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Pulcherriminic acid synthesis and secretion are negatively
regulated by DegU in Bacillus licheniformis

WANG Dong, WANG Pan, HE Yihui, CHEN Shouwen”

State Key Laboratory of Biocatalysis and Enzyme Engineering, School of Life Sciences, Hubei University, Wuhan
430062, Hubei, China

Abstract: Pulcherriminic acid synthesized and secreted by Bacillus licheniformis is an iron chelator
that helps to maintain iron homeostasis by removing Fe’" from the environment. [Objective] This study
is to investigate the regulatory mechanisms of DegU in the synthesis and secretion of pulcherriminic
acid. [Methods] Based on the native strain B. licheniformis DW2 and its derivative strains DW2AdegU
(degU deletion) and DW2::Pbay-degU (degU overexpression), this study excavated the regulatory
mechanisms of DegU in the synthesis and secretion of pulcherriminic acid by determining
pulcherriminic acid content, real-time quantitative polymerase chain reaction (RT-qPCR),
electrophoretic mobility shift assay (EMSA), and green fluorescent protein (GFP) expression assay.
[Results] The pulcherriminic acid yield of DW2AdegU was 56.8% higher than that of DW2, while the
yield of DW2::Pbay-degU was 83.7% lower than that of DW2. In addition, after degU deletion,
compared with the condition of DW2, the transcriptional levels of pulcherriminic acid synthetase genes
yvmC and transporter gene yvmA increased to 2.85 and 2.71 times, respectively, whereas the
transcriptional level of yvmB, another negative regulator gene of yvmC and yvmA, decreased to 0.35
times. In DW2::Pbay-degU, the transcription levels of yvmC and yvmA reduced to 0.47 and 0.24 times,
respectively, while the transcription level of yvmB rose to 1.78 times that of DW2. EMSA and GFP
expression assay showed that DegU could directly bind to PyvmC and PyvmB promoters, but had no
direct interaction with the promoter of yvmA (PyvmA). [Conclusion] DegU regulated the synthesis and
secretion of pulcherriminic acid in two ways: on the one hand, DegU negatively regulated yvmC by
directly binding to the promoter of yvmC-cypX cluster; on the other hand, DegU activated the
expression of yvmB and negatively regulated yvmC-cypX and yvmA in an indirect way.
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ZIRE N HE R yvmC FIAN L (A 2R PASO il BE R
cypX W, TEEVIRG M fEH, L-Leu B
LR AR ATE (RNA &1 LeuRS i fbAE Bl
L-Leu-tRNA SR )5, YvmC LA 2 43F L-Leu-tRNA
R i i R K 46 5 A2 eycelo(L-Leu-L-Leu)®.,
)5 cyclo(L-Leu-L-Leu)Zid 4l (6.2 P450 B4
PRAE AR B DI RR™Y B PN 438 1) B i 5 28
MFS # %% (major facilitator superfamily)i%iz 5
YvmA SEIESN FA TR B Z4uE,
B FERE ywmC-cypX 523 P SRR R 1
AbrB F12& MarR ZJi%(multiple antibiotic resistance
regulator family )% I+ YvnA Fl YvmB 1 H.
FMIAEE , yvmA FEHRWAZE] YvmB [ 5
TEIZIIFEILE PIEB, yvnd SERIAZ 2] AbrB (6
P, T YvnA MU yvmB R EER T,

DegU J& WU 7145 22 4t DegS-DegU H i
el L5 2%, REAS AL AR DegS WM 1L
RS, RS SRR A G MEe T, IF
8 I HH TS A o A R S T gD
DegU i A by 2 MU 11 A ) 9l SR it A v /)
FEERERNTFZ—, Z5XFRAATREEE
B H A f1gB . - B A ERA NN
pesB'Y | IRZ BN T A comK % KR
RN BRI, DegU Xt 7E 27 AT T Ak ) 0
T it A v 4% SR TS DI R 2 A B
WEAE AR I ARGE, i, FATIRSE T DegU
XU BR FTAAR Y AE N L A . o i S AE A
KB REAERT, DU s AR S VIR &
W im st B it — PR U
1R 7E 25 AT TR A 2ok A oo g 4 FH 28 LA

1 #RE5xF*

1.1 ##
1.1.1 EFEEFEN
WA IR & e R 3R A (e/L) . FZEHE 20.0,
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FPEERREN 12.0, (NH4),SO, 6.4, K,HPO,3H,O
0.5, MgSO,47H,0 0.5, FeCl;:6H,O 0.04,
CaCl,-2H,0 0.15, MnSO4-H,0 0.01,

BEFRAAT  PoPARE b ) b A 2 AT B A
PRAEAWAR LB B3 dkep, 7E 37 °C. 230 r/min
PERTPREFE 12 ho LB 7L 2% 40l i 4 il
P DYWL K T B F Bk vp, 7E 37 °C 150 r/min
PER TP RESR 25 he
1.1.2  EHRAN R

ARWEFEFT R AR AR LR 1.

1.2 #HRFHEAEERTLIEEKRAWE

237 b AR 2 M T 25 A1 R 5% TR 0 A 2
PO 153 degU IR R DW2AdegU, 7%
HAZE AT RS R A A Rk Bk A kT, 15
2| degU(Hy)# 5 3RiKF K DW2::Pbay-degU(Hy)-
DegU(Hy) N DegU & 1A AR (12 7 AL 2
MR N RAR), BAEAEBRRE TS
DNA #0725 A i g S0,

1.3 T JRAER RG4S

YRR R A 19 1 mL R B, e 742 10 000 r/min
20 5min, 2 B, YUEMA 1 mL 2 mol/L
NaOH &, #RJ5 10 000 r/min &5.[> 5 min, H
A BB B E (S DI mR) F 52 A1 mT UL 40l O
TZE 410 nm ALEOERE(E , FE T DI g =
225 1 A 2 MO T M PN 5 D B R 5 i ) ARG DN 7
T2 7 PR A 43 ) U0 T ok g 2O
1.4 EFEBENEERKFERD

¥ B. licheniformis DW2, DW2AdegU Fl
DW?2::Pbay-degU T ¥k & I 2 X80 (16 h),
WAEANIE, $REUAMR RNA, 255 1K 2 AP I
FER LR 282 15 PCR (quantitative real-time
PCR, RT-qPCR)Z3#r 5 17) BH 2 A 1 AH 5 3 R 7%
FAFR 2200, L 16s IRNA NS HEA ,
AR EA ) C BT R HA oK, 11
TN AC=C wmnn—Cues; AACEAC w i v—
AC, nimn; FelR R M 55 S K =224
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Table 1  Strains and plasmids
Strains or plasmids Characteristics Sources
Escherichia coli
DH5a supE44 AlacU169 (f 80 lacZAMI15) hsd R17 recAl gyrA96 thil relA1 TaKaRa
BL21(DE3) FompT hsdSg (rg” mp") gal dem (DE3) TaKaRa
Bacillus licheniformis
DW2 Wild type (CCTCC M2011344) This study
DW2AdegU AdegU This study
DW2::Pbay-degU Overexpression of the mutant degU (Hy) This study
Plasmids
T2(2)-ori E. coli-B. licheniformis shuttle vector; oripUC/orits; temperature This study
sensitive; Kan'
T2-degU T2(2)-ori derivative containing homologous arms for degU knockout  This study
T2-Pbay-degU T2(2)-ori derivative for overexpression of the mutant degU (Hy) This study
pHY300PLK E. coli-B. licheniformis shuttle vector; Amp', Tc' TaKaRa
300-PyvmB-GFP pHY300PLK harboring gfp fused with PyvmB promoter This study
300-PyvmC-GFP pHY300PLK harboring gfp fused with PyvmC promoter This study
pET-28a(+) Protein expression vector in BL21(DE3); Kan" Novagen
pET-28a-degU (Hy) pET-28a harboring degU (Hy) This study

1.5 B{IEK GFP R ERN

KWL 200400 pL F) 1.5 mL &.048H,
HIA PBS Z& b 1 mL YESEIA, KRS
B ZE PBS Lo b, & AR
ODg=0.5, F|l SpectraMax iD5 i 43 A Ml
GFP 26 BB MR ODeoo 0B, HAAITH
& GFP Z&GIE=A GFP %)%t B B/ A
OD600 é&{ﬁo
1.6 DegUHy)EBMIFSRTIER LWL

K H pET-28a(+) it #i 4 i DegU(Hy) ik 5 3%
IRFORL, JFR L A KBTI BL21(DE3) Itk
#5747 pET-28a-degU(Hy)BHi ) BL21(DE3)E ik
b3 LB B 353, 37 °C. 230 r/min JR7% 1555
2 ODgy 1 0.6 Lifs, SRIG M5 SR Hh U In 2k i
4 0.3 mmol/L i) IPTG, #4kZEE53%E 6 ho 5 F5EM
Joi . PR Ni-NTA SERUZHrkEaifb!,
1.7 BB

5K N A ok Jrig B ¢ BHL #iF 43 AT (electrophoretic
mobility shift assay, EMSA)SZ56 B FH e e i )7

KUK 5555 o F v b 5 SE e B G =) -
A B FAEM R RO EH R LL yvmC FE K Ry ]
WL 514 PyvmC-F/R FIBARY 14 H PyvmC )5
Bl 7 Bt (100 bp). HE M FH A S 00k 3 = KAk
R0t EMSA 3R &, IR AR & 0 B 3 i
IO AR S B 2 R
PEZEA SN, FERC i 5244 2 B 0 S T AH 24
FhricH%Er 100 £ 5 & 1) poly(dI-dC) DNA,
1.8 Fitoth

AR ALY EZ 2/ 3 K, HHE
Wi E 3 P47, KA Origin 1 SPSS #£47%
s i FRFN 34T (* KR 25 57 . 25 (P<0.05), ** KR
25 5 R 2 (P<0.01))

2 ZREM

2.1 DegU SRR EIAAER RIS A

J T B UE DegU &2 5P RR 1A A
PP, RATTE A ZEMUAT 7 DW2 Bk rh A 2 1
degU Bl TH K DW2AdegU Fl degU(Hy)#& 45 i
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iKW bk DW2::Pbay-degU., KBe4hE R BIR,
DegU 114 w5 FI e 5 3R 3K I A I 2552 1w 71 ok 1)
AR, DW2, DW2AdegU Fll DW2::Pbay-degU
R PR ) 4 % B AR RN S 21 h ik B,
AL ODeoo 43510 4.9, 5.1 F1 4.6 (& 1A),
e IR & WG R T, 3 RRAR A B
Rk E A KW, ) 24 h i DW2, DW2AdegU
1 DW2::Pbay-degU T Kk 1) 41 L %5 BE (ODeoo) 53
WIFKER 4.2, 4.0 F1 3.9, SR, DegU My ik
IR AR H X U] B R G LK B 8K 5%
W, 7EKWE 250 J5, DW2AdegU T kR F i
AP BR SN 55.2 mg/L (K1 1B), A
T DW2 F#E(35.2 mg/L)#EF T 56.8%, 1fii DW2::
Pbay-degU T Pk 13 U A 2 77 £ 5.73 mg/L W L
DW2 HFE FIET 83.7%, %45 %] DegU Xif
UL 1A A R EEAE

TEHIAC ZF M AT R v, 5 W R 15 S 7 ML N
G, FEE B EN YvmA B s, 24
JIEL DA A g R R e A D) WY R B L A |
FrE, ) BH R AT AR L N S A Bk IR AR
mﬁmoﬁT‘eiﬁﬁ%ﬁﬁmﬁw%@A
G 28 P 25 R R 15 2 R M 38 8 U7 B IR 1) 43 0
ﬁﬁhﬁﬂ%mT%ﬁ%%%W%ﬂ%%ﬂEo
SRR, A BRR L PN U0 B R vk B 4 1
FREBAR K, 15 DW2AdegU T Bk 1Y i 4 347
W2 & A% 18.7 mg/g DCW, M T DW2
Bk (112 mg/g DCW) & F+ T 67.0% , T
DW2::Pbay-degU T& Fk A9 Jfd PN 35 U7 BH 12 5 & )
iy DW2 #H#EAY 27.8% (3.1 mg/g DCW) (K 1C).
AT, degU HIFIBIKV- AR 2s B 3E A
) B R A L P A B RO OF- L AT RE Y R R 2
DW2AdegU WM VIR & MK T A, 23
ST YvmA i #, Tovk KR U] B R 4
WAE LA
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Figure 1 Effects of degU deletion and

overexpression on cell growth (A), the total content
of pulcherriminic acid (B) and the content of
intracellular pulcherriminic acid (C). *: P<0.05; **:
P<0.01.
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2.2 DegU XMEVIRABR SR 7 ibtEXE
X 5% 3% B9 22 i

i —2il i RT-qPCR 7341 degU % s /K-
AR U B R AR AR L D) B AR A
3 U 3 TR R R 428 TR 35 TR e SR KOS R S i o 485
RN, degU 1 iR TR I 5 K- BT R
APk DW2 i 4.70 %, 17 DW2AdegU B bk H
W JC A B degU FE R A5 3(F 2), £ T
T DA R P S 8 1) T R IO R R R R P RICR, o
FiAk, degU By IR it ik X} 55 G IR A i 3k
% ilvBHC | leudBCD )55 S /K 3 AH B 5%
M, UiBH DegU ASJE i aed 1 4 58 S iR 1o A3t iy ok
SN D) B R 5 B o 5538 D) B R R I 4G SR A
— W&, 1F degU K5 yvmC BFE %K |
Tt DW2 BikkfY 2.85 %, 1fii DW2::Pbay-degU
R yvm C LR % SR K- I F&h DW2
PRI 0.47 15, W DegU Jill i 20 & IA] 452
R U BH R B 56 R 7% ) 2 8 ofe 4 il 3
VIBRR (/) =i . i B HFER yvmd FFRIEK

Hok

| EmmDW?2
C_IDW2AdegU
4l N DW2::Pbay-degl

Relative transcription level

yvmAyvmByvmC yvnd abrB ilvB leud degl
Genes

2 DegU FRiAKIEZ b3 & 17 BB X 151 4 5K
HERFEFRKTEHZIN

Figure 2  Effects of degU deletion and overexpression
on the transcription levels of metabolism associated
genes of pulcherriminic acid. The transcription
levels of genes in DW2 were set to 1. *: P<0.05; **:
P<0.01.

32 E T DegU M IEE, 75 DW2AdegU 1A
PR AR SEAKOE BT DW2 BiRERY 2.71 £,
I £ DW2::Pbay-degU i £k - | F %8 DW2
PREY 0.24 ff5 . [, 78 yvmC 1Y 3 MEHBIH
PRI (abrB yvnd Fl yvmB)H , RAG yvmB
R FRIAZF] DegU RibKF-aysemm, Hik
SE/KEAE DW2AdegU HikkH N DW2 bk
B9 0.35 £i%, Mi7E DW2::Pbay-degU i tkH ) I
T+ DW2 H# 1.78 5. &5 REKH], yvmB K
5557 3| DegU MIETHEAER, M DegU i 7]
DLt iR 45 YvmB # FAY R0 ok ] 422 17 A 48
yvmC Fl yvmA FEH 1955 5%
2.3 DegU 2 yvmC 1 yvmB ERF I EH
Al

Syt — A B DegU XF yvmB .yvmC Fll yvmA
DAL ) ] 4 2 L T A 2 e o A 7 S [ 1
R, AKX 4L T DegU &1, I
3 2ok P G L s 52 3 7 ML AP IR BE 40 T DegU
#HHS PyvmC., PyvmB #1 PyvmA Ji 3 F B
ZIJEE A B AR niE 3 45 R 8Os,
TEVS N DegU & )5, PyvmC 1 PyvmB Jii 8+
PREFH AT S, R DegU &HEAI LY
PyvmC 5 PyvmB Ji5 8l T H#%45 G . (H /&, DegU
HEHEBWELE 200 ng LLNET PyvmA J3 8 8
FHEA IR RS, 45 R KW DegU &
W5 yvmC 8 yvmB FER G S F 45517 X HE
PR A S, HJ2 DegU Xikia & 1 L
yvmA WA YvmB 8] 4252 58 B .
2.4 GFP FRIiZWIE DegU FELERE FzhF
8iAE=1ER

7T N A B TR E DegU X
yvmC Fl yvmB FERIEVER], FeA1f8 A PyvmC
FPyvmB i 815 gfp FE K TR G f 4 T GFP
A58 Bk 300-PyvmC-GFP il 300-PyvmB-
GFP, FHHA 5] DW2, DW2AdegU
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(A) DegU (Hy)
0 25 50 100

200 ng

' <« DegU(Hy)-PyvmC
probe complex

<« Free PyvmC probe

(B) DegU (Hy)
0 25 50 100

200 ng

‘ DegU(Hy)-PyvmB
‘ il probe complex

< Free PyvmB probe

(C) DegU (Hy)
0 25 50

100 200 ng

Free PyvmA probe

-

B3 DegU MHy)EZHBHS yvmC. yvmB 1 yvmA |
HFREBESIER

Figure 3 Binding of the DegU (Hy) protein to the
promoter probes of yvmC, yvmB and yvmA. The
content of DegU (Hy) was 0, 25, 50, 100 and 200 ng,
respectively. The probe (20 ng) was added to each
lane. The nonspecific competitor poly(dI-dC) was
added to the EMSA binding buffer.

DW2::Pbay-degU BEAEH , R FHBEBR SRS I B 1
GFP WA, S5 R R, AR Kad R,

DW2AdegU/300-PyvmC-GEP [ 4 f) BAA [ A 75
Jefti%E DW2/300-PyvmC-GFP &3 b F1, Hih e
25 h i F TR EE R 65.2%; 1iii DW2::Pbay-degU/
300-PyvmC-GFP [tk 5007 B 4 1) GFP 2GR 4
DW2/300-PyvmC-GFP i & T, 7£ 25 h iR
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JEH 52.2% (Bl 4A), &5 55— 203 DegU AT LA
AT yvmC-cypX 3 A% I a0+ X 3ot Hek
frEE. 5 yvmC MR, 25 h B,
DW2AdegU/300-PyvmB-GFP kA 2N AT
{2 BN DW2/300-PyvmB-GFP f) 32.4%, Tfi
DW?2::Pbay-degU/300-PyvmB-GFP KA IR
TGS TR DW2/300-PyvmC-GFP 1 2.11
(Bl 4B). 45— R, 78 HA ZF JAT
W DegU BEWSiE 1 H#25 yvmC Rl yvmB FE[H
Ja B F 45 Gk R H R A

(A)
&
% 1.0%10° |
&
2 8.0x10°
£
E 6.0x10° - —= DW2/300-PyymC-GFP
o —o— DW2Adeg 300 PyvmC-GFP
g —&— DW2::Pbay-degU/300-PyvmC-GFP
2 4.0%10°
5]
=
o 2.0x10°
= 12 14 16 18 20 22 24 26
[ t/h
(B)

8O T D W2/300-PyymB-GFP

—e— DW2AdegU/300-PyvmB-GFP
—A— DW2: Pbay—dLgUg{)O PyvmB-GFP
6.0x10° x
A
4.0x10°

2.0x10°

Relative fluorescence intensity/(FU/ODy,,)

El4 PyvmC-GFP #1 PyvmB-GFP $#: F & Rik
¥ DegU %1 /& 31 FRIAE{E A

Figure 4  Expression levels of promoters by
PyvmC-GFP (A) and PyvmB-GFP (B) transcriptional
fusions.
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U] BH TR TC S 2 7 B N I 2 B s B i
A, ERRENEES A IS T R TR L AN
DOVEARAS, TR AU BH IR 5 Rl T WK e Bk A 17
21 BH 2 006 K A LU BTT 1 8K 8 19 ok i %
(A)

yvinA wmC

A EAN M R AR . RTEATFRATTA Y R
HiA AT T o A i R A S N AbrB/
YvnA/YvmB [ 335 /K-S 45 i 3 U] B R 1 3
JEA P AT Wk — 2 UEB , DegU %
557 Ho A ZE AT B TP D) BH R 1 A R 8
Ik 2 2 5 A R EEAE (I S).

MSF-like Pulcherriminic acid MarR-like MarR-like
transporter synthesis cluster regulator regulator
Fe.
0}
NH, 0 -Q 0 . +,
( YvmC H CypX + Fe™*
NA — — o > G
0 HN 0 FE

2xL-Leu-tRNA Cyclo(L-Leu-L-Leu)

Pulcherriminic acid Pulcherrimin

(B)
/// L-Leu {RNA

NH2

(RN A AbrB

L- Leu-tRNA

| YvmC-CypX

Pulcherrlmmlc a(:1d
YvmA

1/1

\

1
)

o ﬁ"\0
+
0
O\ Fé

Pulcherrimin

B5 #RFETFRPOEVRERS
Figure 5

MEREFEA)REIBIZEMLE®B)

The gene cluster of pulcherriminic acid synthetases (A) and the regulatory network for

pulcherriminic acid synthesis and secretion in B. licheniformis (B). The regulation of DegU on yvmB and

yvmC were highlighted as bold lines.
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B, EUIWIIRATS FEN Z 5] DegU 1
WCE AR . — 7 1H, DegU 1ENTRERF5
PyvmC FL3EES G Il e 5 o5 —Jm,
DegU a2 YvmB 3Rk — A am il 7 %
yvmC-cypX F& [R5 S5 /6 o XUEE H1 ol
SRAL T RPRTE DegU Wi R b /5 X L 1 S it P4 34
S rh R BT o ZF AT R Y AR )
WL T T B R A e 72122, o g
OIERES T AEAE T AN A G AR P B S, O
LM S 778 2 AR S S B AT
FI AL s P, DegU A FLXH A= 4 Bl 592
TSt R S T B R R S 0 ek AR Y 9 4 A
R, AT sk G A Rl R et e v A R T
WL DA

£ DW2AdegU WtEH, HIR yvmA BYFE %
KPR, R[] U0 B R B AR PR ) R Tk
1R, RN DI R R EATIR W
fne BRI, ZRIE IR X TR Y AR K A
SO o X AT BESE o T N S D T E RR 2 AT
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