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The model of zinc uptake by P. aeruginosa ZnuABC. OM: outer membrane; IM: inner membrane.
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The model of zinc uptake by P. aeruginosa HmtA. OM: outer membrane; IM: inner membrane.

1A (zincophore)Z 15 i S A1 5L MU TAT 9 A 2 1 1R BB

CntN ENA M2 &1, /+F Zincophore
53, T CntR WAESNAMRSZ K, 4T 4h
Zincophore-Zn*" AWM AN K HKiz, X5
Mastropasqua F1 Lhospice %54 2H 41 18 ) i 77 4%
RA—5(22 Mastropasqua TR 2H PO%A K PRk
RRAE entR (WK zrmA) . 25 W T ARl o Al B T 7
PR IR AT TN B PRy & i, AMREL T
HMIANE A P2 A F03EPE . Lhospice g
NIf#EAT T Zincophore AL ZAZEM FIAEY) & &AL,
FH##1% Zincophore 7144 47 Pseudopaline., %Y A0
2= BE R RN A W) G IR AR 34 5 45 e 0 ) 2 BR AT 4
J&# A Staphylopine® 25 I(& 3-A). Pseudopaline
MIEE G R PIL . B, 78 CotL WIHEILT,

S-JRH B 4 %R (S-adenosyl methionine, SAM)X}
L-#H % % (L-histidine, L-His) I/ a-% 55T B3
VAT 202 B0t , NI AR S Hr (a4 yNA G
K, £ CntM AL, NADH 24t s 5) g,

yNA HE RS —43F 1) a-fi )% R (a-ketoglutaric
acid, aKG)4i& T Pseudopaline®, [k jx st

http://journals.im.ac.cn/actamicrocn



1860

Yanting Niu et al. | Acta Microbiologica Sinica, 2021, 61(7)

(A)

“)\I/NU>

Staphylopine

(B) o .
L]

OH

e

Pseudopaline

4_@«1”0 ‘?

mwm“”z”“

ol .
@ o

. ‘ -

IR0 7 RN RN R RS R R BT con (LN

!

o. .@ . \.

Zur @ h.. @ — cnRLMN

o ' g
© S
=
8
¢ e ©
IM
| :
. 3
O Pseudopaline ,—8_
T, NAD* >

aKG
Carg. yNA

S4 S k
Lo, \‘11/1 M1y NADH

3. $AZREME CntRLMN BREGEE FIREE

Figure 3.
pseudopaline!?"!

The model of zinc uptake by P. aeruginosa CntRLMN. A: Chemical structures of staphylopine

(22] and

. The purple part is a-ketoglutarate, and the green part is L-histidine. B: Model of pseudopaline

synthesis, secretion and metal uptake in P. aeruginosa. OM: outer membrane; IM: inner membrane; L-His:
L-histidine; SAM: S-adenosine methionine; MTA: 5-methylthioadenosine; aKG: a-ketoglutarate.
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Zur protein in P. aeruginosa®. A: P. aeruginosa Zur protein sequence and functional domains. The

DNA binding region is in blue. M site is in green and C site is in orange. Amino acid residues involved in Zn*"

interaction are indicated in bold. B: The DNA binding site sequences of P. aeruginosa Zur created by WebLogo.
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Figure 5.

The expression of zinc uptake system of P. aeruginosa is regulated by zinc regulator Zur. A: DNA

sequence alignments of ZnuABC, HmtA, CntRLMN, PA4063—PA4066, PA2911-PA2914 and PA1922-PA1925
promoter. The yellow region represents the zur binding site containing 17 bp base, and the red labeled base

represents the conserved nucleotide in this region. B: the model of zinc uptake systems in P. aeruginosa. OM:

outer membrane; IM: inner membrane.
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Table 1. List of proteins involved in zinc uptake in P. aeruginosa

ID Gene name Localization Function

PA5498 znuA Periplasm Solute-binding protein (SBP)
PAS5499 ur Cytoplasm Zinc uptake regulator
PAS500 znuC Cytoplasmic membrane ATPase

PASS501 znuB Cytoplasmic membrane Permease of ABC transporter
PA0781 znuD Outer membrane TonB-dependent receptor
PA2435 hmtA Cytoplasmic membrane P-type ATPase transporter
PA4834 cntN Cytoplasmic membrane membrane transporter
PA4837 cntR Outer membrane TonB-dependent receptor
PA1922 PA1922 Outer membrane TonB-dependent receptor
PA1924 PA1924 Inner membrane ExbD protein

PA2911 PA2911 Outer membrane TonB-dependent receptor
PA2912 PA2912 Cytoplasmic membrane ATPase

PA2913 PA2913 Periplasm Solute-binding protein (SBP)
PA2914 PA2914 Cytoplasmic membrane Permease of ABC transporter
PA4063 PA4063 Periplasm Solute-binding protein (SBP)
PA4064 PA4064 Cytoplasmic membrane ATPase

PA4065 PA4065 Cytoplasmic membrane Permease of ABC transporter
PA4066 PA4066 Periplasm Solute-binding protein (SBP)

The bold sections represent known zinc uptake associated proteins, while the others are hypothetical zinc uptake associated

proteins.
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AR R AE B B8 IR AR T AR LAy, WA
CHIE R AZ A HE 1 7 A9 Zn® -t BT B3 B e A
AR, R R 1 AT REAE 4 R Y B B A
#%EPY RpmE F1 RpmlJ J& T C WA BHAE A,
M RpmE2 Al RpmJ2 J& T C ALK,
rpmE2-rpmJ2 B\ B3 s+ R AETE Zur 55100
M, HFEERURAMF T B HiAb, e C
S FAZE A B 1 075 8 8 R A % P B T X
PEYLH A —Fh IS B, EATFESDRE U TR
T Zn® By CT R AZ A B 11 RpmE F1 RpmJ©,
T HE 7S ] g AP PR B A T DAGE K € B AR A
P C B AR A 1 T T 2 T
BEB T AIE BB IUR RS . 5 — 3Rk
ZERIE SRR S dhksA2, 5 dksA (PA4723)
57 Z [ . DksA M 4 BRI BT Hh 1 — R
F Zn* R SRS EE T, EEFRELZ WE], DksA
5 ppGpp (%1 PUBEER )/ pppGpp (1 F TLHERR)
FIfEA, 199 RNA RAEH S RNA JG 874
A, NI rRNA 555¢557°%, DksA EBEASH
1 2 4~ CxxC &7 20 B ) L7 Cysd BEFR 4510 3L 7
CxxC-(x17)-CxxC, AT HE Zur 1 AL C i 51,
AR B B0 E R & A S R OCE
FEOT R A B R L R 2 4 % — 1 5 DksA %
PIMCH) 52 RIS T, #Fkh DksA2, BEE&
1 4~ CxxT-(x17)-CxxA /7, HLL DksA % FE ¥ Gk
2 AL R R R I AR, TEAREERR
5 DksA2 B#E S, I H dhksA2 23
PRAFIREE T B A KB IE , X R IR A BRE A
A DLZESIRE RS DksA BOVEFHDT. tesh, 1
dksA2 RSN F X EB T —MEER Zur Z55 107
F, FEE, Zur b a] LI dksA2 FERRY R,
X5 dksA2 FEF I FIRAANEE SR T Z 25T 0

TR —5C>, R4S DksA2 1ER BRI 1 #5
HREEFMX, HERTEEREAS 5T
2 A1 M T T N B SRR S I P BB IS A i T
— .

% b 3 L DN B A R B e T R A A i
B PR AE BRBE SR T R AN, g f S i g T
R — LIRS ERES SEE TR
P (1) BR T cntRLMN 431517 Pseudopaline 4h,
) 2 Al B M T TT RE 0 At BB % B B B R T
146 Wy AR 11 5T B A 2014 (zincophores) 2 5 4
AR IR F AR R A T T GBS SE & Fe
f R A IR ik mE -2,6- — #i AR ¥R BR (isopropyl-B-
D-thiogalactopyranoside, PDTC)Y5 Zn*'454, IF
FetFHAE AR, 2410l Bobrov S5 7E FUZEHR IR #%
FCTA H & IR 2 BB IR #R AT 7R K (yersiniabactin) 4
BEFE T, R NI B B T YbtX K HE i 3
HEPY AL R T S R v, R AT P A
B ik, B ¥k 1 (pyochelin) Fl ik F R
(pyoverdine), XEE53FBR TS 58 IKAL,
AL A A S FIBHE 7, 4G Zo® ™, LR
R, Zo® R Fed M BURYIAOG, Bhikik
W] BB R R I U T 2 e T i 4R
F3Ah, TEAREEAZ R R AR PR A28 FE A v g R P I
BRI, AR AT LA VI B0 R G (type
VI secretion system, T6SS)ii ik [v] il 4h 43I BE %
G55 B R RO HE T 2 A0 ) B R T R
B0 B3 AR R A o T P R A 20
0 4 BB 125 T H HL Y T6SS R A 1119 4
ke, HUR E A SRR i 2 RS T Y T6SS
RN 1 HAA A S R R B B A
Uife . dw i AT UR A K PR A g i R TR
H3-T6SS 7 WHIRL N 1 TseF n] LA&S & 4 i 7>
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WA EREE AR 2-B -3 -5 3L -4 (1 H)-Ms i i (L FR
Pseudomonas quinolone signal, PQS), Ffifid 5
PQS-Fe* 44 i Fifi[i] PQS-Fe™ — i 1 {7 11 A IH 32
Wb, FETE L SR PR LK TseF-PQS-Fe' & A4 W)
12 i 1) 240 it 2 1hi 5 HL A Z 1 FptA B) OprF 45 &
ifi 43 PQS-Fe’ i iz #MK 22 4 FptA 5 OprF #F A
A, AT S 20X i Ak - AR B T
FE, SRS B0 T8 H2-T6SS 43 —Fh Cu® 444K
F Azu, il S5MEZIKEA OprC B9 HAEM
A5 Cu™ Wt AMNEZ AR OprC HEA AN, M58
AN AL X L AR B B B R, R R
MLTE T6SS L] R ) 73 WA RE A8 45 G BRI Bl B
BT I RLUNE B 1T 2 5 40 4 A 1 R

(2) MRS FiEaE AN SR
T KIHAT B RELE B AR EE 2 Tk B2 A AR AP 3R
55N R AE T 0 A N BR ob R R AR R S A AR
#J; ZIP (ZRT/IRT-like protein) % % %% i & M
ZupT BN FHE I, ZupT % 8 4115
Rt ke, B LSRR 3 AN 4 Z A — & His
X, B Z &R Er, HEss 6 Zn™ (Fe?',
Mn® 8f Cd*", Hixt zn®F W 80 mE, 2
—FMECE R B R IEE N, 8RBT F
AT AR EE T 1 8l ) S 4R A R 58 )
SR B F I B 2™, @it NCBI-BLAST
[ 2R FX, FR AT & B AR R A o 7 rh
WAFAE—> ZupT [AIJREE 11 PA4467, EHYE IR
FE 915 K ZupT (b3040) A Z FE R 17 51— 2L
PEIRF] 36.59% , SR E DI REE H H18 LMK 6
R . AT (0125 0 5% s R e 5k
LM B zupT (PA4467) 0 35 158 K AT
PN Zn®T | Mn™" | Ni**, Cu*", Mg” il Co™
G A E B TR U (B R R 3R, XU
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ML AT ) ZupT W BES SiX &R s
TR B, FRATHEN ZupT HREHE A T4
AR RN TR A B TR, AR EE T 3l T I
SEAMEEE Zn” BN .

(3) R R EEAN RS FRE,
MFS #8 Z % (major facilitator superfamily)Z [ /&
— R, RENE N A B TR R R R
R U iz i MFS MR E I B £
FEVERY Y, AT LA IS bl . 2990001 4l
MR 7. OBK. SEME. TR . BRE S WL E
FHIBH B T 2 AR IIEHE MFS 2
AT BB 2 5 ] S 1 B M TR B 28 T R AR B A
R AR R L E T RS S
BB SIS 1) JE 23 (8] i F6is . flin, OprF
S ] 2% {1 B ML TR e g oF 0 AR BR AR S Y A
fLEH, RGFE PR TRl H
BT OprF “5LAE [0 7T BB S5 A SR A P i TR
BER T B

(4) LSRR T 40 M EE B TR, MOk i
ZWIRFFE R, WS R T LASE B s F 1
e RNV BE S 18 BE (1A A0, BUE B B Rndl a
iR ] DL IR AL A2 0N e 00 B R SR B A AR 5T
R PLEH 2R 5y A R 58 HutUHTIG 38 22 7K ik 2
GEFN L-4H 2R S 5 AR B B BRI, %0
e, AN ERE T S AR E AR His-Zn® =
A W) AT A 0 B A B R TR SIS L ) 4 R A R
[ HutT #i2 E N . ZigA &—Fh & 5004 e 1
BEM, HREZEYURMIESM Zu EAMWAE
FEAREE, T HutH & —Fh DU B 19 412
MR fife i, FLRRTE SZBF IS . YR IARAE T AL
Wl ZigA BEFF B HutH 454 Zn®, JEMEIE
HutH, #R/5% HutT MRS AN His-Zn® 2 &
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Yoy, B Zo® IR R IR TR, DR TR 227K
A8 HutU., /Kf#EE Hutl 1 HutG 254 & 4%
OB L 22 , DI 56 1806 2 AN Sl AT TR 0T L oh
BT AR IR A R 4 2 o (L B R A A
A EBR RS RS HutUHTIGR,  FaR 5t
45 SR 7 e Al PR T P HutUHTIG Al Bt A
5P 1R IR R T RE

4 GHRTIEREGET

E A TR T, AR SR AR R TR AR
KAt 8 1 B T, A5G (LasB #LPE 8 11
LasA & I . GRS FUBE) . G ) (i
WE . FULR). BROMER AFIBEEE (LecA)
55, eI R RS 7 A0 M B (AR ) A 4 Y
X U R 7 R 78 M 2 4 Ak i e e 32
VEFR, Jrb i 2t A5 o M T ] R P e R T2 UK VR
H L 0 P A S s e 2B 2 A 2 P i
A S TR R A S TR IR i e 4 Zn®
AMBERT LA H BB SRR, HAETE EE A
Rt R At R I S B AEAY #F5E
HKW, BRI E znudBC W 5 20 L Y
PEES AR 60%, SxmasEmih i sE i,
il e S0 BF A (11 LasA | LasB FIEE 1§ IV 975
P, I B AT 2R AR 5 TR 7E /S B 4 B R e o 7
HIERREE ST, DI ZnuABC X 4 43 11 A 1 ) K
YeE il B R E L [T, cntRLMN B %25
I8 3 R AR T ] 2% A1 B R TR 1R G R S M &)y e S Y
£3E 2 VRGN U B ) AR e RE 1 Y, R
CntRLMN  XoJ 45 £ 15 LI 71 25 7 1Y) & 42l e e
VER . AL, zur BROGTEAE S BRI R AR 1A
IR 550 F PQS M= Azt 0T, [l it 80 T4
LA B DA O T B TR, BN R Bt &

3 FEAR 100, 052k B /i e AR Y,
X BELR R W B B T EBOAEEE H Zur R 4%
R T ) R R LY 25 LTk,
R B B 4 BORT 5 BB M TR B R R
R EE R

5 HETRASBEERER

Y T4 A o0 3 0 I i A K AR T A T Y
BB A, X4 J8mE IRV 59N Al bk
Mo R AEAETE F AR R Z NP R b, B
AR EY], 16 F 8 BRI 238 I b A
(iYL SRy T B Lk IR R A RE B, T R
AL T —Fh 4 R B IR e i B s w7, X —
WA TG T A P B S SR Y T AT K Y
BRI, FRRE A monEk, NI 806 R
(o A 2 BRI o D R 1 A 1 R B ) A AT
W B, E B O R R bR AR RS R E
BRI — A EEAY L, PN, Wik E A
SRES LS AR BRI IR 1 [RIRE, fE EME
TR B E T HAL SR o R, BN
BEE TR TR BRI BRI fE N JeqE E
7% Bl B Y A R R 4 A ) S )
(calprotectin, CP)™! JiF i () 4 Ja i 26 11197 sk
FRR 128 Jo 2R 1A R R R B, RERT
i A N PRI v A AT R A% (U B B B T, AT
il TR A . N T IRIETE R A A 1A FEER
HROE R R B, (P T 2 BT 1 S R T A e
BRI AL, W ZnuABC %, S L4
Grpes 7, WIRATE F A E FR s o™, CP
Sl ph e b 20 ORI 0 B SRS AP IR AR,
THREZAER NG M F1 Zn> 1, ZE1RSN CP Ak
PRI, znud BC SR SRR A 1K B S 32 2
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TP, T 7 2 W A0 Bk 21 A Ak Jog At AR 2 A
H S RS A TS, CntRLMN 14 5%
724 Pseudopaline 2333 JBE4rs™, 3 AR SR A
JEL T A R A BB TR IR SE CntRLMN
R BT LAE R CP 8 A BRI, 25 |
iR, ZnuABC il CntRLMN 2547 5 TR IR G 2
] e B PR R G i B SR A F RS 5

6 EZ

) 23t {1 B L TR A SRR ) R s OV T AR Y
B SR RIE N, FEEFEF LT TR Z M E E
HAZG . PG, S 7T ORIEEG RS, sk i
16 DA A ATE O B il 2 ) RS, T XS R R
) o I PP B TR o AR IR R A S e X A
ﬁﬁﬁ%i@%?%ﬂ%%%m%,ﬂUﬁﬁﬁ

B B G BT BT A A5 BRI R 25 0 1
%E%%%MW%¢NELL%M%%$%%ﬁ
PRI ORI 38 e BIR T A B8 O BRI, 4 A Bt
o 2 AP B R SR RV TE BT T

X 41 4o 1% P L T B 5 R IR 4 Y A
FEE S —E MR, (R SR R TR T
BUS PR GV 2 A E My o e, ReEuE
TR ILEB TS TR RS G A Y67
EATRAVE R HLS anfl 2 B AN JLE B B TR
RGHSE T TAER, B4 B A Z B2 dnfaf 397
7 HIRFRZSG? A6, Frh R e pE e 115
R G B ARE 518 e 4 RE i F i 72 e
YER 7 FLALE] ey 7 3 26 ) SR A ¢ F ifE— 25
(I BIEFE AR TR o FUA R0 2l PP BT 125 - 48 BB
TR ABETE , A 68 A 58 ) B 2 155 R 5 1 78
BUAR 23 115 R BT 245 300 1) T & R ] o A1 B o R J
YL fyR T SR AT 220 i LB RN vk
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Zinc uptake systems in Pseudomonas aeruginosa
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Abstract: As a structural, catalytic, and regulatory component, zinc plays a key role in many cellular processes. It
is also necessary for the growth of pathogenic microorganisms. It is not only involved in microbial pathogen
metabolism and various virulence play, but also necessary for microbial pathogen infection and colonization in the
host. When Pseudomonas aeruginosa infects the host to exert its virulence, the host will adopt the strategy of
nutritional immunity to limit the concentration of free zinc ions in the internal environment and inhibit the infection
and colonization of the pathogen. On the contrary, P. aeruginosa overcomes the host’s nutritional immune defenses
through its own zinc uptake systems. This review focuses on the three known zinc uptake systems (ZnuABC, HmtA
and CntRLMN) and zinc uptake regulator (Zur) in P. aeruginosa, and further analyzes other potential zinc uptake
pathways. The important roles of P. aeruginosa zinc uptake systems in host virulence and nutritional immune
defense are also discussed. A systematic summary of the P. aeruginosa zinc uptake pathways is aimed at providing

guidance for the development of new anti-P. aeruginosa drugs targeted zinc uptake systems.
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