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ABSTRACT

Fine-tuning of gene expression is crucial for pro-
tein expression and pathway construction, but it still
faces formidable challenges due to the hierarchi-
cal gene regulation at multiple levels in a context-
dependent manner. In this study, we defined the op-
timal targeting windows for CRISPRa and CRISPRI
of the dCas9-a/w system, and demonstrated that
this system could act as a single master regula-
tor to simultaneously activate and repress the ex-
pression of different genes by designing position-
specific gRNAs. The application scope of dCas9-w
was further expanded by a newly developed CRISPR-
assisted Oligonucleotide Annealing based Promoter
Shuffling (OAPS) strategy, which could generate a
high proportion of functional promoter mutants and
facilitate the construction of effective promoter li-
braries in microorganisms with low transformation
efficiency. Combing OAPS and dCas9-w, the influ-
ences of promoter-based transcription, molecular
chaperone-assisted protein folding and protease-
mediated degradation on the expression of amylase
BLA in Bacillus subtilis were systematically evalu-
ated, and a 260-fold enhancement of BLA produc-
tion was obtained. The success of the OAPS strategy
and dCas9-w» for BLA production in this study thus
demonstrated that it could serve as a powerful tool
kit to regulate the expression of multiple genes multi-
directionally and multi-dimensionally in bacteria.

INTRODUCTION

With the rapid technology development and advancement
to dramatically reduce the cost of DNA reading and writ-
ing, synthetic biology has been widely applied to fabricate
complex biological systems to deal with environmental pol-
lution, energy dilemma and health issues (1,2). The con-

struction of elaborated genetic circuits and achievement of
balanced metabolic fluxes required the ability to implement
precisely targeted changes in gene expression over a broad
set of genes (3,4). Since cells have evolved robust regula-
tory networks, for the purpose of dealing with environ-
mental changes and genetic disturbances, to control gene
expression at distinct, yet interwoven, levels of regulation
(5), it is challenging for strategies like promoter engineer-
ing (5) and RBS Calculator (6) to finely tune gene expres-
sion because they only execute one layer of expression con-
trol. Though increasing efforts have been implemented in
complexity from regulating one layer of expression con-
trol to multi-component and multi-dimensional optimiza-
tion (7,8), predictive rules about the effects of individual
components such as molecular chaperones and proteases
and their interactions on the expression of target genes have
not yet been elucidated, due to each layer of expression con-
trol having more or less substrate specificity (9,10). Thus, it
is still a trial and error process to iteratively optimize in-
dividual components to achieve a satisfactory expression
level (11). In addition, multiple targets need to be coor-
dinately regulated in constructing more sophisticated sys-
tems. Unfortunately, such regulation is often performed se-
quentially and with low throughput (12). These dilemmas
highlight the requirement of developing molecular tool kits
capable of modifying gene expression parallelly and multi-

directionally.
The Dbacterial immune system-derived CRISPR
(clustered regularly interspaced short palindromic

repeats)/Cas9 (CRISPR-associated protein 9) system
has been demonstrated to be a robust, designable and
multi-plexable tool for genome editing in diverse organisms
(13,14). Interestingly, the catalytically inactive Cas9 mutant
(dCas9) maintained its ability to bind target DNA with the
guidance of gRNAs, which has been used in transcriptional
engineering platforms for gene activation (CRISPRa),
interference (CRISPRi) and modifications (15-19). In
bacteria, dCas9 alone can efficiently interfere with RNA
polymerase (RNAP) activity by forming a DNA bubble
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(20), which has been used to elucidate interconnections
among core processes and to identify potential targets
of uncharacterized antibiotics in Bacillus subtilis (21).
Moreover, through fusing an RNAP recruiting domain
to dCas9, sequence-specific RNA-guided transcription
activation (CRISPRa) was achieved in Escherichia coli
(20). The one-directional transcriptional regulation of
dCas9 was also expanded to execute multi-directional
transcriptional regulation. Deaner and Alper established
a technique for fine-tuned, graded expression of pathway
enzymes by modulating the targeting position of dCas9-
VPR to the core promoter in Saccharomyces cerevisiae
(19). Zalatan et al. extended the guide RNAs with modular
RNA domains to recruit specific transcription effectors,
thus achieving multi-directional transcriptional regulation
in eukaryotes (22). In another study, Lian et al. developed a
tri-functional CRISPR system for parallel gene regulation
and deletion using orthogonal CRISPR systems in the S.
cerevisiae (12). Furthermore, the truncated gRNA, which
maintained the ability to guide Cas9 to target sequences
but without introducing double-stranded breaks, was used
to perform orthogonal gene knockout and transcriptional
regulation in human cells (23,24). Recently, programmable
control over multiple genes with simultaneous activation
and repression in E. coli was accomplished by combination
of sgRNA scaffold and bacterial transcriptional activators
(25). However, the multi-directional regulation has not
yet been reported in Gram-positive bacteria. And current
multi-functional CRISPR systems have limitations of
requiring purposely designed synthetic promoters for effec-
tors (22), impaired binding affinity between Cas9 and the
engineered gRNA (12), and a potential metabolic burden
to the host cells caused by multiple CRISPR-associated
proteins and transcriptional effectors.

In metabolic engineering practices, high-level expression
of the rate-limiting enzymes is usually required to drive
the metabolic fluxes for the biosynthesis pathways of tar-
get products. As the expression of rate-limiting enzymes
is often tightly controlled at the transcriptional level (26),
transcriptional activators like subunits of RNAP are un-
likely to efficiently improve the expression of rate-limiting
enzymes to maximize product yield. Synthetic promoters
that can deregulate the cellular regulatory machinery may
provide a valuable tool to enhance gene expression and to
optimize metabolic flux. Thus, an alternative strategy to
maximize the target biosynthetic flux is driving the expres-
sion of rate-limiting enzymes by strong synthetic promot-
ers while coordinating the expression of other enzymes by
a multi-directional transcription programing. Randomiza-
tion of non-conserved sequences and error-prone PCR have
been widely used to construct promoter libraries (27,28),
where reporter genes, such as GFP, were commonly used
for high-throughput screening of the enormous promoter
mutants (28,29). Nevertheless, recent studies indicated that
promoter strengths seem to be context-dependent with the
variation of several orders of magnitude (30,31), highlight-
ing a need of screening the promoter library using the target
gene itself. Another constraint was that a massive library
size was required due to the low proportion of functional
mutants in the generated libraries, which poses great chal-
lenges on proteins lacking high-throughput screening meth-
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ods and many industrially important strains with low trans-
formation efficiency (32). Therefore, a novel promoter engi-
neering strategy that can efficiently generate abundant se-
quence diversities with a high proportion of functional mu-
tants is valuable to generate satisfactory expression level of
target genes.

Bacillus subtilis has long been used as a model or-
ganism for molecular research as well as an industrial
workhorse for the production of valuable enzymes (33).
However, its application in the fields of synthetic biol-
ogy and metabolic engineering has not been widely ex-
plored due to the complicated cellular regulatory networks
(26). In this study, new effective transcriptional regula-
tion strategies were developed in B. subtilis, which could
promote the basic research and biotechnological applica-
tions in B. subtilis. First, the dCas9-w/a system was estab-
lished to be used as a single master regulator in B. sub-
tilis to simultaneously activate and repress the expression
of different target genes through designing locus-specific
sgRNAs. Through this strategy, the influence of transcrip-
tion, protein folding and protease degradation on target
gene expression was easily evaluated, which sequentially
guided the rational refactor of the cellular protein quality
control system to multi-dimensionally tune the expression
of target genes. In addition, a new promoter engineering
strategy named Oligonucleotide Annealing based Promoter
Shuffling (OAPS) was developed to expand the application
scope of dCas9-w/a, which utilized the naturally occurring
genetic diversity of promoters as the driving force for pro-
moter evolution and could generate a high proportion of
functional promoter mutants. Finally, through the combi-
nation of OAPS and dCas9-w, the production of amylase
BLA was improved by 260-fold compared to the commonly
used strong promoter P43 in B. subtilis (Scheme 1).

MATERIALS AND METHODS

Strains, media and chemicals

Escherichia coli DH5a (Invitrogen, USA) was used for
routine cloning. Bacillus subtilis SCK6 (BGSCID: 1A976)
(34) was used as host for promoter engineering. Bacillus
subtilis and Escherichia coli were routinely grown in LB
medium supplemented with the corresponding antibiotics
to final concentrations of 100 wg/ml ampicillin for E. coli,
or 100 pg/ml spectinomycin, 15 wg/ml tetracycline and
10 pg/ml chloromycetin for B. subtilis. Phusion@®) poly-
merase, restriction endonucleases and T4 DNA Ligase (high
concentration) were purchased from New England Bio-
labs (NEB, USA), DNA polymerase was obtained from
Yeasen Biotech Co., Ltd (Shanghai, China). The synthesis
of oligonucleotides and DNA sequencing were performed
by Sangon Biotech (Shanghai) Co., Ltd (Wuhan, China).
All sequences and primers used in this study were listed in
Supplementary Table S1.

Construct design for multi-directional transcriptional regula-
tion in B. subtilis

To construct CRISPRa system in B. subtilis, the « and w
subunits of B. subtilis RNA polymerase was cloned into
pHTO1 to produce pHTOl-w and pHTOI-a, respectively.
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Scheme 1. Schematic diagram of multi-dimensional regulation for fine-tuning gene expression. (I) Promoter with desired strength was generated by pro-
moter shuffling to control target gene expression at the transcriptional level. (II) The effects of molecular chaperones on target protein folding were inter-
rogated by dCas9-w based CRISPR-activation system, and the expression of functional molecular chaperones were specifically enhanced by dCas9-w to
improve target protein folding. (IIT) Extracellular proteases were individually inhibited by dCas9-» mediated CRISPR-interference system, and proteases
exhibited degradative activities on target protein were simultaneously repressed.

Then, the catalytically dead Cas9 (dCas9) was amplified
from plasmid pET-dCas9-VP64-6 x His and ligated into
pHTO01-w and pHTO1-« to generate fusion protein dCas9-w
and dCas9-q, respectively. To evaluate their transcriptional
activation efficiency on different target genes, two expres-
sion cassettes of P43-GFP and P43-BLA were used as re-
porters. Five sgRNAs that target to different regions up-
stream of P43 promoter were designed for constitutive ex-
pression. After 12 h induction of dCas9-a or dCas9-w with
0.1 mM isopropyl-B-d-thiogalactoside (IPTG), the relative
GFP fluorescence or relative amylase activities of strains
containing each sgRNAs were determined and normalized
to strain expressing a non-targeting sgRNA.

To assess the ability of dCas9-w to activate endogenous
gene expression, the sgRNA guiding dCas9-w to 224-bp up-
stream of amyE start codon was constructed. To analyze
the position effects of dCas9-a and dCas9-w on transcrip-
tional regulation, different sgRNAs tiling P43-GFP expres-
sion cassette were designed and the relative fluorescence was
assayed as mentioned above. To define the rules of dCas9-w
mediated transcriptional regulation, the strongest promoter
P566-TA isolated from BLA specific library was used as
the target. Similarly, sgRNAs guiding dCas9-w to different
positions of P566-TA-BLA were designed, and the relative
amylase activities were assayed as mentioned above.

Construct designs for multivalent recruitment and multi-
plexed targeting

To analyze the influence of RNAP subunits valency on tran-
scriptional activation, we fused the a and o subunits to the
C-terminal of dCas9 simultaneously with different range,
generating fusion protein dCas9-a-w and dCas9-w-a, re-
spectively. The fluorescence of SCK6/amyE::P43-GFP ex-
pressing sgRNAs (G9~G13) and fusion proteins (dCas9-a-

w and dCas9-w-a) was determined and normalized to strain
expressing a non-targeting sSgRNA. To analyze the activa-
tion efficiency of multiple sgR NAs that targeted to the same
gene, G9 and G13 were assembled by BioBrick to produce
G9+G13. The relative GFP fluorescence intensity of strains
expressing G9+G13, dCas9-a or dCas9-w was measured.

Construction of promoter libraries via OAPS

The integrative plasmid pDG1730 (BGSCID: ECE115,
kindly as a gift from Prof. Sun Ming from Huazhong
Agriculture University) was selected as backbone for
constructing the promoter probe vector, which could
circumvent the influence of plasmid copy number variation
on library characterization. The fragment T;T,-BamHI-
HindllI-T, (Supplementary Table S2), which contains two
strong terminators to avoid the influence of neighboring
genetic contexts on promoter strengths, was synthesized
and cloned into pDG1730, yielding pDGT. Then, GFP
and BLA were cloned into pDGT to produce the probe
vector pDGT-GFP and pDGT-BLA, respectively. For
OAPS strategy, the characteristic consensus sequences (-35
and -10 motifs) of prokaryotic promoters were used as
overlapping homologous sequences to divide each parent
promoter into three modules. Each promoter module was
individually synthesized by annealing two complementary
single-stranded 5’ phosphorylated oligonucleotides in
TE buffer according to the protocol described elsewhere
(https://tools.thermofisher.com/content/sfs/brochures/
TRO0045-Anneal-oligos.pdf). As modules from different
promoters have compatible overhangs, they could be
randomly assembled to produce a library of combinatorial
promoters.

For promoter library using GFP as reporter, four parent
promoters Pveg, Pveg2, Pn26 and PlepA were selected for


https://tools.thermofisher.com/content/sfs/brochures/TR0045-Anneal-oligos.pdf

e40 Nucleic Acids Research, 2019, Vol. 47, No. 7

shuffling, namely a total of 12 pairs of 5’ phosphorylated
oligonucleotides were synthesized (Supplementary Table
S1). To construct amylase BLA specific promoter library,
two additional promoters PtrnQ and PserA were added,
and the -10 motif was designed as TAWWAT (w = a or t).
To construct the CRISPR /Cas9 system, the Streptococcus
pyogenes cas9 was cloned into pHTOI to generate an IPTG-
inducible Cas9 expression cassette. The DNA fragments of
P43 /P242-BsmBI1/BsmBI-sgRNA were synthesized and lig-
ated into pHY300PLK to produce pHY-P43/P242-sgRNA.
To assemble the sgRNA plasmids, 20-bp complementary
primers were annealed and the double-stranded fragments
were cloned into BsmBI digested pHYT-P43/p242-sgRNA.
Because promoter P43 was a widely used strong promoter
in B. subtilis, it has also been widely used as a reference pro-
moter to evaluate the strengths of newly isolated or engi-
neered promoters. Thus, P43 was used as a reference pro-
moter in this study, allowing the evaluation of the relative
activities of promoter mutants isolated in our study.

Characterization of promoter library

For promoter library using GFP as reporter, transformants
were inoculated into 200 w1 of LB media containing specti-
nomycin (100 pwg/ml) in black-wall, clear-bottom 96-well
plates (Corning) and cultivated at 37°C, 850 rpm. The
relative fluorescence of the ratio of fluorescence intensity
at 488/511 to optical density (ODgy) was determined at
2-h intervals. Colonies exhibited higher relative fluores-
cence than reference strain containing P43-GFP were in-
oculated into shake flasks. The promoter strengths of iso-
lated colonies were determined by a previously published
dynamic model (P = fss [ (1 + w/m) + D (2 + w/m)])
(28,35).

To characterize the a-amylase BLA specific promoter li-
brary, transformants produce larger halos on the substrate
LB agar plate were inoculated in 96 deep-well plates con-
taining 100 pl of LB medium supplemented with spectino-
mycin (100 pg/ml). After 4-h cultivation, cell supernatants
were harvested by centrifugation, 10 pl of supernatants
were transferred to another 96 deep-well plates contain-
ing 80 pl of 1% soluble starch in 20 mM phosphate buffer
(pH 6.0). After incubation at 70°C for 20 min, the reaction
was stopped at 100°C for 5 min, then 150 wl of DNS was
added for continuing 5-min incubation at 100°C. The rela-
tive amylase activity of each colony was calculated by the ra-
tio of amylase activity (ODsyg) to its corresponding cell den-
sity (ODgqp). Colonies have higher relative activity than P43
were selected and sequenced. The intracellular GFP con-
centration of isolated colonies was determined by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE).

Construct designs to regulate protein quality control system

The strain producing the highest amylase activity from the
BLA specific promoter library was named 6-102, which con-
tains a genome-integrated P556-TA-BLA expression cas-
sette. To analyze the effects of protein folding and protease
degradation on BLA production in 6-102, two chaperone
genes groES (Swiss-Prot: P28599) and prsA (Swiss-Prot:
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P24327) and six well-known extracellular protease genes
(bpr, Swiss-Prot: P16397; vpr, Swiss-Prot: P29141; nprB,
Swiss-Prot: P39899; epr, Swiss-Prot: P16396; mpr, Swiss-
Prot: P39790; wprA, Swiss-Prot: P54423) were selected as
targets. Two sgRNAs that targeted to different sites of
each target were designed (Supplementary Table S1). The
relative amylase activities of strains expressing these sgR-
NAs were determined and normalized to strain expressing
a non-targeting sgRNA after 14-h induction of dCas9-w.
To assess the synergistic effect of multi-dimensional regu-
lation, the effective sgRNAs were assembled into one plas-
mid by BioBrick method. The specific activity of a-amylase
(ODs49/0Dg0) was determined as mentioned above.

Quantitative real-time PCR (qRT-PCR)

Bacillus subtilis cells were harvested at the exponential
growth phase for total RNA extraction using E.Z.N.A.®)
Bacterial RNA Kit (Omega Biotek, Norcross, GA, USA).
DNA contamination was eliminated by DNase I treatment,
and RNA qualities were checked by formaldehyde dena-
tured agarose gel. After RNA concentration was quanti-
fied by absorbance at 260 nm, qRT-PCR was conducted to
determine the relative mRNA expression of target genes to
internal reference gene rpsj (ribosomal protein S10 coding
gene). The value of the quantification cycle (Cy), which is
defined as the cycle when the reporter fluorescence is dis-
tinguishable from the background in the extension phase of
the PCR reaction, was averaged with triplicates.

RESULTS

dCas9-w/« can activate the expression of heterologous and
endogenous genes in B. subtilis

Since the CRISPR activation system in Gram-positive bac-
teria has not yet been reported, we first constructed the
CRISPR activation system in B. subtilis by fusing the
subunit of RNAP to the C-terminal of dCas9 (Figure 1A).
Then B. subtilis strain with a genome-integrated GFP re-
porter gene driven by the widely used strong promoter
P43 was constructed to evaluate the activation efficiency of
dCas9-w. Five sgRNAs were designed to guide the dCas9-w
to sites located at 267, 289, 331, 351 and 415 bp upstream of
the transcriptional start site (TSS) of P43-GFP expression
cassette, which resulted in the increase of GFP fluorescence
ranging 2~3 folds dependent on the targeting positions
(Figure 1B). The activation efficacy on different targets was
tested by guiding dCas9-» to another expression cassette
P43-BLA using three sgRNAs mentioned above. However,
the relative amylase activity was only improved by 1.5-fold.
Because similar transcriptional activation of GFP (2.4- to
3.8-fold, Figure 1B) and BLA (2.2- to 5-fold, Figure 1C) by
dCas9-w was observed, suggesting the varied correlations
between the relative fluorescence/activity and transcripts
level were mainly caused at post-transcriptional levels, in-
cluding translation efficiency, protein folding and protease-
mediated degradation. Namely, the increased transcripts of
GFP and BLA were not equally converted to proteins.
Furthermore, to determine whether endogenous genes
could be regulated by dCas9-w, a single sgRNA was de-
signed to guide the dCas9-w to the site 224-bp upstream
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Figure 1. dCas9-a/w mediated activation of reporter and endogenous genes in Bacillus subtilis. (A) Schematic description of dCas9-a and dCas9-o
mediated gene expression activation. (B) The activation efficiency of dCas9-w on P43-GFP expression cassette. The relative fluorescence of GFP was
measured after guiding the dCas9-w to different upstream regions of promoter P43. (C) The activation efficiency of dCas9-w on P43-BLA expression
cassette. (D) The activation effect of dCas9-o on endogenous gene by guiding dCas9-w to site 224-bp upstream of amyE. (E) The activation efficiency
of dCas9-a on P43-GFP expression cassette. The relative transcription level represents the value of 2224 that was measured by qRT-PCR. The x-axis
indicates the distances of target sites to transcription start site. - represents upstream region. C represents control where sgRNA without target sequence
was used. White and black bars represent the relative fluorescence intensity and relative transcription respectively.

of the start codon of endogenous amylase gene amyE, a
carbohydrate hydrolytic enzyme that was regulated by the
cellular regulatory systems. This dCas9-w mediated regula-
tion resulted in a 3.2- and 4-fold increase in amylase activ-
ity and amyE transcripts, respectively (Figure 1D). These
results combined together demonstrated that dCas9-w was
capable of activating endogenous gene transcription in the
Gram-positive bacterium B. subtilis.

To further investigate whether other subunits of RNAP
could also function as transcriptional activator, the « sub-
unit was fused to dCas9, followed by characterization using
P43-GFP expression cassette as the reporter system. A sim-
ilar position-dependent activation pattern was observed be-
tween the a and w subunits (Figure 1E), in which the max-

imum activation efficiency of 3.3-fold increase in GFP ex-
pression was obtained when the dCas9-a was guided to the
site 289 bp upstream of TSS. And it turned weaker along
with the increase of distance.

dCas9-ow/a can mediate multi-directional transcriptional
regulation

The ability to simultaneously activate and repress multi-
ple genes promises to control a full spectrum of expres-
sion profiles, which is highly appreciated in biotechnological
applications where fine-tuning gene expression is required.
Previous studies demonstrated that dCas9 was able to di-
rectly silence proximal regulatory elements through steric
hindrance (20,36). To investigate whether dCas9-w/« still
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maintain the silencing ability, 13 sgRNAs with different tar-
geting sites of P43-GFP cassette were designed to exam-
ine the targeting effects on transcriptional regulation (Fig-
ure 2). Transcriptional activation was obtained when the
dCas9-a/w was guided to a window of DNA from 250 to
415 bp upstream of TSS. Interestingly, GFP expression was
nearly abolished when dCas9-w bound to the TSS or the
5" end of template strand, suggesting that the fusion pro-
teins could block transcriptional initiation and elongation
efficiently (Figure 2). When the dCas9-a/w was guided to
sites G5-G8 (38-208 bp upstream of TSS), GFP expression
was only slightly influenced. It might be speculated that the
steric hindrance caused by dCas9 was offset by the activa-
tion effects of a/w subunits. These results suggested that
the transcriptional regulation mediated by dCas9-a/w is
highly target-position-dependent, thus they can act as a sin-
gle master regulator to execute multi-directional transcrip-
tional regulation by designing specific sgRNAs.

Multivalent recruitment and multiplexed targeting did not
further improve the activation efficiency

To investigate the synergistic effect of the recruitment of
multiple activators in dCas9-o/a mediated transcriptional
regulation system, we fused the a and w subunits to dCas9
simultaneously in varied arrays, producing fusion proteins
of dCas9-a-w and dCas9-w-a. Different from observations
that the recruitment of multiple activators was able to effi-
ciently further activate gene transcription in eukaryotic cells
(37,38), decreased activation efficiencies were observed for
both dCas9-a-w and dCas9-w-«, their maximal activation
on P43-GFP was lower than 1.8-fold (Figure 3A), com-
pared to 3.3-fold of dCas9-a and 2.7-fold of dCas9-w, re-
spectively (Figure 2A).

In addition, we evaluated the effect of multiplexed tar-
geting on activation efficiency by simultaneously targeting
the dCas9-w to two sites upstream of TSS. Contrast to the
add-on effects multiplexed targeting in eukaryotic cells (15),
lowered transcription activation was observed (Figure 3B),
which might attribute to the different action mechanisms
of activators in bacteria and eukaryotic cells, i.e., direct at-
tachment of activators to RNA polymerase in bacteria ver-
sus indirect chromatin modification of activation domains
in eukaryotic cells (25).

OAPS strategy can generate a high proportion of functional
promoter mutants efficiently

The rate-limiting enzymes in metabolic pathways are often
transcriptionally controlled by host regulatory networks.
Synthetic promoters generated by promoter engineering
could deregulate the cellular regulatory machinery and
promise to fully sample the host’s transcriptional capacity,
which would expand the application scope of dCas9-a/w
mediated transcriptional program in metabolic engineer-
ing. Since two characteristic consensus motifs of prokary-
otic promoters are necessary to bind RNA polymerase, the
existing promoter engineering strategies were normally de-
signed to introduce variations in non-conserved proximal
regions in a completely random manner (27,28), which in-
evitably produce a small fraction of functional mutants. We
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hypothesized that a high proportion of functional mutants
can be generated by utilizing the naturally occurring genetic
diversity of native promoters as the driving force for pro-
moter evolution. Thus, we developed a new strategy named
OAPS to shuffle the non-conserved promoter regions with
the consensus -35 and -10 motifs as overlapping homolo-
gous sequence (Figure 4A).

As a proof-of-concept study, four parent promoters of
Pveg, Pveg2, Pn26 and PlepA with typical ¢ recognized
consensus motifs and different strengths were shuffled,
which produce a theoretically library size of 64 (4 x 4 x
4) synthetic promoter variants. Approximately 300 trans-
formants were obtained to achieve over 95% probability of
mutant coverage for library characterization. The strength
of synthetic promoter variants spanning two orders of mag-
nitude was observed (Supplementary Figure S1), among
which 11 different promoters stronger than the reference
promoter P43 were isolated, with P223 being the strongest
promoter to exhibit a 16-fold enhanced fluorescence inten-
sity comparing to that of P43 (Figure 4A). Our results thus
suggested that OAPS can generate a high proportion of
functional mutants with two orders of magnitude of tran-
scriptional capabilities.

CRISPR-assisted transformation enabled to construct pro-
moter library for arbitrary genes via OAPS

The remaining challenge of constructing promoter li-
brary with the target gene is the existence of endoge-
nous isoenzymes in the host, which would interfere li-
brary characterization. To solve this problem, we con-
structed the CRISPR/Cas9 system in B. subtilis to in-
activate the endogenous isoenzyme, and found that the
double-strand breaks (DSBs) introduced by CRISPR /Cas9
could significantly improve homologous recombination ef-
ficiency. Through CRISPR-assisted transformation and
OAPS strategy, a promoter library for amylase BLA was
directly constructed in B. subtilis. Specifically, the endoge-
nous isoenzyme AmyE was taken as the integration locus
of library fragments and DSB was introduced at amyE by
CRISPR/Cas9 during transformation.

To further increase sequence diversity of this library, we
added two additional parent promoters of PtrnQ and PserA
and designed the -10 motif as TAWWAT (w = a or t) (Sup-
plementary Table S3). With a theoretical library size of 8§64
(6 x 6 x 6 x 4), over 2400 transformants were obtained to
achieve 95% probability of mutant coverage. A total of 34
different promoters that are apparently stronger than the
reference promoter P43 for BLA expression were obtained
(Figure 4C), representing 8.8 % (34/864) of total transfor-
mants. Among these isolated promoters, the relative activ-
ity of the strongest promoter P556-TA was over 1000-fold
higher than that of the weakest promoter P111-TA, and
100-fold of that of promoter P43. Real-time PCR and SDS-
PAGE analysis demonstrated that the BLA expression lev-
els were correlated well with its production (Figure 4C and
D). In addition, comparative analysis of the isolated strong
promoter sets for GFP and BLA suggested that there are
obvious context effects on promoter activities. For exam-
ple, strong promoters like P222 and P313 for BLA expres-
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sion are absent from the set of GFP, while P223 and P333
are the opposite.

Rules for optimal CRISPRa and CRISPRi sgRNA design of
dCas9-w

To better understand the functions of dCas9-o mediated
multi-directional regulator, the strongest promoter P556-
TA obtained from the BLA specific promoter library was
used, and 13 sgRNAs tiling the promoter region of P556-
TA-BLA cassette were designed. Similar to the transcrip-
tional regulation pattern obtained on P43-GFP, dCas9-w
was able to activate and repress the expression of P566-
AT-BLA in a position-dependent manner (Figure 5). When
dCas9-w bound to the transcription initiation site (B3) or
5" end of coding region (B2), ~90% of amylase activity loss
was observed. More importantly, the BLA expression could
be slightly enhanced by 1.2- to 1.5-fold when dCas9-w was
guided to a window of DNA from 250 to 350 bp upstream of
TSS, a close activation window of 250 to 415 bp upstream of
TSS was observed for P43-GFP. The highly similar distance
windows of dCas9-w mediated transcription activation and
repression for both P43-GFP and P566-AT-BLA suggested
that they could serve as a guidance for optimal CRISPRa
and CRISPRi sgRNAs design.

Redirection of the intricate protein quality control system to
fine-tune gene expression

Protein quality control system plays a vital role in main-
taining the cellular protein homeostasis (39), which regu-
lates gene expression at multi-dimensional levels, includ-
ing transcription, translation and protein degradation. As
dCas9-w has proved its efficacy to execute different modes
of transcriptional regulation, we hypothesized that dCas9-

w can be utilized to redirect the protein quality control sys-
tem for fine-tuning gene expression. Using B. subtilis strain
6-102 containing P566-AT-BLA cassette as a case study,
we first interrogated the effects of molecular chaperone-
assisted protein folding and protease-caused degradation
on BLA production by individually activating the expres-
sion of molecular chaperones and repressing extracellular
proteases. We found that protein folding has an obvious in-
fluence on BLA production in strain 6-102, guiding dCas9-
w to site 254-bp upstream of the initial codon of extracel-
lular chaperon PrsA resulted in a 1.7-fold increase in BLA
expression (Figure 6A). However, improving the intracel-
lular chaperon did not affect BLA production, which was
consistent with the secretory expression pattern of BLA in
this study (Figure 6A).

As two extracellular proteases NprE and AprE have al-
ready been inactivated in SCK6, the remaining six extra-
cellular proteases NprB (neutral protease B), Epr (serine
protease), Mpr (metalloprotease), Bpr (bacillopeptidase F),
WprA (cell wall-associated protein precursor) and Vpr (ser-
ine protease) were transcriptionally repressed by guiding
dCas9-w to the RBS and 5 coding region, respectively.
The results showed that the inhibition of protease-encoding
genes of nprB (with sgRNA targeting to 20-bp downstream
of initial codon), bpr (with sgRNA targeting to 210-bp
downstream of initial codon) and vpr (with sgRNA target-
ing to 10-bp upstream of initial codon) improved the BLA
yield by 110%, 45% and 60%, respectively (Figure 6A), in-
dicating that they were the primary attributors for BLA
degradation in the medium. In contrast, proteases Epr, Mpr
and WprA had no or marginal proteolytical activities on
BLA (Figure 6A). qRT-PCR showed that the concentration
of prsA transcripts was increased by 1.26-fold while pro-
teases vpr, bpr and nprB transcripts were significantly re-
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by qPCR. (D) SDS-PAGE analysis of BLA expression level of isolated promoters. The error bars indicate the standard deviations of biological triplicates.

pressed with a 95%, 78% and 98% reduction respectively,

after the dCas9-w targeting (Figure 6B).

To test the efficacy of dCas9-w to modulate the protein
quality control system multi-dimensionally to further im-
prove BLA production, the effective components includ-
ing chaperone PrsA and proteases of NprB, Bpr and Vpr

binations. The results showed that simultaneous repression

of Bpr and Vpr could significantly improve BLA produc-

were simultaneously targeted by dCas9-w in various com-

tion, indicating a synergistic effect between Bpr and Vpr
on BLA production. Upon which, simultaneously improv-
ing the expression of molecular chaperone PrsA produced a
2.6-fold increase in BLA production compared to the strain



e40 Nucleic Acids Research, 2019, Vol. 47, No. 7

PAGE 10 OF 13

TSS
B13 B12 B11B10B9 B8 B7 B6B5 B4  B3I[ > B2 Bi
-35 H-10 & RBS
CRISPR interference Almost not affected CRISPR activation
(-45)-82 bp to ATG (-236) - (-88) bp to ATG (-391) - (-276) bp to ATG

dCas9-w — P566-TA-BLA

o o - -
» (7<) N 3]

Relative activiy

e
w

LUl e s
B1

C

B2 B3 B4 BS B6 B7 B8 B9 B10 B11 B12 B13

Figure 5. The position effects of dCas9-w on transcription regulation of P556-TA-BLA. C represents control where sgRNA without target sequence was
used. ATG means the translation initiation site of BLA. The distance of target site to TSS of P556-TA-BLA: B1, 102; B2, 32; B3, 9; B4, -68; BS5, -90; B6,
-132; B7, -152; B8, -216; B9, -256; B10, -283; B11, -303; B12, -348; B13, -371. - represents upstream region. The error bars indicate the standard deviations

of biological triplicate.

6-102 (Figure 6C). Thus, through combinational OAPS and
dCas9-w strategies, the expression of amylase BLA were im-
proved by 260-fold compared to the commonly used strong
promoter P43 in strain SCK6.

DISCUSSION

The ability to fine-tune gene expression exhibits inspiring
potentials in many biotechnological applications such as ge-
netic circuit design, flux balance and expression system op-
timization. Here, we demonstrated that dCas9-w/a could
execute different modes of transcriptional regulations in a
target-position-dependent manner in B. subtilis, which en-
abled the semi-quantitative characterization of the effect
of each component on target gene expression in a high-
throughput manner. For example, previous studies showed
that protein folding and protease degradation could sig-
nificantly affect BLA production in B. subtilis (40,41). In
this study, we identified that extracellular chaperone PrsA
and proteases NprB, Vpr and Bpr are effective components
on amylase BLA production in B. subtilis 6-102. Moreover,
their synergistic effects on BLA production were evaluated
by guiding the dCas9-w to these effective components with
various combinations. We observed that they did not always
produce add-on effects, indicating that interactions between
these components would exist.

As dCas9-w/a can act as a single master regulator to
modify target gene expression in different directions, simul-
taneous activation and repression of multiple genes expres-

sion can be precisely and temporally controlled by con-
trolling the timing of dCas9-w expression. Thus, dCas9-
w/a mediated multi-directional transcriptional program
has several advantages over other transcriptional programs.
First, similar to dCas9, dCas9-o/a remained the ability to
silence proximal regulatory elements by steric hindrance in
bacteria. It can act as a single master regulator for both
transcription activation and repression, which brings min-
imal metabolic burdens on host cell growth compared to
programs using multiple CRISPR-associated proteins and
effectors. Second, because the regulation mode of dCas9-
w/a functions in a target-position-dependent manner, si-
multaneous activation and repression of multi-locus can
be achieved by designing sgRNAs that targeted to certain
positions, thus circumventing the complicated sgRNA en-
gineering and the decreased regulation efficiency due to
the lower binding affinity between Cas9 and engineered
sgRNAs (12). Finally, the multi-directional regulation can
be precisely controlled spatiotemporally by controlling the
timing of dCas9-w/a expression, without requiring pur-
posely designed promoters to express different effectors.
Theoretically, the dCas9-w based transcriptional program-
ming could play roles in any situations requiring simulta-
neous activation and repression of multiple genes, like deci-
phering cell fate decision (42), probing cellular responses to
environmental stress (43) and rewiring the complex cellular
metabolism for biotechnological applications (19,44,45).



PAGE 11 OF 13

Nucleic Acids Research, 2019, Vol. 47, No. 7 e40

A Activation Repression B
Molecular chaperones Extracellular proteases 1.3
2.5 4
g 1.2
2 A
,E' § 1.1 ]
515 s =
“ >
<« o 03
E:I' 1 —
Py E 0.2 |
2 0.5 - [}
E x 0.1/
[])
¥ o 0.0 ﬁ_
\! P vpr pr np
?‘;} g‘o("s o “9(9 o o o Q‘Q‘P
OsgRNA-1 EsgRNA-2
C 37
2.5 1
2
2
215 4
3]
o 11
(]
>0.5 4
—
$ N N
o S A L
Q ¢ *Q \S «Q *®
& o 4?‘ &
‘\Q & er’
&
o

Figure 6. Improve BLA expression in B. subtilis 6-102 by simultaneously activating molecular chaperone expression and repressing proteases expression
by dCas9-w. (A) Effects of activation of individual molecular chaperone and repression of individual protease on BLA production. GroES (intracellular
molecular chaperone, Swiss-Prot: P28599), PrsA (extracellular molecular chaperone, Swiss-Prot: P24327) and six well-known extracellular protease genes
(Bpr, bacillopeptidase F, Swiss-Prot: P16397; Vpr, extracellular serine protease, Swiss-Prot: P29141; NprB, extracellular neutral protease B, Swiss-Prot:
P39899; Epr, extracellular serine protease, Swiss-Prot: P16396; WprA, cell wall-associated protein precursor, Swiss-Prot: P54423) were selected. (B) The
relative expression of prsA, bpr, vpr and nprB measured by qPCR after expressing the dCas9-w and sgRNAs. The strain 6-102/pHT01-dCas9-w expressing
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The error bars indicate the standard deviations of biological triplicates.

In contrast to the observations that the recruitment of
multiple activators could greatly enhance activation effi-
ciency in eukaryotic cells (15), the multivalent recruitment
of @ and w subunits to dCas9 results in the decreased activa-
tion efficiency. There are two possible explanations for this
contradiction: one is interactions between w and « may im-
paired their ability to recruit other subunits of RNAP, and
the other is the physical connection of @ and « subunits by
a linker may destroyed the proper assembly of functional
RNA polymerase holoenzyme, suggesting the requirement
of orthogonal transcriptional activators for greater activa-
tion efficiency. Actually, effective transcriptional activators
stronger than o subunit of RNAP have been identified in
E. coli (25), while the versatilities of these activators on dif-
ferent contexts and the effectiveness of their homologs in B.
subtilis still need to be evaluated.

The overall metabolic fluxes of biosynthesis pathway
were typically limited by one or two steps, and enzymes cat-
alyzing these steps were often transcriptionally regulated

by host feedback control system in B. subtilis (26). Thus,
it required not only the coordinate activation of enzymes
in the biosynthetic pathway while repression of enzymes in
the competing pathways, but also the deregulation of the
feedback inhibition on rate-limiting enzymes to maximize
product productivities while maintaining host fitness. Syn-
thetic promoters deregulate the control of host transcrip-
tional regulatory networks, and can provide a wide range of
transcriptional activities, thus representing a good comple-
ment of dCas9-w/a to drive the expression of rate-limiting
enzymes and to relieve the feedback inhibition at transcrip-
tional levels.

In order to develop strong synthetic promoters in B. sub-
tilis for biotechnological applications, we initially attempted
to construct a promoter library via the strategy of ran-
domization of non-conserved promoter sequences (46). De-
spite we improved the transformation efficiency of B. sub-
tilis competent cells by two orders of magnitude (47), un-
fortunately, we still failed to construct the promoter library
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with enough transformants to cover the theoretical library
size. Actually, there has no report as we know of construct-
ing a promoter library directly in B. subtilis until now. To
our limited knowledge, there are only two studies about pro-
moter engineering in B. subtilis (8,48). In both studies, the
promoter libraries were first transformed into E. coli, and
mixed plasmids were extracted and re-transformed into B.
subtilis, which would inevitably introduce sequence bias in-
troduced by host restriction-modification systems (49). In
addition, it was disappointing to find that most isolated
promoter mutants have low transcriptional activities. For
example, Liu et al. isolated 214 functional promoter vari-
ants from the library generated by randomizing the non-
conserved promoter sequences, but all these isolated pro-
moters are weaker than the reference promoter P43 (48).
The other study (8) constructed several promoter libraries
by saturated mutagenesis at several nucleotides in the pro-
moters, while most promoter variants have significantly de-
creased transcriptional activities.

Inspired by DNA shuffling for protein evolution, the
OAPS strategy was developed in this work to exploit the
naturally occurring genetic diversity of native promoters
as the driving force for promoter engineering. One of the
most important features of OAPS is the ability to gener-
ate a high proportion of functional mutants, meaning that a
wide range of promoter activities could be obtained within
a small library size. This makes OAPS suitable to construct
promoter libraries with proteins lacking high-throughput
screening methods and in industrially important strains
with low transformation efficiency. One possible limitation
of OAPS is the requirement of consensus motifs for pro-
moter shuffling, while the characteristic -35 and -10 motifs
are not intact even in promoters recognized by same o fac-
tor (Supplementary Table S3). To analyze whether more po-
tent promoter variants can be created by introducing vari-
ations in the consensus motifs of native promoters, we mu-
tated the relatively conserved sites in -10 motif of six native
promoters. As shown in Supplementary Figure S3, stronger
mutants were observed for promoters PserA, Pveg2 and
PlepA. Therefore, promoters with different motifs can be
shuffled by introducing degenerate bases at the relative con-
served site(s).

In summary, dCas9-» was proved to act as a single regu-
lator to simultaneously activate and repress multiple genes
expression by simply designing location-specific sgRNAs,
which provided powerful tools to regulate gene expression
at multi-dimensional levels. In addition, a novel promoter
engineering strategy OAPS with the ability of generating
a high proportion of functional mutants was developed,
which provided a good complement of dCas9-w to im-
prove the expression of rate-limiting enzymes and deregu-
late the feedback inhibition in pathway optimization. Com-
bining dCas9-w mediated multi-directional transcriptional
program and OAPS, a 260-fold increase in the production
of amylase BLA in B. subtilis was achieved. Theoretically,
the strategies developed in this study can be applicable in
other bacteria.
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Supplementary Data are available at NAR Online.
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