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ABSTRACT 

Actinobacteria are ubiquitous bacteria undergoing
comple x de velopmental transitions coinciding with
antibiotic production in response to stress or nutri-
ent starvation. This transition is mainly controlled
by the interaction between the second messenger c-
di-GMP and the master repressor BldD. To date, the
upstream factors and the global signal networks that
regulate these intriguing cell biological processes re-
main unknown. In Saccharopolyspora erythraea , we
found that acetyl phosphate (AcP) accumulation re-
sulting fr om envir onmental nitr ogen stress partici-
pated in the regulation of BldD activity through co-
operation with c-di-GMP. AcP-induced acetylation of
BldD at K11 caused the BldD dimer to fall apart and
dissociate from the target DNA and disrupted the sig-
nal transduction of c-di-GMP, thus governing both
developmental transition and antibiotic production.
Additionally, practical mutation of BldD 

K11R bypass-
ing acetylation regulation could enhance the positive
effect of BldD on antibiotic production. The study of
AcP-dependent acetylation is usually confined to the
control of enzyme activity. Our finding represents
an entirely different role of the co v alent modifica-
tion caused by AcP, which integrated with c-di-GMP
signal in modulating the activity of BldD for devel-
opment and antibiotic production, coping with envi-
ronmental stress. This coherent regulatory network
might be widespread across actinobacteria, thus has
broad implications. 
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INTRODUCTION 

Soil-dwelling actinobacteria are Gram-positi v e bacteria
pr oducing numer ous antibiotics or secondary metabolites
that ar e commer ciall y or clinicall y relevant, such as antibac-
terial, antiviral, antitumor, and antifungal properties ( 1 ).
Members of this genus face with drastic changes in key nu-
trients including carbon and nitrogen sources , phosphate ,
oxygen, iron, sulfur, etc., and secondary metabolites are
produced in response to environmental conditions, includ-
ing nutrient starvation. 

Like all living cells, actinobacteria have to be able to
sense, respond to, and adapt to these stressful conditions.
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his r equir es appropriate sensors for external / internal 
timuli and signal transduction processes driving transcrip- 
omic and proteomic changes that allow them to repair or 
void cellular damage, which are mainly subject to tran- 
criptional regula tion media ted by multiple interactions of 
leiotropic and cluster-situated transcription factors that 
ork in networks and cascades ( 2 ). Environmental stress 

hus turns into metabolic cues within the bacterial cell and 

esults in an unbalanced metabolism of primary and sec- 
ndary metabolism, causing a series of consequences for 
rowth, cell dif ferentia tion, reproduction, and secondary 

etabolite biosynthesis. Pleiotropic transcription factors 
ncluding GlnR, PhoP and MtrA, can sense the correspond- 
ng nutrient status and control hundreds of reactions in acti- 
obacterial cells directly or indirectly ( 2–8 ). Moreover, nu- 
rient limitation or starvation also induces stringent regula- 
ion of the transcription factors themselves through cova- 
ent modification (such as acylation and phosphorylation) 
nd noncovalent interaction with nucleotide second mes- 
engers (such as c-di-GMP). Increasing carbon flux or ni- 
rogen starvation is verified to trigger global protein acety- 
ation via acetyltr ansfer ase, which regulates the function of 
ranscription factors, such as GlnR and PhoP, exhibiting 

trict transcriptional and posttranslational control of nutri- 
nt assimilation, which is fundamental for actinobacterial 
urvival ( 2 , 9 ). 

The stringent response to stress or nutrient starvation in 

ctinobacteria is closely linked to complex morphological 
if ferentia tion and the production of secondary metabo- 

ites, including antibiotics ( 10 , 11 ). Morphological differ- 
ntiation follows a geneticall y pro grammed de v elopmental 
athway from spore formation of aerial mycelium through 

ultiple septum formation to the final release of dormant 
pores. BldD is identified as a key de v elopmental regulator 
ha t coordina tes this pa thway ( 12–14 ). BldD is an autoreg-
latory and master regulator that oversees the entire regu- 

atory cascade through the r epr ession of a global regulon 

f nearly 170 sporula tion-rela ted genes during v egetati v e 
rowth ( 15 , 16 ). In particular, actinobacteria are renowned 

or the production of clinically important antibiotics and 

ther bioacti v e compounds, which is genetically and tem- 
orally coordinated with development. Thus, BldD also 

leiotropically influences antibiotic production in addition 

o causing loss of aerial mycelium formation ( 12 , 14 , 15 ). Ad-
itional interactions on the regulatory backbone are pro- 
ided by the nucleotide second messenger c-di-GMP, which 

unctions as a cor epr essor of BldD to control the deci- 
ion to initiate the de v elopmental program ( 17 ). A high 

e v el of c-di-GMP b locks the formation of aerial hyphae 
nd spores until a drop in the le v el of c-di-GMP relie v es
ldD-mediated r epr ession of the regulatory cascade ( 17– 

9 ). Thus, a governing regulation controlling the switch 

rom v egetati v e growth to sporulation was formed (Figure 
 A). In all domains of life, nucleotide-based second mes- 
engers allow a rapid integration of external and internal 
ignals into regulatory pathways that control cellular re- 
ponses to changing conditions. Howe v er, for BldD, at the 
op of the entire de v elopment process, it remains largely un- 
nown whether other upstream factors or regulatory mech- 
nisms could affect its function and c-di-GMP signal trans- 
uction during drastic changes in nutrients and the con- 
equent variation in growth, differentiation and secondary 

etabolite biosynthesis. 
Here, we show that in addition to c-di-GMP-induced 

ultimerization, BldD is under the direct regulation of 
cP-induced covalent modification resulting from nitrogen 

imitation, thus re v ealing a link between protein acetyla- 
ion and c-di-GMP signaling in S. er ythraea . Specificall y, 
e found that AcP-dependent acetylation of BldD led to 

oss of function in dimerization as well as interaction with c- 
i-GMP, which caused weakened BldD–DNA binding and 

nhibited its transcriptional activity. AcP-dependent acety- 
ation on K11 of BldD was then demonstrated to govern 

he inactivation of BldD, leading to der epr ession of the 
ldD regulon of sporulation genes and r epr ession of the 
ldD regulon of secondary metabolite biosynthesis genes, 

hereby controlling morphological dif ferentia tion and an- 
ibiotic production. It was observed that this regulatory 

unction of acetylated BldD on K11 is highly conserved 

cross streptomycetes and some other genera of actinobac- 
eria. Our r esults pr esent an unidentified signal transduc- 
ion mechanism through the interaction between AcP and 

-di-GMP signaling that allows a global cellular response 
o environmental changes. 

ATERIALS AND METHODS 

trains and culture conditions 

ll strains and plasmids used in this work are listed 

n Supplementary Table S2. S. erythraea was cultured 

n TSB medium at 30 

◦C and 220 rpm for 48 h for 
eed stock prepar ation. Near ly 500 �l was then trans- 
erred to minimal Evans medium containing 25 mM 

ES (N-(Tris(h ydroxymeth yl)meth yl)-2- aminoethanesul- 
onic acid sodium salt), 2 mM citric acid, 10 mM KCl, 
.25 mM CaCl 2 , 1.25 mM MgCl 2 , 2 mM Na 2 SO 4 , 1 mM
a 2 MoO 4 , 0.5% trace elements (0.02 mM MnSO 4 ·4H 2 O, 
 �M ZnSO 4 ·7H 2 O, 0.02 mM H 3 BO 3 , 1 �M KI, 2
M Na 2 MoO 4 ·2H 2 O, 0.05 mM CuSO 4 ·5H 2 O, 0.05 mM 

oCl 2 ·6H 2 O), 2.5% (m / v) glucose, 2 mM NaH 2 PO 4 , pH
.2 and supplemented with 1 mM, 5 mM, 15 mM (NH4) 2 
O 4 for the indicated biochemical tests. 

v erpr oduction and purification of proteins in vitro 

he bldD gene was amplified from the genomic DNA of 
. erythraea by PCR using the primers listed in Supple- 
entary Table S3. After restriction digestion with EcoRI 

nd HindIII, the gene coding for BldD (SACE 2077) was 
loned into pET28a. The protein was expressed by the E. 
oli BL21(DE3) strain and purified as previously described 

 20 ). His-tagged protein was purified by Ni-NTA Superflow 

olumns (Qiagen), and eluted with 250 mM imidazole (in 50 

M NaH 2 PO 4 , 300 mM NaCl, pH 8.0). The protein con- 
entration was determined using BCA Protein Assay Kit 
TIANGEN) with BSA as the standard. 

lectrophoretic mobility shift assay (EMSA) 

NA fragment spanning the 152 bp promoter region 

rom upstream of bldD gene was amplified by PCR 

sing the primers listed in Supplementary Table S3. 
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Figure 1. AcP-induced acetylation of BldD impairs its DNA-binding activity and interaction with c-di-GMP. ( A ) c-di-GMP through the r epr essor BldD to 
control de v elopment. ( B ) Acetylation le v el of BldD in S . erythraea . His-tagged BldD ov ere xpressed in E. coli was used as a control. ( C ) In vitro acetylation 
of His-tagged BldD protein incubated with or without AcuA and Ac-CoA at 37 ◦C for 2 h. ( D ) In vitr o acetyla tion of His-tagged BldD protein with 10 mM 

AcP for various lengths of time (0, 2, 4 and 6 h) at 37 ◦C. The acetylation le v els were determined by Western blotting using a specific anti-AcK antibody. 
EMSA of BldD ( E ), AcuA-dependent acetylated BldD ( F ) and AcP-dependent acetylated BldD ( G ) binding to the bldD gene promoter. ( H ) Circular 
dichroism spectra of BldD, AcuA-dependent acetylated BldD and AcP-dependent acetylated BldD. ( I ) Crosslinking after incubation with AcP for various 
lengths of time at 37 ◦C. ( J ) Characterization of the interaction of c-di-GMP with BldD and AcP-acetylated BldD using ITC. Titration of c-di-GMP (100 
�M) into BldD (40 �M). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The PCR products were modified with biotin with
primer (5 

′ biotinA GCCA GTGGCGATAA G-3 

′ ). The
biotin-labeled PCR products were purified with the PCR
purification kit (Shanghai TransGen Biotech, China).
EMSA was carried out as previously described ( 7 ) with
a chemiluminescent EMSA kit (Beyotime Biotechnology,
China). The binding reaction contained 10 mM Tris–HCl
(pH 8.0), 25 mM MgCl 2 , 50 mM NaCl, 1 mM DTT, 1
mM EDTA, 0.01% Nonidet P40, 50 �g ml −1 poly[d(I-C)],
and 10% glycerol. After binding, the samples were sep-
arated on a nondenaturing PAGE gel in an ice bath of
0.5 × Tris–borate–EDTA at 100 V. 

In vitro protein acetylation assays 

The in vitro enzymatic acetylation assays with AcuA and
nonenzyma tic acetyla tion with AcP were performed as
previously described ( 20 ). The reaction was performed
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n 50 mM 4-(2-h ydroxyeth yl)-1-piperazineethanesulfonic 
cid (HEPES) buffer (pH 7.5) containing 200 �M tris(2- 
arboxyethyl) phosphine (TCEP) hydrochloride, and 10 �g 

urified BldD with 0.2 �M AcuA and 25 �M Ac-CoA 

or enzyma tic acetyla tion or 10 mM AcP for nonenzymatic 
cetylation. After the reaction, the acetylated protein was 
solated by SDS-PAGE and analyzed by Western blotting 

nd LC −MS / MS. 

estern blot analysis 

estern blot analysis was performed as previously de- 
cribed ( 20 ). Protein lysates were separated by 10% SDS- 
AGE and then transferred to the PVDF membranes for 60 

in at 100 V. After blocking with 3% BSA in PBST buffer 
phospha te buf fered saline containing 0.1% Tween-80) a t 
oom temperature for 1 h, anti-acetyl lysine (hereafter Anti- 
c K ) antibody (PTM-102) purchased from PTM BioLab 

HangZhou Jingjie) diluted 1:15000 in TBST / 5% BSA was 
sed. The blot was performed via ImageQuant LAS 4000 

ystem (GE Healthcare, UK) after chemiluminescent HRP 

ubstra te trea tment. 

dentification of acetylated lysine residues by mass 
pectrometry 

rotein samples were separated by SDS-PAGE. The bands 
ontaining BldD were destained and dehydrated for further 
igestion and LC −MS / MS as described in detail in previ- 
us studies ( 21 ). The gel bands were sliced and destained 

n 50% ethanol treatment. After being fully dehydrated in 

00% ACN, samples wer e r educed by 10 mM DTT at 56 

◦C
or 40 min and then alkylated by 15 mM iodoacetamide 
IAA) in darkness for another 40 min. After that, the 
els were washed in washing buffer (50% ACN / 50% mM 

H 4 HCO 3 (v / v)) and proteins were digested by trypsin at 
n enzyme to substr ate r atio of 1:40 for 16 h. The tryptic
eptides were extracted in 50% ACN / 5% TFA, 75% / 0.1% 

FA and 100% TFA in sequence. The samples were then 

issolv ed in solv ent A (0.1% (v / v) formic acid and 2% ace-
onitrile in water) and analyzed by the orbitrap Fusion mass 
pectrometer in two technical replicates. The raw data were 
onverted to mgf files and then analyzed by Mascot search 

ngine (v 2.3.01, Matrix Science). The search parameters 
ere enzymes, trypsin / P; missed cleavage, 2; fixed modifica- 

ion, Carbamidomethyl (C); variable modifications, acety- 
a tion (K), oxida tion (M) and acetyl (protein N-terminal); 
eptide mass tolerance, 10 ppm; fragment mass tolerance, 
.5 Da. Areas under the curve (AUCs) of the precursor ion 

eak were used to evaluate the peptide intensity. Unmodi- 
ed peptide (AVVVGSYER) was used for protein le v el nor- 
aliza tion. The ra tios of the acyla ted peptides were normal- 

zed to the ratios of their corresponding protein le v els. Nor- 
alized ratios of the peptides were used for further analysis. 

ite-directed mutagenesis of BldD acetylated-site mutants 

ith the primers listed in Supplementary Table S3 and the 
ast mutagenesis system (Transgen Biotech, China), the 
utants (K11Q, K11R) of bldD were introduced into the 

ET28a(+):: bldD plasmid. Purified proteins were analyzed 
y SDS-PAGE, and the concentration was determined with 

CA Protein Assay Kit (TIANGEN) with BSA as the 
tandard. 

ircular dichroism spectroscopy 

hrough ultr afiltr ation, the proteins (0.2 mg / ml) were dis- 
olved in a modified PBS buffer containing 1.4 M KF, 100 

M K 2 HPO 4 , and 18 mM KH 2 PO 4 . The far-UV CD spec-
ra wer e r ecorded at 20 

◦C using a Chirascan Plus instrument 
Applied Photophysics) and were collected from 190 to 260 

m using a rectangular quartz cell with a 1 mm path length. 
he spectra were analyzed for secondary structure content 
sing CDNN CD spectra deconvolution software (Applied 

hotophysics). 

mmunoprecipitation (IP) and immunoblotting (IB) 

urification of BldD protein from S. erythraea through IP 

as performed as previously described ( 20 ) using the spe- 
ific anti-BldD polyclonal antibody (Solarbio, China), the 
cetylation le v el was tested by immunob lotting (IB) using 

he anti-Ac K antibody (PTM-102) purchased from PTM 

ioLab (HangZhou Jingjie). Binding was visualized using 

n ECL western blotting method. After ECL detection, 
lms were scanned by MF-ChemiBIS software, version 3.2 

DNR Bio-Imaging Systems, Israel), and quantified with 

mageJ software. 

ver expr ession of BldD and its mutants in S. erythraea 

he bldD gene and its mutants (BldD 

K11Q , BldD 

K11R ) with 

is-tag were amplified by PCR using the primers listed in 

upplementary Table S3. After restriction digestion with 

deI and XbaI, the gene coding for BldD (SACE 2077) 
as cloned into the integrati v e plasmid pIB139 ( 22 ), 
aining the plasmids pIB139- bldD , pIB139- bldD 

K11Q , and 

IB139- bldD 

K11R . The plasmid was introduced into wild- 
ype S. erythraea through PEG-mediated protoplast trans- 
ormation. The strains were verified by PCR and DNA 

equencing. 

hIP-seq and data analysis 

he O bldD and O bldD 

K11Q strains were grown for the ap- 
ropriate length of time. Formaldehyde was added to cul- 
ures at a final concentration of 1% (v ol / v ol), and incuba-
ion was continued for 30 min. Glycine was then added to 

 final concentration of 125 mM to stop the cross-linking. 
he samples were left at room temperature for 10 min and 

ashed twice in the precooled TBS buffer (pH 7.5) con- 
aining 20 mM Tris–HCl and 150 mM NaCl. The sam- 
les were then transferred to the ChIP-seq performed by E- 
ENE Tech Co., Ltd (Shenzhen) using an anti-BldD poly- 

lonal antibody. For the data analysis, in brief, fastp soft- 
are (v0.20.0) was used to trim adaptors and remove low- 
uality reads to get high-quality clean reads. Clean reads 
ere aligned to the reference genome using bowtie2 soft- 
are (v2.2.4). MACS2 software (v2.2.7.1) was used for peak 

alling. Bedtools software (v2.30.0) was used for peak an- 
otation based on GTF annotation files. Homer (v4.11) 
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softw are w as used to identify motifs. MAnorm2 (v1.2.0)
softw are w as used to identify differentially enriched re-
gions. The enriched peaks were visualized in IGV (v2.14.1)
software. 

RNA pr epar ation and r eal-time RT-PCR 

RNA pr eparation and r eal-time RT-PCR wer e performed
as previously described ( 20 ) utilizing the primers listed in
Supplementary Table S2. Total RNA was extracted and
purified from the collected cell samples using the RNeasy
Mini Kit (Qiagen, Valencia, CA). About 1 �g of total RNA
was re v erse transcribed using the PrimeScript ™ RT Reagent
Kit with gDNA Eraser (Takara, Shiga, Japan). For real-
time RT-PCR, the SYBR premix Ex Taq ™ GC Kit (Perfect
Real Time, Takara) was used, and about 100 ng cDNA was
added to a 20 �l volume of PCR reaction. The transcription
values of each gene were normalized relati v e to the value
for the internal control gene 16S rRNA (SACE 8101) using
the comparati v e Ct method. For each gene, the relati v e e x-
pression value at the first time point was defined as 1. Gene
expression values were determined in triplicate. 

Cross-linking experiments 

The BldD proteins were dialyzed into cross-linking buffer
(100 mM NaH 2 PO 4 , 150 mM NaCl, pH 8). 60 �M BldD,
1 mM disuccinimidyl suberate (DSS) in dimethylsulfoxide
(DMSO) and 120 �M c-di-GMP were incubated at room
temperature for 60 min ( 17 ). Samples were fractionated on
15% SDS-PAGE gels and visualized by Coomassie staining.
All experiments were performed at least twice. 

Phenotypic analysis 

S. erythraea was cultured on R2YE agar plates ( 23 ). Ery-
thromycin yield was analyzed by bioassay with Bacillus sub-
tilis as the indicator bacteria. Two hundred microliters of
liquid was absorbed from the bacterial solution, and mea-
sured of OD 600 by a microplate reader (BioTek, USA).
Colonies were grown for 96 h on R2YE agar and pr epar ed
for transmission electron microscopy of thin sections. Each
specimen was examined with a Hitachi HT7700 (Japan)
transmission electron microscope. 

Erythromycin determination 

Erythromy cin was e xtracted from the 50 ml TSB cultures
for 120 h. Erythromycin concentration was measured using
an Agilent 1100 HPLC System with a C18 column (5 �m,
250 × 4.6 mm), which was equilibrated with 45% solution
A (K 2 HPO 4 , 30 mM, pH 8.0) and 55% solution B (acetoni-
trile). An isocratic program was carried out at a flow rate of
1 ml ·min 

−1 using a UV detector at 215 nm. 

AcP measurement 

The AcP le v el was determined as described ( 24 ). The lumi-
nescence was determined with microplate reader (Biotek,
USA). A 100 �l clarified sample was mixed with 1 �l MgCl 2
(100 mM), 30 �l ADP (100 �M), and 1.5 �l acetate ki-
nase (0.4 �g / �l). After incuba tion a t 37 

◦C for 90 min, 50
�l of reaction solution was mixed with 50 �l of CellTiter-
Glo (Promega) reagent. ATP (0.1–10 �M) was used for the
standar d curv e. 

C-di-GMP quantification 

Cell cultures of 5 mL were harvested by centrifugation at
4000 g and 4 

◦C for 10 min and washed with 1 × PBS
twice. Cells were then harvested by centrifugation and re-
suspended in 2 ml of PBS buf fer. Sonica tion was used to
disrupt the cells, and cell debris wer e r emoved by centrifu-
ga tion a t 7200 g for 10 min. The superna tants were used
for c-di-GMP quantification with the ELISA kits (LAMI,
Shanghai). The data were obtained by a microplate reader
(BioTek, USA). 

Biola y er interfer ometry (BLI) assa y 

The biosensor, Streptavidin (SA) purchased from ForteBio,
was used in this work. The loading buffer (pH 8.0) con-
tained 10 mM HEPES, 2 mM MgCl 2 , 0.1 mM EDTA and
200 mM KCl, and the running buffer contained an extra
10 �g / ml BSA and 0.02% Tween-20. The biotin-labeled
DNA probe used was the same as the EMSAs. The DNA
probe was stored in loading buffer, and His-tagged BldD
was stored in running buffer during the BLI assay with SA
sensors. Samples were then detected within the OptiPlate-96
Black Opaque (PerkinElmer). 

ITC experiment 

Purified BldD protein was titrated with c-di-GMP in
ITC200 All samples were prepared in the PBS buffer (pH
8.0). Typically, the titrant concentration in the syringe was
100–300 �M, and the titr ant concentr ation in the reaction
cell was 10–50 �M. Titration was conducted at 25 

◦C using
a multiple injection method with 150 s intervals. The ob-
tained data were integrated, corrected, and analyzed using
the MicroCal PEAQ-ITC Analysis Software with a single-
site binding model. 

RESULTS 

The master regulator BldD was acetylated both in vivo and
in vitro 

Acetyla tion d ynamically changes in accordance with intra-
cellular carbon and nitrogen availability, which affects sig-
nal transduction or transcription through its various sub-
strates, including metabolic enzymes as well as transcrip-
tional regulators ( 25 ). To test whether BldD is a substrate
of acetylation, the acetylation status of BldD protein ex-
pressed by S. erythraea was immunoprecipitated with anti-
BldD antibody and subjected to western blotting analysis.
His-tagged BldD ov ere xpressed in E. coli was used as a con-
trol. As shown in Figure 1 B, BldD from S. erythraea was
significantl y acetylated, w hereas no obvious acetylation was
found in the BldD protein from E. coli . In vitro acetylation
was also tested using the endogenous acyltr ansfer ase AcuA
identified previously ( 20 ) and acetyl-phosphate (AcP). As
shown in Figure 1 C and D, BldD could be acetylated via
enzyma tic acetyla tion ca tal yzed directl y by AcuA as well as



Nucleic Acids Research, 2023, Vol. 51, No. 13 6875 

n
d
s

A
b

B
m
T
a
r  

g
i
s
t
1
s
(
d
A
f
t
b
s
d
a
s
d
o
a
c
p
t
B
m
i
i
i
i
1
a
c
a
b
d

B

T
i
j
a
1
t
i
a
K
l
i

Table 1. The acetyla ted sites of BldD under the dif ferent conditions 

In vitro 

Protein BldD In vivo 
Enzymatic 
(AcuA) 

Non-enzymatic 
(AcP) 

K11 K35, K53, K83, 
K98, K119 

K6, K11, K35, K53, 
K83, K98, K119 
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onenzyma tic acetyla tion with AcP in vitr o . These results 
emonstra ted tha t the BldD protein was a new acetylation 

ubstrate both in vitro and in vivo . 

cP-induced acetylation of BldD strongly impairs its DNA- 
inding activity and interaction with c-di-GMP 

ldD binds a tetrameric c-di-GMP to the C-terminal do- 
ain, which in turn dri v es or enhances BldD dimerization. 
he dimerized BldD binds to its target promoters to r epr ess 
 broad regulon of sporulation- and secondary metabolism- 
elated genes, including e v en bldD itself ( 26 ). To investi-
ate the effect of acetylation on the DNA-binding activ- 
ty of the BldD r egulator, electrophor etic mobility shift as- 
ays (EMSAs) were performed using the BldD protein af- 
er acetylation with AcuA and AcP. As shown in Figure 
 E, F and G, AcuA-acetylated BldD (BldD 

AcuA ) performed 

imilarly to unacetylated BldD, while AcP-acetylated BldD 

BldD 

AcP ) showed significantly weak DNA binding, as evi- 
enced by the faint mobility shift. The results suggested that 
cP-dependent acetylation might be the major resulting ef- 

ect on the DNA-binding activity of BldD. To verify this, 
he BldD, BldD 

AcuA and BldD 

AcP proteins were examined 

y circular dichroism assay. The far-UV circular dichroism 

pectra showed decreases in ellipticity at 195–220 nm, in- 
icating an increase in the �-helical content of BldD 

AcuA 

nd BldD 

AcP and suggesting that acetylation altered the 
econdary structure of BldD (Figure 1 H). Moreover, AcP- 
ependent acetylation caused a more remar kab le influence 
n the BldD structure with significantly higher �-helicity 

nd a concomitant decrement in antiparallel and random 

oil structures compared with BldD 

AcuA (Figure 1 H, Sup- 
lementary Table S1). The BldD and BldD 

AcP proteins were 
hen subjected to a chemical cross-linking assay, and less 
ldD became cross-linked in an acetylation time-dependent 
anner in the presence of AcP (Figure 1 I). These results 

ndica ted tha t AcP-dependent acetyla tion domina ted the 
mpairment of BldD DNA-binding activity. Similarly, the 
nteraction between BldD 

AcP and c-di-GMP detected by 

sothermal titration calorimetry (ITC) experiments (Figure 
 J) also showed a ∼15-fold drop in the c-di-GMP-binding 

ffinity compared to BldD (KD from 0.57 to 7.63 �M). This 
onclusion was further evaluated in that AcP-dependent 
cetylation functioned as the major mechanism inhibiting 

oth the DNA-binding activity and the interaction with c- 
i-GMP of BldD. 

ldD is inactive mainly upon acetylation of K11 

o determine the acetylation sites of BldD proteins, the 
n vitro and in vivo acetylated BldD proteins were sub- 
ected to trypsin digestion, the resulting peptides were an- 
lyzed by tandem mass spectrometry. As listed in Table 
 and Supplementary Figures S2-14, fiv e acetylated pep- 
ides containing K35, K53, K83, K98 and K119 were 
dentified in AcuA-dependent acetylated BldD, and six 

cetylated peptides containing K6, K11, K35, K53, K83, 
98 and K119 were identified in AcP-dependent acety- 

ated BldD, while only one peptide, ALGGKLR contain- 
ng K11, was identified in endogenous BldD. The main 
eason for the single K11 identified to be acetylated in 

ivo might be due to the low stoichiometric acetylation of 
ther sites, as acetylation dynamic changes over time in re- 
ponse to the nutritional status of the bacterial environ- 
ent. K11 is located in the N-terminal domain, which me- 

iates DNA binding and dimerization. In addition, the �1 

elix containing K11 participates in the formation of a hy- 
rophobic core and forms a structural scaf fold tha t an- 
hors the HTH DNA-binding motif consisting of �2 and 

3 helices ( 27 ). 
We ne xt inv estigated whether K11 was involv ed in the 
NA-binding activity or the interaction with c-di-GMP. By 

ntroducing substitutions at the acetylated site K11 to gen- 
rate variants BldD 

K11Q and BldD 

K11R based on the prin- 
iple that glutamine (Q) can serve as a structural mimic for 
cetyl-lysine and arginine (R) serves as the genetic mimic 
f unacetylated lysine ( 28 ). In the absence of c-di-GMP, 
e found that BldD 

K11R showed equivalent or similar in- 
ensities of cross-linking bands comparable to those ob- 
ained for BldD (Figure 2 A). Howe v er, BldD 

K11Q mutants 
isplayed a significantly reduced dimer form and an in- 
reased monomer form, a similar result was observed in 

he presence of c-di-GMP, such that BldD 

K11Q abolished 

he enhancement of c-di-GMP effects on the BldD dimer 
Figure 2 A). These results re v ealed tha t acetyla tion of the
11 residue was required for BldD dimerization and its 

nteraction with c-di-GMP. The EMSA (Figure 2 B and 

) led to the same conclusion: BldD 

K11R performed sim- 
larly to unacetylated BldD, and c-di-GMP strongly in- 
uced BldD binding to DNA, consistent with a previous 
eport that c-di-GMP enhances the DNA binding activ- 
ty of BldD ( 17 , 29 ). While the BldD 

K11Q showed signifi- 
antl y weak DN A-binding as evidenced by the faint mo- 
ility shift. To confirm this, we measured the KD between 

ldD / BldD 

K11Q and DNA using biolayer interferometry 

ssay. As Figure 2 D showed, the BldD-DNA had a bind- 
ng affinity of KD ∼5.4 �M, whereas the KD was ∼120 

M, a > 22-fold increase for BldD 

K11Q -DNA, which was 
onsistent with the data shown in Figure 2 B. These results 
ndica ted tha t BldD is inacti v e mainly upon AcP-dependent 
cetyla tion a t K11. 

cetylation of K11 inhibits the global outcome of BldD bind- 
ng to its targeted genes 

he observed association between acetylation of K11 and 

ldD function suggested a potential effect of K11 acety- 
ation on the target genes and the related metabolic path- 
ays in vivo . To address this, we constructed S. erythraea 

trains overproducing mutant BldD and native BldD using 

he E. coli–S. erythraea integrati v e shuttle vector pIB139 
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Figure 2. BldD is inacti v e mainly upon acetylation of K11. ( A ) Crosslinking of BldD and its mutants with or without c-di-GMP. ( B ) EMSA of BldD and 
its mutants binding to the bldD gene promoter in the absence of c-di-GMP. ( C ) EMSA of BldD and its mutants binding to the bldD gene promoter with 1 
�M c-di-GMP. ( D ) Biolayer interferometry assay of purified His-BldD and BldD 

K11Q with the bldD gene promoter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

( 22 ). The corresponding strains O b ldD 

K11Q , O b ldD 

K11R and
O bldD were obtained. The O bldD 

K11Q and O bldD strain
used as a control were selected and subjected to the ChIP-
seq experiments using a specific anti-BldD antibody. The to-
tal (nonimmunoprecipitated) input DNA from each strain
was also subjected to sequencing. Analysis of the ChIP-
seq data re v ealed tha t both O b ldD 

K11Q and O b ldD signals
were widely distributed at transcription start sites (TSSs)
with a sharp single peak (see Figure 3 A). The total de-
tected peaks showed downregulated binding signals in the
O bldD 

K11Q strain compared with the O bldD strain (Fig-
ure 3 B). Collecti v ely, representati v e results from the visu-
alization and verification of the related genes during ex-
posur e to BldD 

K11Q over expr ession illustrate the ChIP-
seq peak changes at the individual gene le v el (Figure 3 C).
Among the genes that were most se v erely affected by K11
acetylation of BldD, se v eral are involved in morphologi-
cal dif ferentia tion including b ldM , b ldN and w hiG , and an-
tibiotic production, such as ermE , er yK , er yAI and er y-
BIV (Figure 3 C). To verify that the effects were caused
by BldD acetylation, the growth behavior and bldD tran-
scription le v els of the WT, O bldD 

K11Q and O bldD strains
wer e tested. Ther e wer e no differ ences observed in bacte-
rial growth, the bldD transcription le v els in the O bldD 

K11Q

and O bldD strains were comparable and significantly higher
than the transcription of background bldD (Supplemen-
tary Figure S1A and B). Thus, we concluded that acety-
lation of K11 inhibits the global outcome of BldD bind-
ing to its targets, which might ther efor e contribute to the
changes in morphological dif ferentia tion and erythromycin
production. 
K11 acetylation enhances development and inhibits antibiotic
production 

BldD is a r epr essor of de v elopment in actinobacteria ( 26 ).
To further examine the function of K11 acetylation, we
used S. erythraea WT, O bldD , O bldD 

K11Q and O bldD 

K11R

strains and cultivated on R2YE agar ( 23 ) at 30 

◦C. In com-
parison with WT, O bldD turned white in appearance later,
suggesting notably delayed dif ferentia tion and sporulation,
and the O bldD 

K11R strain behaved similarly to O bldD (Fig-
ure 4 A). In contr ast, O bldD 

K11Q display ed acceler ated dif-
ferentia tion and sporula tion, w hich was nearl y identical
to that of the WT strain (Figure 4 A). Detailed transmis-
sion electr on micr oscopy (TEM) examination further con-
firmed that K11 acetylation inactivates BldD to release the
negati v e regulatory role of BldD in de v elopment (Figure
4 B). Since BldD coupled with c-di-GMP-mediated regu-
lation directly controls all the promoters in the biosyn-
thetic gene cluster for the clinical antibiotic erythromycin
( 30 ) in addition to its role in regulating morphological dif-
ferentiation in S. erythraea , the influence of K11 acetyla-
tion on antibiotic production was determined by HPLC
and bioassays. We found that O bldD 

K11Q led to an obvious
reduction in erythromycin compared with O bldD (Figure
4 C and Supplementary Figure S1C), indica ting tha t K11
acetylation abolished the positi v e effect of BldD ov ere x-
pression on antibiotic biosynthesis. Howe v er, O bldD 

K11R

relie v ed acetylation inhibition and relati v ely increased ery-
thr omycin pr oduction (Figure 4 C and Supplementary Fig-
ure S1C). Since diguanylate cyclase has emerged as a di-
rect target of BldD ( 26 ), the intracellular c-di-GMP le v el
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Figure 3. ChIP-seq analysis of BldD targets in S. erythr aea. ( A ) Hea tmaps of the ChIP-seq signal density at the peak center and TSSs ( ±5 kb). ( B ) ChIP-seq 
signal in S. erythraea O bldD 

K11Q and O bldD strains. Color-coding of the ChIP samples is as follows: O bldD (blue) and O bldD 

K11Q (red). ( C ) ChIP-seq 
data for the indicated BldD-targeted promoters. Color-coding of the ChIP samples is as follows: O bldD (blue) and O bldD 

K11Q (red). Plots span ∼2 kb of 
DNA sequence. 
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as detected and exhibited an increase in O bldD 

K11Q and a 

ecrease in O bldD 

K11R compared with O bldD (Figure 4 C), 
hich re v ealed tha t K11 acetyla tion directly influenced the 

-di-GMP concentration in vivo . The relationship between 

ldD acetylation and differentiation / antibiotic production 

as then verified by real-time RT-PCR monitoring the tran- 
cription of selected genes from ChIP-seq. As expected, the 
 epr ession of the known genes that play important roles 
n de v elopment, including w hiG , b ldN and b ldM, was en-
anced in O bldD 

K11R , while ov ere xpression of BldD 

K11Q re- 
ie v ed the r epr ession caused by BldD (Figure 4 D). Expres-
ion of the ery cluster, including eryK , eryAI , eryBIV and 

rmE, was improved in O bldD 

K11R and almost completely 

ost in response to BldD-induced activation in O bldD 

K11Q 

Figure 4 D). The growth behaviors and bldD transcription 

ere analyzed and showed that there were no differences 
n growth behaviors among the S. erythraea WT, O bldD , 
 b ldD 

K11Q , and O b ldD 

K11R strains (Supplementary Figure 
1A), while bldD transcription in the O bldD , O bldD 

K11Q , 
nd O bldD 

K11R strains appeared to be relati v ely synchro- 
ized ∼3.5-fold increase compared with that in the WT 

train (Supplementary Figure S1B). The results further con- 
rmed that the differences in de v elopment and antibiotic 
roduction among the detected strains were indeed caused 

y the acetylation status of BldD at K11. In sum, these ob- 
erved data fit the results obtained in Figure 3 and re v ealed
hat r epr ession of binding with the BldD box in O bldD 

K11Q 

ndeed accelerated morphological differentiation and inhib- 
ted antibiotic production. 
itrogen starv ation elev ated the intr acellular AcP concentr a- 
ion, thereby increasing the acetylation level of BldD at K11 

rotein acetylation is considered a consequence of carbon 

verflow or an environmental carbon-nitrogen imbalance 
 24 , 31 ). We thus considered the possibility that nitrogen 

tarvation might exert a general effect on the in vivo acety- 
ation le v el of BldD, that is, this nutrient stress appeared to 

lert the intracellular AcP pool, based on our previous ob- 
erva tion tha t only K11 was identified to be acetyla ted in 

ivo and that its acetylation occurred in an AcP-dependent 
anner (Table 1 ). To investigate this speculation, the S. ery- 

hraea WT strain was cultured in either nitrogen-limited 

N 

−) or nitrogen-rich (N 

+ ) media, and the standard nitro- 
en condition (N) was used as a control (glucose as the car- 
on source). As shown in Figure 5 A, the growth of the WT 

as positi v el y associated with nitro gen availability, with a 

ignificant reduction when cultured in N 

−, while a promo- 
ion was observed with N 

+ . Cells were harvested at the mid- 
le exponential (T 1 ) and early stationary phases (T 2 ), and 

he intracellular AcP was determined, respecti v ely. Both the 
 1 and T 2 phases showed an evidently 5-fold higher intra- 
ellular AcP concentration under nitrogen limitation than 

nder nitrogen-rich conditions, and this difference was e v en 

ore dramatic during the T 2 phase (Figure 5 B). The acety- 
ation le v el of BldD protein immunoprecipitated during the 
 2 phase was then anal yzed. As expected, nitro gen limi- 

ation led to a markedly higher acetylation le v el of BldD 

Figure 5 C), consistent with the higher intracellular AcP 
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Figure 4. K11 acetylation enhances BldD-mediated de v elopment and inhibits antibiotic production. ( A ) Phenotypic observation of the S. erythraea WT, 
O b ldD , O b ldD 

K11Q and O b ldD 

K11R strains cultiva ted on R2YE a t 30 ◦C . ( B ) TEM examina tion of S. erythr aea WT, O b ldD , O b ldD 

K11Q and O b ldD 

K11R 

strains grown for 96 h on R2YE at 30 ◦C. ( C ) Intracellular c-di-GMP le v els and antibiotic production in cell extracts of S. erythraea WT, O bldD , 
O b ldD 

K11Q and O b ldD 

K11R str ains grown in TSB medium. ( D ) The tr anscription le v els of the indicated genes in S . erythr aea WT, O b ldD , O b ldD 

K11Q and 
O bldD 

K11R strains grown in TSB medium till the middle exponential phase. Fold change r epr esents the expr ession le v el compared to the WT strain. Error 
bars show the SDs of three independent experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

le v el observ ed in Figure 5 B. Accor dingly, quantitati v e mass
spectrometry further confirmed that the acetylation le v el
of BldD under nitrogen limitation was nearly 3-fold higher
than that under nitrogen excess conditions at K11 (Figure
5 D). BldD acetylation at different growth stage was also
detected and presented accumulation after entering into
stationary phase (Supplementary Figure S15), which is con-
sistent with the AcP le v el shown in Figure 5 B. These re-
sults are in line with the model that nitrogen starvation re-
sulted in intracellular AcP accumulation, thus inducing hy-
peracetylation of K11, which exerted a synergistic regula-
tory effect on the bldD regulon in S. erythraea . 

The cooperation between AcP-induced acetylation and c-di-
GMP-induced multimerization is conserved in actinobacteria

Very few of the Bld r egulators ar e conserved across actino-
mycetes, but BldD is an exception ( 26 ). BldD exists through-
out sporulating actinomycetes, and its c-di-GMP binding
motif is perfectly conserved in all these homologs. The fact
that BldD / c-di-GMP controls key de v elopmental processes
throughout sporulating actinomycetes raised the possibil-
ity that a similar interaction between AcP-induced acety-
lation of BldD and c-di-GMP might exist in actinobacte-
ria. To complement these evolutionary insights, BldD ho-
mologs from 29 species, including SCO1489 from S. coeli-
color , SLIV 30325 from S. lividans , SAVERM 6861 from S.
avermitilis , and AMIS62190 from non-Streptomyces acti-
nobacteria Actinoplanes missouriensis ( 32 ) as r epr esentati v e
actinobacteria, wer e scr eened for phylogenetic survey. In-
deed, according to the alignment of the S. erythraea BldD
sequence with its homologs, it is notable that the K11 was
widespread in the BldD sequences across actinobacteria,
particularly for streptomyces species (Figure 6 ). We there-
fore specula ted tha t K11 acetyla tion of BldD contributed
to the changes in morphological dif ferentia tion or antibi-
otic production and would be comparati v ely conserv ed in
streptomycetes and some other genera of actinobacteria. 
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Figur e 5. Nitro gen starvation increased acetyla tion of BldD a t K11. ( A ) Growth curv es of S . erythraea WT cultured in minimal Evans medium with 
standard nitrogen (N) and excess / limited nitrogen (N 

+ / N 

−). ‘T 1 ’ and ‘T 2 ’ denote the middle exponential and early stationary phases, respectively. ( B ) 
Quantification of intracellular AcP concentration in the S. erythraea WT strain at N / N 

+ / N 

− conditions. ‘T 1 ’ and ‘T 2 ’ denote the middle exponential 
and early stationary phases, respecti v ely. ( C ) Acetylation le v el of BldD of the S. erythraea WT strain under N / N 

+ / N 

− conditions at the T 2 phase. Each 
lane was loaded with equal amount of BldD protein. ( D ) Acetylation le v el of BldD at K11 under N / N 

+ / N 

− conditions in the T 2 phase. Areas under 
the curve (AUCs) of the precursor ion peak were used to evaluate the peptide intensity. Unmodified peptide (AVVVGSYER) was used for protein le v el 
normaliza tion. The ra tios of the acylated peptides were normalized to the ratios of their corresponding protein le v els. Normalized ratios of the peptides 
were used for analysis. 

Figur e 6. Phylo genetic tree of the BldD protein within actinomycetes. Sequences of BldD proteins were aligned with MAFFT v7.489 with L-INS-I. Trees 
wer e r econstructed from the r esulting alignments using FastTr ee and subsequently visualized with the interacti v e Tree of Life (iTol) Version 6.5.6. The 
black star r epr esents species containing the conserved K11 site, and the gray bar r epr esents the aa length of the BldD protein. Left panels show the genus 
names analyzed in the phylogenetic survey and the identity of the S. erythraea BldD sequence aligned with the corresponding homologs. 
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ISCUSSION 

or all domains of life, the core pathways composed of an- 
 bolism and cata bolism generate a multitude of different 
etabolites. The potential chemical reactions in which these 
etabolites can participate greatly exceed cellular metabolic 

 equir ements. Ther efor e, the cell has e volv ed di v erse mech-
 e
nisms to control these extrametabolic compounds to 

imit their toxicity or the damage imparted upon macro- 
olecular structures via nonenzymatic reactions ( 33 ). It 

s well established that bacteria respond to environmental 
hallenges with appropriate regulation of transcriptional 
nd translational programs ( 34 ). Compared to time- and 

nergy-intensi v e transcription and translation processes, 
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Figure 7. Crosstalk of c-di-GMP and AcP integrates signal transduc- 
tion from nutrient sensing to morphological dif ferentia tion and secondary 
metabolism in streptomycetes and some other genera of actinobacteria. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

posttranslational control over functional proteins can alter
cellular physiolo gy ra pidl y and permit fitness or survival in
otherwise suboptimal or lethal conditions through di v erse
covalent chemical modifications. In addition to enzyme-
dependent acetyla tion, accumula ted evidence has shown
tha t nonenzyma tic acetyla tion induced by AcP is also as-
sessed in a few bacteria, such as E. coli ( 24 ), B. subtilis
( 35 ), and Neisseria gonorrhoeae ( 36 ). In the current study,
we show that in actinobacteria, AcP is the predominant
acetyl donor during carbon / nitrogen imbalance conditions
and exerts posttranscriptional regulation on the activity
of the master regulator BldD, which exerts a global im-
pact on actinobacterial physiolo gy. Notabl y, we found that
AcP-dependent acetylation of BldD led to loss of func-
tion in dimerization as well as interaction with c-di-GMP,
which caused weakened BldD–DNA binding and inhibited
its transcriptional activity. 

The erection of aerial hyphae and sporulation are the
most critical de v elopmental transitions in the life cycle of fil-
amentous actinobacteria. Recent advances have illuminated
that these de v elopmental transitions are contr olled thr ough
the regulatory network of specific regulators, in which BldD
acts as a top regulator of a de v elopmental hierarchy and
a key regulator connecting stress to de v elopmental pro-
cesses. BldD r epr esses the transcription of genes partici-
pating in aerial hyphae and sporulation, such as bldN and
whiG ( 14 , 15 , 17 ). Gener ally, tr anscriptional r epr essors ar e
regulated by a modulatory partner that induces posttrans-
la tional modifica tion, dissocia tion into monomers, and / or
regulatory domain cleavage of the oligomer. Our findings
elucidated a fine tuning of the molecular regulation mecha-
nism of BldD activity by alternative small molecule metabo-
lites (AcP or c-di-GMP) or the cooperation between both of
them, determining when and how r epr ession is relie v ed to
protect the cell metabolic balance. 

BldD is a homodimeric protein with each subunit pre-
dominantly folded into two independent domains ( 37 ), and
there is no significant interdomain interaction observed be-
tween the two distinct domains in the BldD dimer ( 38 ). The
N-terminal domain (residues 1–79) belongs to the Xeno-
biotic Response Element (XRE) family and is responsi-
ble for DNA binding through the helix-turn-helix motif
( 27 , 38 ). The C-terminal domain (residues 80–167) is in-
volved in the pr otein–pr otein interactions that provide tran-
scriptional regulation in de v elopmental regulation ( 39 ). An-
other important functional role of the C-terminal domain is
binding a tetrameric c-di-GMP to the RxD-X8-RxxD motif
to dri v e BldD dimerization and the consequent transcrip-
tional r epr ession of a broad regulon of sporulation genes
( 15 ). The highly conserved K11 identified in this study sug-
gests that the N-terminal domain of BldD could be involved
in the BldD-c-di-GMP interaction. 

According to our results, acetylation on K11 of BldD
gov erned the inacti vation of BldD, leading to der epr ession
of the BldD regulon of sporulation genes, thereby acceler-
a ting morphological dif ferentia tion. Protein acetyla tion is
thought to be a consequence of intracellular AcP accumu-
lation induced by C-N imbalance, including carbon over-
flow or nitrogen limitation ( 6 , 7 , 24 , 31 , 40–43 ). We propose
that defining this signal integration through BldD acetyla-
tion to facilitate morphological dif ferentia tion might be a
safety net to pre v ent major damage to actinobacteria under
extreme nutritional or environmental conditions. 

Furthermore, BldD is also a key activator involved in an-
tibiotic production, including actinorhodin, undecylprodi-
giosin, methylenomycin, and calcium-dependent antibiotics
of S. coelicolor ( 44 ), erythromycin of S. erythraea ( 30 ),
daptomycin of S. roseosporus ( 13 ), and avermectin of S.
avermitilis ( 14 ). In this context, it is plausible that re-
pression of BldD acetylation on its regulon of secondary
metabolite biosynthesis genes and antibiotic production
provided K11 of BldD as a target for the posttranslational
modifica tion-metabolic engineering stra tegy ( 41 ). The re-
sult obtained from O bldD 

K11R indeed showed a much
higher erythrom ycin yield. Ho wever, it should be noted
that the implications of this may differ slightly between the
species and need further investigation. 

In summary, this study re v eals an unusual feature of
acetylation assembly responses to nutritional stress and c-
di-GMP signals via K11 of BldD, which formed a coher-
ent and conserved regulatory network (Figure 7 ), drawing
new insight into the direct connections from specific regu-
lators to the biological process associated with major mor-
phogenetic e v ents. In this regar d, our findings are conduci v e
to a comprehensi v e understanding of BldD-mediated de v el-
opmental regulation in actinobacteria. 
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