can fine-tune their activity, as well
as their dynamic range (48). Here, we demonstrated that the engineering of promoters
regulated by antiterminator proteins was also amenable to this principle. Further, we
successfully conferred glycerol-inducible regulation to the constitutive promoters by
combining the 5" UTR of P,,. The construction of hybrid inducible promoters based
on transcription factor regulation has been reported in prokaryotic and eukaryotic cells
(6, 49, 50), and we demonstrated that similar combination was also feasible for the
antiterminator regulator. This result suggested that the pair of inherent terminator and
antiterminator protein is expected to be developed as a portable biological tool for a
variety of purposes in synthetic biology, such as the construction of complex logic
gates and the regulation of gene expression in polycistron.

Conclusion. In this study, a GIES was constructed in B. subtilis using promoter Py.p.
The GIES was capable of expressing the GOI at high levels in a variety of genetic envi-
ronments. In addition, based on the sequential utilization of glucose and glycerol by B.
subtilis, GIES was able to express the GOl in an autoinducible manner in a medium con-
taining both glucose and glycerol. After the depletion of glucose, glycerol was used as
an alternative carbon source and induced the expression of GOI. The GOI expression
profiles with various concentrations of glucose and glycerol showed that the dose of
glycerol regulated the GOI expression level and the dose of glucose affected both the
induction timing and the GOI expression level. The GIES was successfully applied to a
high yield of NK and also showed that the autoinducible approach facilitated the syn-
thesis of products that cause stress to the host.

In addition, we explored the expanding applications of Py, in synthetic biology.
Through the evolution of the —10 box, mutants of P, with gradient activities were
obtained. Furthermore, hybrid glycerol-inducible promoters were constructed by com-
bining the constitutive promoters and the 5" UTR of P,,. This work not only provided
additional tools for fine-tuning gene expression but also demonstrated that antitermi-
nator protein-regulated promoters shared similar engineering strategies with constitu-
tive promoters and classic transcription factor-regulated promoters.

Overall, this study developed an efficient GIES to synthesize high-value-added prod-
ucts with inexpensive glycerol. More importantly, it demonstrated clearly the great
potential of using an antiterminator protein as the regulator for a variety of purposes
in synthetic biology.

MATERIALS AND METHODS

Strains, plasmids, and culture conditions. E. coli JM109 was employed for plasmid construction
and propagation. B. subtilis 168 and B. subtilis WB800 were employed for the expression of intracellular
and secreted proteins, respectively. The genes of P, Pyr Pyore and glpP were amplified from the
extracted genome of B. subtilis 168. The genes of RepA and RepF were cloned from the plasmids pHTO1
and pCasSA (51), respectively. Luria-Bertani (LB) medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L
NaCl [pH 7.0]) was used for cell culture and the expression of sfGFP and AspA. Terrific broth (TB) medium
(12 g/L tryptone, 24 g/L yeast extract, 4 g/L NaCl, 17 mM KH,PO,, 72 mM K,HPO,) was used for the high-
level secretory expression of NK. For preparation of solid media, 1.5% agar was added. Unless otherwise
noted, cells were normally cultured at 37°C; for the recombinant strain harboring temperature-sensitive
plasmids containing RepF, cells were cultured at 30°C. The concentrations of antibiotics for selection
and growth that were added to the media were 100 wg/mL ampicillin and 5 uwg/mL kanamycin. All of
the strains and plasmids used in this study are listed in Table S1 in the supplemental material. The plas-
mid maps are shown in Fig. S6.

Genetic manipulation. In this study, all plasmids were constructed by the seamless cloning tech-
nique, based on Gibson assembly, reported previously (52). The high-fidelity PrimeSTAR Max DNA poly-
merase (TaKaRa Bio Inc., Japan) was used for the amplification of DNA fragments required for plasmid
construction. The PCR products were treated with Dpnl (TaKaRa Bio Inc.) and then cleaned up with a
DNA clean-up kit (CWBIO, China) to remove the templates. The ABclonal MultiF seamless assembly mix
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(ABclonal Technology Co. Ltd., China) was used for the seamless ligation of purified fragments. The reac-
tion product was directly transformed into E. coli JM109 competent cells. The constructed plasmids were
then extracted and transformed into B. subtilis 168 or WB800 cells. The primers used in this study are
listed in Table S2 in the supplemental material. For the in vitro assembly of amplified fragments, 15- to
3-bp-long homologous sequences were designed in the primers.

Fluorescence assays. sfGFP served as the reporter to characterize the GIES. The single clone was
inoculated into a test tube containing 5 mL LB medium. After overnight culture at 37°C with shaking at
200 rpm, 1 mL of seed liquid was transferred into 250-mL shake flasks containing 50 mL of LB medium
and further incubated at 37°C with shaking at 200 rpm. As needed, appropriate concentrations of glu-
cose and glycerol were added to regulate the expression of sfGFP. The cultured cells were harvested by
centrifugation at 12,000 rpm for 3 min and then washed three times with phosphate-buffered saline
(PBS) (8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na,HPO,, 0.24 g/L KH,PO, [pH 7.4]). After being resuspended in
PBS, 200 uL of cells was transferred into 96-well black-walled plates. The OD,,, and fluorescence inten-
sity of sfGFP were determined with a Synergy H4 multimode microplate reader (excitation at 485 nm
and emission at 528 nm).

AspA enzymatic activity assays. The cultured ApsA-expressing cells were harvested by centrifuga-
tion at 12,000 rpm for 3 min. The pellets were washed three times with PBS and then resuspended in
50 mM Tris-HCI (pH 8.0) at an ODy,, of 3.0. The enzyme-catalyzed reaction solution was 1 mL, including
500 ulL substrate of 200 mM fumaric acid (dissolved in ammonium hydroxide solution, with the pH
adjusted to 8.0 with HCl) and 500 uL cell suspension. The reaction was carried out in a metal bath at
37°C and terminated by thermal inactivation at 100°C for 10 min. The product L-aspartate was derivat-
ized with phenyl isothiocyanate, and the concentration was determined using a C,; column [Diamonsil
C5(2), 5 um, 250 by 4.6 mm; DIKMA, China] by high-performance liquid chromatography (HPLC) as
described previously (53). One unit of AspA activity was defined as the amount of enzyme needed for
the production of 1 umol of L-aspartate per minute.

NK enzymatic activity assays. NK activity was determined with the substrate N-succinyl-.-Ala-L-Ala-
L-Pro-L-Phe-p-nitroanilide (suc-AAPF-pNA) (Sigma, USA). The cell cultures were centrifuged at 12,000 rpm
for 3 min, and the supernatant was used to determine the activity of secretory NK; 200 uL of the reaction
system was added to a 96-well plate, including 40 uL of enzyme solution, 120 L of buffer (100 mM Tris-
HCl, 0.1 mM Cadl, [pH 8.0]), and 40 uL of 20 mM suc-AAPF-pNA. The reaction was carried out at 25°C,
and the variation of OD,,s was measured with a Synergy H4 multimode microplate reader. One unit was
defined as the amount of enzyme needed for the production of 1 wmol of the product p-nitroaniline per
minute.

The fibrin degradation activity of NK was determined according the method described by the Japan
NattoKinase Association (http://j-nattokinase.org/en/jnka_nattou_01.html), for comparison with other
studies on NK production. In brief, 700 uL of fibrinogen solution (0.72% [wt/vol]), 200 L of Tris-HCI
(100 mM [pH 8.0]), and 50 uL of thrombin (20 U/mL) were mixed and incubated at 37°C for 10 min.
Then, 100 uL of appropriately diluted fermentation supernatant was added, and the reaction was carried
out at 37°C for 60 min. The reaction was terminated by the addition of 1 mL of 200 mM trichloroacetic
acid. After centrifugation at 12,000 rpm for 15 min, the OD,, of the supernatant was measured with a
UV-1800/PC spectrophotometer (MAPADA Instrument Co., Ltd.). One FU was defined as the amount of
enzyme required to increase OD,,; by 0.01 per minute.

SDS-PAGE. In this study, the protein expression was visualized by SDS-PAGE analysis. For the intra-
cellular protein assay, cells were pretreated with cell lysis solution (20 mM Tris-HCl, 0.2 mg/mL lysozyme
[pH 8.0]). The 5x loading buffer containing phenylmethylsulfonyl fluoride was used to prepare the NK
sample for SDS-PAGE.

Fermentation conditions in the 5-L fermenter. (i) Batch fermentation. A single colony was inocu-
lated into a test tube containing 5 mL TB and incubated at 37°C at 200 rpm for 12 h. Then, 800 uL of cul-
ture was inoculated into a shake flask containing 40 mL of TB and was incubated at 37°C at 200 rpm for
12 h. All secondary seed liquid was inoculated into the fermenter containing 2 L of fermentation me-
dium (12 g/L tryptone, 24 g/L yeast extract, 5 g/L glucose anhydrous, 50 g/L glycerol, 177 mM KH,PO,,
72 mM K,HPO,, 0.2 g/L CaCl,).

(ii) Fed-batch fermentation. The seed fluid was cultured in two stages, as in the batch fermenta-
tion. The 2 L of starting medium for fed-batch fermentation consists of 12 g/L tryptone, 24 g/L yeast
extract, 5 g/L glucose anhydrous, 20 g/L glycerol, 177 mM KH,PO,, 72 mM K,HPO,, and 0.2 g/L CaCl,.
After about 12 h, fed-batch cultivation was started by feeding the supplemented medium (50 g/L glyc-
erol, 12 g/L tryptone, 24 g/L yeast extract) at a rate of 0.4 to 1.0 mL/min. During the fermentation pro-
cess, the culture temperature was kept at 37°C, the pH was kept at 7.0 with NH,OH and 20% (vol/vol)
H,PO,, the airflow rate was set to 7 L/min, and the agitation speed was automatically adjusted between
200 and 900 rpm to ensure that the dissolved oxygen concentration did not fall below 30%.

Construction and screening of the random mutation library of the —10 box in P, .. Randomized
mutations were introduced into the plasmid pBPglpD-sfGFP by degenerate oligonucleotides N, replac-
ing the —10 box of the WT P, (5'-TATAAT-3’). The purified PCR products were seamlessly cloned and
transformed into E. coli JM109 to construct plasmids containing a P, mutant library. Then, the random
mutation library was transformed into B. subtilis 168, and the transformed cells were plated onto an LB
agar plate with 1% (wt/vol) glycerol. Upon observation under blue light, 180 single colonies showing dif-
ferent fluorescence intensities were picked out from over 1,000 transformants and cultured on 96-well
plates containing 600 uL LB medium with 1% (wt/vol) glycerol at 37°C at 300 rpm for 24 h. Mutants with
different sfGFP expression levels were further verified in test tubes and sequenced.
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