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a b s t r a c t 

Microbial transglutaminase (TGase) is a protein that is secreted in a mature form and finds wide applications in 

meat products, tissue scaffold crosslinking, and textile engineering. Streptomyces mobaraensis is the only licensed 

producer of TGase. However, increasing the production of TGase using metabolic engineering and heterologous 

expression approaches has encountered challenges in meeting industrial demands. Therefore, it is necessary to 

identify the regulatory networks involved in TGase biosynthesis to establish a stable and highly efficient TGase 

cell factory. In this study, we employed a DNA-affinity capture assay and mass spectrometry analysis to discover 

several transcription factors. Among the candidates, eight were selected and found to impact TGase biosyn- 

thesis. Notably, SMDS_4150, an AdpA-family regulator, exhibited a significant influence and was hence named 

AdpASm . Through electrophoretic mobility shift assays, we determined that AdpASm regulates TGase biosynthesis 

by directly repressing the transcription of tg and indirectly inhibiting the transcription of SMDS_3961 . The latter 

gene encodes a LytR-family positive regulator of TGase biosynthesis. Additionally, AdpASm exhibited negative 

regulation of its own transcription. To further enhance TGase production, we combined the overexpression of 

SMDS_3961 with the repression of SMDS_4150 , resulting in a remarkable improvement in TGase titer from 28.67 

to 52.0 U/mL, representing an 81.37% increase. This study establishes AdpA as a versatile regulator involved 

in coordinating enzyme biosynthesis in Streptomyces species. Furthermore, we elucidated a cascaded regulatory 

network governing TGase production. 
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. Introduction 

The commercial microbial transglutaminase (TGase) is a single-

ubunit secreted protease with a molecular weight of 37,863 Da and

s composed of 331 amino acids. Its crystal structure appears disk-like,

ith a catalytic active site consisting of Cys64-Asp255-His274 [1] . Fol-

owing secretion through the Tat pathway outside the cell [2] , the N-

erminal zymogen of pro-TGase (44 amino acids) is cleaved by TAMEP

3] , and the remaining tetrapeptide is removed by a serine protease

4] , resulting in the formation of mature TGase. This mature form of

Gase catalyzes various reactions such as cross-linking, ligation, and

eamidization [1] . TGase has found extensive use in the food indus-

ry, where the crosslinks formed by 𝜀 -( 𝛾-glutamyl) lysine isopeptide

ond (G-L bond) enhance the appearance and taste of TGase-treated

oods like ham sausage and rolled meat. Additionally, the integration

f amino acids increases the nutritional value of these foods [ 5 , 6 ]. In

he pharmaceutical industry, TGase mediates the cross-linking of colla-
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en and gelatin, producing scaffolds for organ regeneration. Moreover,

Gase is utilized in the chemo-enzymatic bioconjugation process to ob-

ain antibody-drug conjugates (ADCs) [7–10] . Furthermore, TGase con-

ributes to improving fabric strength and repairing broken fibers in the

extile industry [7] . 

In practical applications, Streptomyces mobaraensis stands as the ex-

lusive permissible host for producing food-grade TGase [11] . How-

ver, the current production of TGase derived from Streptomyces mo-

araensis has encountered significant limitations [12] . Attempts at the

eterologous expression in Escherichia coli and Corynebacterium glutam-

cum necessitate RNA-dependent chaperones for proper folding and pro-

eases for post-modification or risk the formation of inclusion bodies.

hese challenges lead to difficulties in enzyme activation, separation,

nd purification [13–16] . Consequently, researchers are actively de-

eloping methods for metabolic engineering within the original hosts.

ommon genetic manipulations employed to increase the titer of se-

reted enzymes include: (i) enhancing expression or translation effi-
l of Life Sciences & Biotechnology, Shanghai Jiao Tong University, Shanghai 
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iency through promoter selection, optimization of codon bias, or plas-

id selection [17] ; (ii) improving secretory efficiency through signal

eptide selection or optimization, overexpression of SPase, or selec-

ion and optimization of the Tat/Sec pathway [18–20] ; (iii) alleviat-

ng metabolic burdens through medium optimization (protease, MgCl2 ,

TAB, bleomycin sulfate, PMSF, and NaF) [21–24] , genome reduction,

r bioprocess optimization; (iv) mitigating stress responses by overex-

ressing proteins such as PspA, RpoS, or sigma factors [25] ; (v) employ-

ng morphological transformations like SsgA or AdpA overexpression

 14 , 26 , 27 ]. In addition to these strategies, random mutagenesis tech-

iques, including UV or NTG mutagenesis and atmospheric and room-

emperature plasma (ARTP), are frequently utilized in industrial settings

 28 , 29 ]. However, to achieve effective rational engineering, it is cru-

ial to identify the regulatory pathways governing TGase expression. To

ate, LuxR is the only confirmed essential positive regulator that con-

ributes to mycelial growth in S. mobaraensis and TGase biosynthesis

23] . 

The DNA affinity capture assay (referred to as DACA) has proven to

e a highly effective method for capturing and discovering transcrip-

ion factors involved in the regulatory pathways of antibiotic produc-

ion [30–32] . It is well recognized that morphological differentiation

nd secondary metabolism in Streptomyces are subject to complex and

recise regulation by transcription factors, including global regulators,

leiotropic regulators, and pathway-specific regulators [33] . AdpA, a

ember of the AraC/XylS family, is an A-factor-dependent protein and

erves as a global transcription factor in various Streptomyces species, in-

uencing the expression of genes involved in secondary metabolism and

orphogenesis [ 31 , 34–38 ]. For example, in Streptomyces griseus , AdpA

cts as a pathway-specific regulator for strR and griR in streptomycin

nd grixazone biosynthesis, respectively [ 34 , 39 ]. AdpA also plays a role

n controlling the expression of genes such as adsA , which encodes a

igma factor of RNA polymerase gene, sgmA , a metalloendopeptidase

ene, amfR , a regulator gene for aerial mycelium forming, and ssgA , a

ene involved in spore septum formation [40–43] . Furthermore, AdpA

egulates trypsin genes ( sprT and sprU ), chymotrypsin genes ( sprA, sprB ,

nd sprD ), and other members of the AdpA regulon [ 44 , 45 ]. Through

hromatin immunoprecipitation (ChIP) with AdpA in S. griseus , sev-

ral putative genes encoding intracellular and extracellular proteases, as

ell as genes associated with transport and stress responses, which are

ikely involved in primary metabolism, were identified. Some of these

enes were further confirmed using electrophoretic mobility shift as-

ays (EMSA) [46–48] . DNase I footprinting assays revealed a relatively

onserved binding site 5 ′ -TGGCSNGWWY-3 ′ (S: G or C; W: A or T; Y:

or C; N: any nucleotide) for AdpA. The HTH-1 (helix-turn-helix) do-

ain located in the N-terminus of AdpA recognizes the TGGCS sequence,

ith the nucleotide C playing a crucial role, while the HTH-2 of the C-

erminus of AdpA recognizes the remaining nucleotides [49] . AdpA can

ind to two types of binding sites as a dimer: the “long site, ” where each

onomer of the dimer binds to one site, and the “short site, ” where only

ne monomer of the dimer binds to a site, while the other monomer does

ot [50] . 

In this study, we employed 5 ′ -RACE to determine the transcription

tart site (TSS) and the intergenic region of the TGase gene. This infor-

ation was utilized for the identification of transcriptional regulatory

roteins using the DNA affinity capture assay. Subsequently, coupled

andem mass spectrometry (LC-MS/MS) was employed to detect and

haracterize these regulatory proteins, elucidating their roles in TGase

iosynthesis. Through genetic manipulation targeting these regulators,

e achieved significant improvements in TGase production. 

. Materials and methods 

.1. Strains, plasmids, and culture conditions 

Bacterial strains and plasmids used in this study are listed in Table

1. 
2 
S. mobaraensis DSM 40587 and TX (Dongsheng Bio-Tech Co., Ltd.,

aixing, China) were grown in ISP4MYM medium (10 g/L soluble starch,

 g/L (NH4 )2 SO4 , 1 g/L K2 HPO4 , 2 g/L CaCO3 , 1 g/L NaCl, 1 g/L

gSO4 , 100 μL/L inorganic salt solution (1% ZnSO4 , 1% MnCl2 , 1%

eSO4 ), 1 g/L mannitol, 1 g/L yeast extract, 1 g/L malt extract, 20 g/L

gar) for 7 days to allow sporulation. Conjugation of Streptomyces with

. coli was carried out on ISP4MYM plates supplemented with 10 mM

gCl2 . For fermentation, S. mobaraensis DSM 40587, TX, and their

erivatives were grown in 30 mL of seed medium (20 g/L glycerol,

 g/L yeast extract, 25 g/L fish meal peptone, 2 g/L MgSO4 • 7H2 O, 2 g/L

2 HPO4 ·3H2 O, at a pH of 7.4). Subsequently, 3 mL of the seed culture

as transferred into 30 mL of fermentation medium (20 g/L glycerol,

 g/L yeast extract, 25 g/L fish meal peptone, 2 g/L MgSO4 • 7H2 O, 2 g/L

2 HPO4 ·3H2 O, pH 7.4) and cultured for 30 h with shaking at 220 rpm

t 30 ◦C. 

E. coli ET12567(pUZ8002) was used for conjugation. The E. coli cells

ere cultured in Luria-Bertani (LB) broth at 37 ◦C. 

.2. DNA affinity capture assay (DACA) 

The mycelia of DSM 40587 grown in fermentation medium for 30 h

ere harvested and resuspended in 100 mL of binding buffer (20 mM

ris–HCl, pH 8.0, 50 mM NaCl, 10% glycerol, 1 mM EDTA), and broken

sing an ultra-high-pressure crusher (SCIENTZ, Zhejiang, China) (40%

ower, work 3 s, stop 3 s, 5 min/cycle for 3 cycles), followed by cen-

rifugation (12,000 rpm for 25 min at 4 °C) to obtain the supernatant.

he supernatant was filtered through a 3 kDa Millipore filter, and the

rotein concentration was detected using a Nanodrop. 

Biotinylated P tg probes were amplified using the genomic DNA of

SM 40587 and plasmid with biotin-labeled primers P tg -F/R. Probes

10 μg) were individually added to 1 mL of streptavidin-agarose (SA)

GE, Boston, MA USA) and incubated in the binding buffer at room

emperature for 30 min. The biotinylated P tg probes coupled with SA

ere incubated with 150 mg of total protein extracted from the mycelia

f DSM 40587, supplemented with sonicated salmon sperm DNA (So-

arbio, Beijing, China) for 60 min at 4 °C, followed by centrifugation

12,000 rpm for 2 min at 4 °C) two to three times to remove nonspecif-

cally bound proteins. The bound proteins were eluted using elution

uffer (20 mM Tris–HCl, pH 6.8, 1 M NaCl, 10% glycerol, 1 mM EDTA)

t room temperature for 20 min, centrifuged (12,000 rpm for 2 min),

solated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis

SDS-PAGE) and Protein Stains O silver staining (Sangon Biotech Co.,

td., Shanghai, China), and identified through liquid chromatography-

andem mass spectrometry (LC-MS/MS) using a system consisting of the

asy-nLC 1000 system (Thermo Fisher Scientific, Waltham, MA USA)

nd Q Exactive mass spectrometer (Thermo Fisher Scientific, Waltham,

A USA). The obtained data were analyzed against the UniProt database

f S. mobaraensis DSM 40587 and genomic information [32] . 

.3. Construction of plasmids for the overexpression and knock-down of 

egulator genes 

The eight regulator genes were obtained through PCR amplification,

ollowed by ligation into Eco RV-digested pBluescript SK vectors. The re-

ulting constructs were sequenced for confirmation. Subsequently, these

lasmids were digested with Eco RI and Nde I, and the fragments contain-

ng the regulator genes were ligated into an Eco RI/ Nde I-digested plas-

id called pLQ646. The primers used for gene overexpression can be

ound in Table S2. 

To achieve gene knock-down using CRISPRi/dCas9, an

20 sequence for each gene was designed using the website

rispy.secondarymetabolites.org. The sgRNA scaffolds were obtained

hrough PCR amplification and assembled into Spe I/ Eco RI-digested

SET-dCas9 vectors. The primers used for gene knock-down can be

ound in Table S2. 
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t  
.4. Conjugation between streptomyces mobaraensis and E. coli 

To introduce the plasmids, a stepwise approach was followed in both

he non-methylating E. coli strain ET12567(pUZ8002) and S. mobaraen-

is strains. Spores ( ∼109 ) were subjected to a heat treatment at 50 °C

or 10 min and pregerminated for 2 h. The pregerminated spores were

hen mixed with E. coli cells. The resulting suspensions were spread onto

on-selective plates containing ISP4MYM medium supplemented with

0 mM MgCl2 . After an incubation period of 16 h at 30 °C, antibiotics

ere overlaid onto the plates. Typically, exconjugants appeared after 3

ays [51] . 

For the verification of gene overexpression, the exconjugants were

ubjected to PCR using the primers kasOp -YZ-F and smds_X -YZ-R (Table

2). In contrast, for gene knock-down, the exconjugants were verified

sing PCR with the primers dCas9-YZ-F/R (Table S2). 

.5. Enzyme activity analysis of TGase 

The fermentation broth was subjected to centrifugation, and 200 μL

f the resulting supernatant was taken and diluted. It was then mixed

ith 2 mL of preheated reagent A (0.2 M Tris–HCl, 0.1 M hydroxylamine

ydrochloride, 0.01 M GSH, 0.03 M Na-CBZ-GLN-GLY, pH 6.0) and in-

ubated in a water bath at 37 °C for 10 min. To stop the reaction, 2 mL

f reagent B (composed of an equal volume of 3 mol/L HCl, 12% TCA,

nd 5% FeCl3 in 0.1 mol/L HCl) was added. The OD525 was measured

sing a spectrophotometer [52] . Enzyme activity = [(9.1965 ×OD525 –

.055)/2∗ dilution ratio]. 

.6. RNA extraction 

For RNA extraction, fermentation samples were collected and sub-

ected to centrifugation. The resulting precipitated mycelia were resus-

ended in 1 mL of Redzol reagent (SBS Genetech, Shanghai, China) and

isrupted for 1 min. Then, 200 μL of phenol-chloroform was added to

he samples, followed by vortexing and centrifugation at 4 °C for 10 min.

he liquid layer was carefully transferred to a new tube, and 200 μL of

hloroform was added. The mixture was centrifuged again. The RNA pel-

ets were washed with ethanol and washing buffer and then dissolved in

EPC water. The concentration and purity of RNA were determined us-

ng a Nanodrop. To remove any contaminated DNA, DNase I treatment

as performed using DNase I (Thermo Fisher Scientific, Waltham, MA

SA). 

.7. Quantitative real-time PCR 

Mycelia of S. mobaraensis DSM 40587 were harvested, and total RNA

as extracted following the manufacturer’s instructions (SBS Genetech,

hanghai, China). The quality of the RNA was assessed using a Nan-

drop 2000 spectrophotometer. For qPCR experiments, the total RNA

as reverse transcribed into cDNA using the RevertAidTM H Minus First

trand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA

SA). qPCR experiments were performed on a 7500 Fast Real-time CR

ystem (Applied Biosystems, Waltham, MA USA) using the MaximaTM 

B Green/ROX qPCR Master Mix (Thermo Fisher Scientific, Waltham,

A USA) following the manufacturer’s protocol. The expression levels

f the target genes were calculated using the 2− ΔΔCT method, with the

ousekeeping gene hrdB serving as the internal control [53] . 

.8. Electrophoretic mobility shift assays (EMSA) 

DNA probes were amplified by PCR using the primers listed in Table

2. The amplified probes were then mixed independently with purified

ecombinant proteins in the binding buffer, along with unlabeled DNA,

0 ×poly(dI·dC), and ddH2 O, resulting in a 20 μL reaction mixture. The

ixture was incubated at 25 °C for 30 min. After incubation, the reaction
3 
ixtures were separated on 6% native PAGE gels using 0.5 ×Tris-acetate-

DTA buffer as the running buffer at 100 V for 60 min. The gels were

ubsequently scanned for fluorescence using a Cy2 Fltr 525BP20 filter

n an Amersham Typhoon RGB scanner (GE, Boston, MA USA) [54] . 

.9. DNase I footprinting 

DNA probes were amplified by PCR using the primers listed in Ta-

le S2. The amplified probes were then independently mixed with pu-

ified recombinant proteins in the binding buffer, unlabeled DNA, and

dH2 O, resulting in a 20 μL reaction mixture. The mixture was incu-

ated at 25 °C for 30 min. Subsequently, 10 μL of a solution with 1 unit

f DNase I (Thermo Fisher Scientific, Waltham, MA USA) and 100 nM

aCl2 was added, and the mixture was digested for 1 min at 37 °C.

o stop the digestion, 140 μL of DNase I stop solution (200 mM un-

uffered sodium acetate, 30 mM EDTA, 0.15% sodium dodecyl sulfate)

as added. The digested product was then mixed with 10 μL of phenol-

hloroform and centrifuged to remove proteins, and the DNA was ex-

racted through ethanol precipitation. The resulting DNA was dissolved

n 30 μL of Mili-Q water and sequenced using an ABI sequencer (Ap-

lied Biosystems, Waltham, MA USA). The molecular weight standard

sed was ABI GeneScan500 Liz [32] . 

.10. Genome sequence deposition 

The genome sequence of S. mobaraensis DSM 40-587 was deposited

nto Genbank with an accession number of S. GCA_020099395.1. 

. Results 

.1. Identification of eight candidate regulatory proteins capable of binding 

o the tg promoter 

To identify the promoter region of the TGase gene ( tg ), the tran-

cription start site (TSS) of tg was determined using 5 ′ -RACE, revealing

ts location 415 bp upstream of the TGase open reading frame (ORF).

he predicted − 10 and − 35 regions for RNA polymerase binding were

lso identified ( Fig. 1A ). Subsequently, a 452-bp biotinylated probe,

amed P tg , was designed to cover the intergenic region from the stop

odon of SMDS_1473 to the TSS. This probe was used in the DNA affinity

apture assay (DACA) to isolate regulatory proteins from total proteins

f Streptomyces mobaraensis DSM 40587 (hereafter referred to as DSM

0587). The assay involved two or three rounds of washing (Fig.1B, S1,

2, S3). Through LC-MS/MS analysis, a total of 76 transcription fac-

ors (TFs), 31 DNA binding proteins, and 4 sigma factors were iden-

ified in the twice-washed sample. In the three-times-washed sample,

1 TFs, 43 DNA binding proteins, and 5 sigma factors were identi-

ed. Notably, eight TFs, namely SMDS_1792, SMDS_1797, SMDS_4150,

MDS_720, SMDS_4036, SMDS_3072, SMDS_2341, and SMDS_3961 dis-

layed higher scores in both samples ( Table 1 , S3, S4). According to

he genome annotation of DSM 40587 [28] , SMDS_4150 was anno-

ated as an AdpA-family regulator, sharing 84.69% DNA homology

ith adpA in Streptomyces griseus . Among the eight TFs, SMDS_1792,

MDS_1797, SMDS_720, SMDS_3072, and SMDS_3961 all belonged to

wo-component regulatory systems (TCSs). SMDS_1792 and SMDS_1797

ossessed histidine kinase domains (HK), while SMDS_3961 contained

he response regulator domain (RR) of the LytS/R family. Interestingly,

o HK gene was found near smds_3961 in the genome, suggesting that

MDS_3961 may function as an orphan TCS. SMDS_720 and SMDS_3072

xhibited both HK and RR domains. SMDS_2341 was identified as an

fsR-family global transcriptional regulator [55] , and SMDS_4036 be-

onged to the HU_IHF family (Fig.S4). 

.2. Six regulatory genes contributing to TGase biosynthesis 

To investigate the involvement of these regulators in TGase biosyn-

hesis, each gene was overexpressed in S. mobaraensis TX, an indus-
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Fig 1. A. Transcription unit of tg . The tran- 

scription start site is indicated by a bold arrow, 

and the − 10 and − 35 regions are enclosed in 

boxes. Probes tg -I and tg -II for EMSA are shaded 

in gray, and their overlapping sequences are 

shown in white. B. Number of proteins cap- 

tured by DACA. Ellipse a represents proteins 

captured after two washes to remove nonspe- 

cific binding proteins, while ellipse b represents 

proteins captured after three washes. The 626 

proteins shared by both ellipses are highlighted 

with a light gray background. 

Table 1 

Candidate regulatory proteins identified by DACA. 

Regulator Ion score (− 10lgP) Gene product 

SMDS_4150 228.71 AdpA-family regulator 

SMDS_1792 207.32 NIT/BaeS/ICP4-family hybrid two-component system (HK) 

SMDS_4036 203.08 HU_IHF-family DNA binding protein 

SMDS_3072 197.91 AtoS/BaeS/CheY-family hybrid two-component system (HK & RR) 

SMDS_2341 184.79 AfsK/R-family two-component system (RR) 

SMDS_1797 171.64 NIT/BaeS-family hybrid two-component system (HK) 

SMDS_720 154.17 MCP/GAF/BarA/CheY-family hybrid two-component system (HK & RR) 

SMDS_3961 147.84 LytS/R-family two-component system (RR) 
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i  

q  

p  
rially high-yielding strain derived from DSM 40587. The TGase pro-

uction and tg transcription were analyzed by enzymatic reaction

nd real-time quantitative PCR (qPCR) in each mutant strain. Com-

ared to the control strain TX::pLQ646 carrying the vector plasmid

LQ646 integrated into the chromosome, overexpression of SMDS_4036,

MDS_2341, SMDS_1797 , and SMDS_3961 resulted in a 7.09% to 69.76%

ncrease in TGase production, while overexpression of SMDS_4150,

MDS_1792, SMDS_3072 , and SMDS_720 led to a 17.29% to 60.34% de-

rease in TGase production ( Fig. 2A ). Moreover, qPCR analysis revealed

hat the transcription of tg was significantly enhanced by the over-

xpression of SMDS_4036, SMDS_2341, SMDS_1797 , and SMDS_3961

nd suppressed by the overexpression of SMDS_4150 and SMDS_720

 Fig. 2B ). These findings were consistent with the changes observed

n TGase production. Therefore, SMDS_4036, SMDS_2341, SMDS_1797 ,

nd SMDS_3961 are considered positive regulatory genes for tg expres-

ion, with SMDS_3961 , a member of the LytS/R-family, exhibiting the

ighest effectiveness. On the other hand, SMDS_4150 and SMDS_720

re regarded as negative regulatory genes, with SMDS_4150 , an AdpA-
 o  

4 
amily gene, being more influential. Consequently, SMDS_3961 and

MDS_4150 were selected for further mechanistic characterization. 

.3. LytS/R-family SMDS_3961 directly upregulated transcription of tg 

Electrophoretic mobility shift assays (EMSAs) and DNase I foot-

rinting were conducted to investigate the regulatory mechanism of

MDS_3961 on P tg , the promoter of tg . Since the 452-bp region upstream

f the TSS was designated as P tg , two probes P tg -I and P tg -II were de-

igned with a 20-bp overlapping sequence to cover the entire P tg region

 Fig. 1A ). A full-length SMDS_3961 protein was utilized for the DNA-

rotein binding assays (Fig.S5). The results revealed that SMDS_3961

as specifically bound to P tg -I, while no binding was observed with P tg -

I ( Fig. 3A - B ). In many studied systems, response regulators contain-

ng the LytTR domain typically form dimers and bind to consensus se-

uences such as the LytR box 5 ′ -CCCAGTTNTNCAC-3 ′ or 9-bp direct re-

eats 5 ′ -ACAGTTAAG-3 ′ , separated by 12 bp and located just upstream

f the TSS [ 56 , 57 ]. DNase I footprinting analysis indicated that the bind-
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Fig 2. TGase activity (A) and transcription of tg (B) across eight mutants with each regulatory gene overexpressed. 

Fig 3. SMDS_3961 is involved in TGase biosynthesis and binds to P tg . A. EMSA showing the interaction between SMDS_3961 and P tg -I probe. B. EMSA demonstrating 

the absence of binding between SMDS_3961 and P tg -II probe. C. DNase I footprinting assays using varying amounts of SMDS_3961 protein. D. Sequence of the 

SMDS_3961-binding site indicated with a black background. The conserved consensus sequence is marked with an asterisk and arrows. E. TGase activity in S. 

mobaraensis TX and SMDS_3961 knock-down mutants. F. SDS-PAGE analysis of TGase expression in SMDS_3961 knock-down mutants and controls. The 30-hour 

fermentation broth of TX, TX::pSET152, TX::pSET-dCas9, TX KD SMDS_3961 –1&2 was collected, centrifuged, and equal volumes of supernatant were analyzed 

using SDS-PAGE. Bands at 36.5 kDa represent mature TGase, and bands at 42.1 kDa represent pro-TGase. G. Transcriptional activity of tg in S. mobaraensis TX and 

SMDS_3961 knock-down mutants. 
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Fig 4. The AdpA-family regulator SMDS_4150 was found to suppress the transcription of tg, SMDS_3961 , and its own gene through direct binding. A. The TGase 

production of TX and the SMDS_4150 knock-down mutants. B. SDS-PAGE analysis of TGase expression in the SMDS_4150 knock-down mutants and controls. The 

30-hour fermentation broth of TX, TX::pSET152, TX::pSET-dCas9, TX KD SMDS_4150 –1&2 was collected and centrifuged, and equal volumes of supernatant were 

taken and analyzed using SDS-PAGE. The 36.5 kDa bands represented mature TGase, and the 42.1 kDa bands represented pro-TGase. C. Transcription of tg in TX and 

the SMDS_4150 knock-down mutants. D. EMSAs with SMDS_4150 and the P tg -I probe. E. EMSAs with SMDS_4150 and the P tg -II probe. F. DNase I footprinting using 

various amounts of SMDS_4150 protein bound to the P tg probe. G. SMDS_4150 binding sites A or B are indicated with a black background. The conserved AdpA 

consensus sequences are marked with a or b and arrows. H. Transcription of SMDS_3961 in TX and the TX:: SMDS_4150 mutant. I. EMSA with SMDS_4150 and the 

P3961 probe. J. Transcription of SMDS_4150 in TX and the TX:: SMDS_4150 mutant. K. EMSA with SMDS_4150 and the P4150 probe. 

6 
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Fig 5. TGase activity of tandem overexpression and knock-down mutants. LX59: 

TX KD SMDS_4150 –1:: SMDS_3961 . 
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m  
ng site of SMDS_3961 was positioned upstream of the − 35 region of P tg

nd exhibited moderate similarity to the consensus binding sequence,

ith only one repeat present ( Fig. 3 CD). 

To further explore the role of SMDS_3961 , knock-down mutants were

enerated in S. mobaraensis TX using CRISPRi/dCas9 technology. Two

ifferent sgRNAs were selected to target distinct locations, with one tar-

eting the upstream region of the SMDS_3961 ORF (gRNA-1) and an-

ther within the SMDS_3961 ORF (gRNA-2). Enzymatic reaction, SDS-

AGE, and qPCR analysis revealed that TGase production decreased by

3.1% (gRNA-1) and 6.8% (gRNA-2) ( Fig. 3 E-F), and the transcription

f tg was significantly suppressed ( Fig. 3G ). Collectively, these findings

onfirm the positive involvement of SMDS_3961 in TGase biosynthesis

hrough direct binding to the P tg promoter. 

.4. AdpA-family member SMDS_4150 suppressed the transcription of tg, 

MDS_3961 , and its own gene 

The previous overexpression experiments indicated that SMDS_4150,

n AdpA-family regulator, has a negative impact on TGase production.

o further confirm its function, SMDS_4150 knock-down mutants were

enerated using gRNA-1 to target a site upstream of the SMDS_4150

RF and gRNA-2 to target a site within the SMDS_4150 ORF. Both

utants exhibited increased TGase production by 58.0% (gRNA-1) or

6.4% (gRNA-2) ( Fig. 4A - B ), and the transcription of tg was significantly

educed in the SMDS_4150 knock-down mutants ( Fig. 4C ). EMSA and

Nase I footprinting assays revealed that SMDS_4150 bound to differ-

nt regions within both P tg -I and P tg -II ( Fig. 4 DE), where the highly

onserved AdpA consensus sequence 5 ′ -TGGCSNGWWY-3 ′ (S: G or C;

: A or T; Y: T or C; N: any nucleotide) was located [49] ( Fig. 4 FG). 

Interestingly, when analyzing the transcription of SMDS_3961 in the

X:: SMDS_4150 mutant, which overexpressed SMDS_4150 , its expres-

ion was found to be reduced by 55.7% ( Fig. 4H ), suggesting a negative

egulatory role of SMDS_4150. Sequence analysis of the promoter region

f SMDS_3961 (P3961) identified a conserved binding site for AdpA,

 ′ -TGGCSNGWWY-3 ′ . Using P3961 as a probe, SMDS_4150 exhibited

pecific binding to this region ( Fig. 4I ). Moreover, the transcription of

MDS_4150 in the TX:: SMDS_4150 mutant was measured and found to

e severely reduced as expected ( Fig. 4J ), and EMSA demonstrated the

inding of SMDS_4150 to its own promoter region P4150 ( Fig. 4K ). In

ther words, AdpA regulated TGase metabolism in a pleiotropic man-

er, both directly and indirectly. Since the global transcription factor

dpA affects morphogenesis in many Streptomyces species, the growth

ondition of the SMDS_4150 knock-down mutant was also examined,

evealing its negative involvement in aerial hyphae formation (Fig. S6).

.5. Combined overexpression and knock-down of regulatory genes 

nhance the production of TGase 

The results mentioned above suggest that a tandem overexpression

f positive TFs or knock-down of negative TFs can be an effective strat-

gy to enhance TGase production. In light of this, the positive regulator

MDS_3961 was overexpressed, while the negative regulator SMDS_4150

as suppressed in the same strain. As depicted in Fig. 5 , the resulting

train LX59 exhibited an enzyme activity of 52.0 U/mL after 30 h of fer-

entation, which represents an 81.2% increase compared to the control

train TX::pSET-dCas9 and a 14.7% increase compared to strain TX KD

MDS_4150 , where the transcription of SMDS_4150 was suppressed. 

. Discussion 

The understanding of the regulatory network governing TGase

iosynthesis is still limited. One effective strategy to capture and identify

otential TFs is DACA [30–32] . Through this approach, we identified

 minimum of 109 potential TFs that may interact with P tg . Surpris-

ngly, LuxR (SMDS_3275), the only previously reported TF associated

ith TGase biosynthesis [23] , appeared with low scores in our study.
7 
owever, we discovered that SMDS_4150, the top-ranked AdpA-family

egulator, played crucial roles in TGase biosynthesis. It was found to

egulate tg, lytRSm 

, and adpA , all of which were members of its regulon.

MDS_4150 acted as a repressor for the first two genes and demonstrated

utorepression. It is well known that the − 10 and − 35 regions are criti-

al binding sites for RNA polymerase. If the binding sites of a regulator

verlap with these regions or are located between them, it can impede

r promote the binding of RNA polymerase. In the case of SMDS_4150,

ne of its binding sites covered part of the − 35 region, which explains

ts role as a repressor of tg . AdpA is a pleiotropic transcriptional regula-

or and a well-studied member of the AraC/XylS family. It plays a role

n coordinating morphological differentiation and regulating secondary

etabolism in various Streptomyces species [ 31 , 34–38 ]. For instance,

n S. griseus , it influences morphogenesis by promoting the formation

f secreted serine protease and regulates the biosynthesis of strepto-

ycin, polyketide compounds, and grixazone by enhancing the expres-

ion of pathway-specific transcriptional activators such as StrR and GirR

40–43] . In S. xiamenensis 318, it affects morphogenesis and coordinates

he biosynthesis of xiamenmycin and PTMs bidirectionally [58] . How-

ver, the role of AdpA in regulating primary metabolism, particularly

nzyme expression, has rarely been reported. Although several puta-

ive genes encoding intracellular and extracellular proteases, as well as

enes involved in transport and stress responses associated with pri-

ary metabolism, have been identified in S. griseus , their regulatory

athways have not been fully elucidated [46–48] . In this study, we in-

estigated the regulatory roles of SMDS_4150, an AdpA homologue in

treptomyces mobaraensis DSM 40587, and discovered its negative coor-

ination of TGase biosynthesis through cascade pathways. These find-

ngs provide further evidence of the versatile functions of AdpA in pri-

ary metabolism in Streptomyces , expanding our understanding of the

unctions of global regulators. Moreover, they pave the way for future

fforts in improving the titer of TGase. 

Furthermore, our EMSA analysis indicated that SMDS_3961 played

 pivotal role as a coordinator in the TGase regulation pathway. This

ytR-family response regulator demonstrated binding activity to P tg . In-

erestingly, the protected region was found upstream of the − 35 region,

uggesting its role in promoting the recruitment of RNA polymerase. Ad-

itionally, the protected region was situated between two “short sites ”

ith the sequence 5 ′ -TGGCSNGWWY-3 ′ , which may hinder AdpA from

ccessing the promoter and eliminate transcriptional inhibition. Thus,

ytR acted as an activator in this context. Hydropathy analysis of the

ytS amino acid sequence revealed the presence of six potential trans-

embrane domains [59] . Unlike many sensor proteins that typically
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Fig 6. The cascaded regulatory network of TGase based on DACA. The yellow 

arrow indicates that DACA was performed using the tg promoter as a reference. 

The red arrows represent the identification of two transcriptional regulators, 

SMDS_4150 and SMDS_3961, through DACA. The green solid arrow signifies 

that SMDS_3961 activates the transcription of tg . The blue lines with termination 

indicate that SMDS_4150 represses the transcription of tg, SMDS_3961 , and its 

own gene. 
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ossess two transmembrane domains [60] , these multiple transmem-

rane domains in LytS are well-suited to sense membrane-associated

ignals such as membrane potential. The response regulator, LytR, be-

ongs to the novel family of non-helix-turn-helix DNA-binding domain

roteins. Upon a decrease in membrane potential, LytS undergoes au-

ophosphorylation, subsequently phosphorylating LytR, enabling it to

ind to the promoter region of the regulated gene and influence its tran-

cription [61] . Although SMDS_3961 exhibited only 28.68% and 36.00%

rotein homology with LytR in Staphylococcus aureus and Desulfovibrio

ulgaris , respectively, they shared a typical LytTR domain. The LytTR

s a DNA-binding domain of approximately 100 amino acids, belong-

ng to the AlgR/AgrA/LytR family of bacterial transcriptional regulators

62] . It was named after the response regulators LytT in Bacillus subtilis

nd LytR in Staphylococcus aureus , which are involved in the regula-

ion of cell autolysis [62] . However, unlike other LytR family regulators,

MDS_3961 did not possess a REC domain, which typically contains a

hosphoacceptor site phosphorylated by histidine kinase homologues.

his may explain why the associated histidine kinase for this regulator

emains unclear, as it is neither located in the gene’s vicinity nor identi-

ed elsewhere in the genome. This observation highlights the diversity

f LytR family regulators and their distinct signal transduction pathways

cross different bacteria species. 

Based on these findings, we propose a cascaded regulatory model in

hich SMDS_4150 and SMDS_3961 act as core regulators to coordinate

Gase production ( Fig. 6 ). This model provides a fresh mechanistic in-

ight into how SMDS_4150 assumes a role similar to that of LytS, thereby

orming a novel regulatory pathway involving LytR. However, it remains

nknown whether other significant nodes are involved in this regulatory

etwork. Further exploration of TFs with relatively high scores, such as

MDS_16, SMDS_1970, SMDS_864, and others identified in the twice-

ashed protein eluate, is required to uncover additional players in the

ystem. 

. Conclusion 

In this study, we have successfully demonstrated the crucial involve-

ent of AdpA in the regulation of TGase, a secreted enzyme associated

ith primary metabolism. Furthermore, we have uncovered the unique

egulatory pathway of LytR, shedding light on the diverse functions of

hese transcription factors and enhancing our comprehension of regula-

ory networks in actinomycetes. In summary, our findings provide sub-

tantial evidence for the roles of AdpA and LytR in coordinating TGase

iosynthesis, opening up possibilities for the development of more cost-

ffective strategies for TGase production. 
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