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Iron acquisition by bacterial and adaptive immune responses
LIU Fang-Tong FAN Hao-Nan SHEN Li-Xin LI Bo

Key Laboratory of Resources Biology and Biotechnology in Western China, Ministry of Education, College of Life
Sciences, Northwest University, Xi’an, Shaanxi 710069, China

Abstract: Iron is an essential nutrient for the survival of most bacteria and participates in many important
life processes. Pathogens have evolved multiple mechanisms to acquire iron from the infected host.
However, excess iron will produce cytotoxicity via the Fenton reaction; thus, iron concentration must be
strictly regulated. In order to limit infection, the host has evolved a variety of strategies to restrict iron
availability to invading microbes. Targeting microbial iron acquisition systems is therefore a promising
antibacterial therapy strategy.
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1 SREAEPHEZRER

TG, BRE—SOCHMLHIADC, AN iEeTg |
SIRIRIEIS . WAL RS R FEIA . BRI
DNA & i & 45316 52 251 Xl #F 1 (Escherichia
coli) 1% SoxR F [, TEANMIN LI RAKIEAF
1, B IRE A —A[2Fe-2S]HLy, JRIEATEAL
JR3E R I, FEIaZ B E AR vT LLE —
BN AE AL (K0 AL X 2 A1 B i
[ (Pseudomonas aeruginosa, PAO1)Ek S iz R4t
FIMFoE R, R Fia R 41K fpyWXYZCDEF
7E PAOL 1y it A Ak N ¥ b 2 & 2 AE .
foVWXYZCDEF 1121 53 PAOL X Ho 0, IR
B S, [RIES5: 350 PAOL 4 i s 4 2 A= kg As el

R, Gevr 2RSS TGP b O T 75 1) 42
JRICRHHL, G2 AN . e s
Mg, S AR A YA AR A T ) ER
HIER T, KRB EEEA —1 Fe-Cu X4a)R
TEVERLE,, BERH AR KL

WA, BEWIRE RS . ARV A
YIME ., TEMIEYPI ]G (Salmonella enterica)H,
BRIk LTI 3-8 2R e (T3SS) I R IR 2 V)
MIE, IXH AR F 2R AE T3SS A5 T el
TE25 B9 92 FC # (Burkholderia pseudomallei)
BRI BRI T pvdA JE DR 25 1) 1 R -N5- il
SR orbA LR gm A A /MK AZ 4K, pvdA T orbA 3t
DRI LR v FQ B 2 ) i R R DO R i
T fyuA DR 2 ik i kRS e U MY,
fyuA FE [R5 K I AT B A= 9 B0 T R 4 71 25 AT
W2 e 23 7725 AT (Campylobacter jejuni)HT,
Fe® Al Fe® ml LI i AL W b B PR R S i, ol
T AR SR I AT B TR Fe®* 0 Fe™
5 5 23 s AT R AR b e L

RN TR AE RS 2 CHE S, HidiE
ko E g, AN T, Fe® EE A
1t Fenton F2)ii 4= ¥k, 7E Fenton Jumith, Fe?

Hid AR ONIE O R F HE, R A dE O
Ve AL I A A5, A04% DNA | HEH 5
MAEZE, 51E DNA BB, HE ARG 4
JEMEA BRI, Rt AN B S - A HER A A 52
FURTHA S PR

2 IR

BRI AN AT BB 8 3R SR M A AE A
o, B EkIER b, P SREE N . FLEN
SEREE B0 AR A A A e — R, Fe? MIJE s 4T
%, AETmaEahr®, TR A Sk K
FEAREK , AN B A T LI 6 Jo 1 Ak 5 A 1%
21 =ZMHEFRIRE

AN T DA 3k o IRk B AR B Fe™ . gk IR
—Fh Fe R BB AR, X Fe¥ AT IR AYER &
T3 KRR A A AL 2 P TR [ AT
AR SFRIGIRE . AR A R mIDE gy
IRAERS 518 FIRN I E R . FUBRE SRS
EATEr Fe, WM M ATk Fe -k ik &
T, XFR A URT DURR S 5 20 TR A A A
BRIz K3 11 (Outer-membrane receptors, OMRs)
LG, BRA e 2 E i, s fhmat
TonB R4 fEfitAE . TonB 2 4: i N IEAE I ExbB.
ExbD FIE i 1 TonB 41A%, ExbB Fl ExbD [
MITCA AT LA AL AR M S i s+ 3 o #iig, il
i TonB 45 &35 25 AN B ik s dA 0 g e o
iy FeT- B R R SRS RS A EA
(Periplasmic binding proteins, PBPs)AHZh4G, TEAL
Fe* - Bk #iA-PBPs AW, Il Fe* -#k#ik-PBPs
EAYIH ABC BHEE AN T, i R IEEA NP
PEAZNMS, Fe®-Bkakik-PBPs AW Fed ik
BRI EIRA RN Fe®t, Fe? SRk IAm £ MK,
PNLE %37 G

ABC iz R—K 2B 52z
s s 112, AR AT SEIER] fpyCDEF Al
fpvWXYZ (PA2403-PA2406)4 A% T —1~ ABC iz i
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HESY, MR fpyWXYZCDE #1 fovF 41
.. fpPVWXYZCDEF %5 (1) ABC ¥4z & [ &2 &Y%t
PAOL 7ERRERZAMF TR . PrfbAnE IfER A
HEEY, 2845k PAOL(AfpvCDEF) FI B} A= %
PAOL A, 1T fpoyWXYZCDE flihsk S Hitk K
BB, X HoOp OSBRSS I, TR AR

B T oM WA R AN YRR A TE 4 Fe¥Thh, —i
AN PEAL T M) Pk 2 1 Lk R b e
PIRILT o R 22 B0 = PGB TR AT LAGE o 7™ A A ek
B EE N (TBPs) S FL R 112455 45 1 (LBPs) 1Y
Jr S i 5 kR 1 s LR R Y Fe® . AT
SR TBPs B¢ LBPs 51a FAYF SR M B FL gk
FIZ5G 5, B AME 528 TBP & LBP, #
FEEREE LR P Y Fe® i 1 20 R I i 2
AL, ARG TonB RS 4RAERE R, ik
JIk 48 45 B (Neisseria meningitidis) B[] it ¢ 351
SRR VR ZLAREE (IR S, (RO SERI Rk
EAP,
22 _MBBTHIZRSR

R 22 B 2 TG BH R TR A A B e W s il 21 3R 1
AT R 512 RGP A SN L 4T 2%
VRTT L4 5 0 21 2% B 41 2 1 45 A SR I 4T R
SN iz 2, @il ABC #HzE iz
F R, AR TonB REtHEHERE
T, 40 A 4 BRI (Staphylococcus aureus) Ak
PR PLE 22 5t (Iron-regulated surface determinant,
Isd) AT M I 2T 26 11 P 3R Fe® 1, fmnfEl 1 piioR, 4
B O EIKA R 1sd RGEH IsdA. 1sdB. 1sdC.
ISADEF . IsdG . IsdH LI & Isdl %, 1sdB . IsdH
EFENMAEAZEA, 1sdA AT LGS 8 i
LI REIEZ K A I1sdB F IsdH A IM1£1 % . 1sdB . IsdH
S E AL A G M Z LB 1sdC, IsdC ik
N NRE K 2T REGR B I 2T REE 2 4
{& 1sdDEF. 412 H IsADEF %32 1) 41 it i v 12,
5 20 £ A AL 1sdG L Isdl Ah R, 345

Fe2*[27-28]

Cell wall

Membrane

.........................................

Cytoplasm g %

1 &EBEHEHRE Isd ZED
Figure 1 The iron-regulated surface determinant (Isd) in
S. aureus??®

AT O 2 FR A, 1sdH AT 1sdB 2 Hb i 53244 1sdA
AfLAESZK [ IsdB F1 IsdH AOIMLT 2, thnl IS S sr K.
METEEFHF] 1sdC, 1sdC AL T2, #Mmer BRI E &
& 1sdDEF. IsdDEF ¥ ML£1 4% iz 2 A SR P 2 B AH , gk
IsdG Fl Isdl B,

Note: In S. aureus, IsdH and IsdB are the primary Hb receptor.
IsdA can accept heme from IsdB and IsdH or bind free heme.
Heme is transferred to 1sdC, which is embedded in the cell wall
and transits heme to the membrane complex IsdDEF. IsdDEF
transports heme to the cytoplasm for utilization intact or for
degradation by the heme oxygenases IsdG and Isdl.

PR BN ML2T K8 RGEH0, AFAER 1) ML
LS RGP s K E T A TE R
Hemophore 7 [/ 5 19 Il 21 % #% 35 7 4. B9,
Hemophore 565 I 2T 8 FIAHZS & - 43 il 21
=, RIS HEAH S LT £ 1Y Hemophore 5 241 B AN F
2GS G, 2RISR EASRAS, F LR G®
ESv2 S (FAR 2 U LR N =IO PR I
i, fJaidad A G E M ABC Bz RGN
T RS ZE 20 PN ol e R 2L SR s o
SV UANT HasA TR 1M 4T 28 2 A3V it S v AT
(Haemophilus influenzae) 53 HxuA HI Il £1 23K
PR syal A i £1 % 8 1 PR UM 21 2K

BRULZ AN, ANEE AT DA AR 4 WA i s I
(ki U, 4 Fe® W R B 2 B A Ak 1) Fe™ TE K,
IH3dt Feo. Yfe. Efe 455 R YK HR I Fe?H1353¢
Hr Feo ¥%i2 R G NE 2L, K2 80%I1) 4 >~ [C ]
PR HAFTE Feo 412 R4t Feo ¥z R4t feo #2
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WPFGih, PP EE 1 FeoA, FeoC
Fl—ANBEEE 11 FeoB 4R FeoA FEA 4T Hi A5
AR 38 B4 A < BB 6 R 30 AT B (Acinetobacter
baumannii) 1 F A1S-0242 4l FeoA & 12 54k
FRI . R IR e ad R o & B ALS-0242 #ial
ik A1S-0242 LR ) 2R 1 5 B0 IS S FF B
fili v 1 R AN R RE 1 R BE 2y 75%, AEWIIETE
JRAL ARG I, R R
FeoC HAE1e TSI AT R M. FeoB J& Feo A4
FEAURLTSY, LT AEAETHA 41 ™. FeoB
R—FNEE A, H N G G AR AT LSS
B 5 AR R AN C i R 2 A L. C i
(19 15 8 22 T PR 235 g RO FR T LA B3 Fe? i LB
Fe*" 5 FeoB 7 [ (Y B IS HE A 45 & , Rl FeoA
H 5 FeoB HHAMEAN WG G HIFAK# GTP
i, JEolE FeoB & M4 & ks,
FeoB £ [ 4 1 b 745 (o JHL 125 8 22 T A 48 g Sl 01
G FE KR GTP B fs Fe® NFLEREL 155
A FErg 2 257 8 L T (Stenotrophomonas
maltophilia)#', FeoA ) SH3 Z5#ylf 5 FeoB 1Y G
B A EAER, ERE0E R TR FeoB K
RO SRS P . SHI3 25 by duf ] )t 2 200 1 4 i
RESLU I FISE 4 DL R 43 8 45 4 e i X, FeoC
JE—FMEREE T, A 4 MRS R R,
RERS 5 FeoB ZE MY N uidhE, il FeoB & 14
PR K ML AR i A ST A T (Klebsiella
pneumoniae) FeoC (KpFeoC) 1 =F b 2 R AE b Hic {4
55 Fe-S #4545 . KpFeoC iifiid Fe-S #% 5 A sk U AL
ke Feo BB AR hREM .
3 MAHBBEMARGHIARL

P RS AR A A O E 2,
PLER T 2 AR A 20057 ) A% I U o 8 20 B v 2k
(1% $5 B 3 B2 ply 2k 5 B W 2R 11 (Ferric uptake
regulator, Fur)i#M), Fur EEEHE D) 2147
fE, UHRAEF AR, Fur EEAX T
PR BORA RS BT EEMYY. K

FF B ek A & 3L [H (D-fep . E-fep . C-fep . G-fep)
Ko HH% S 32 /K (FecA. FepA. FhuA. FhuE)fy
k2 Fur FREY RRE, Fur B AdiEeE
M1 E 5 R 50 ABC iz 245 . TonB R4 1)
Faklel,

Fur SRS A E EE R, 2
WARAMRL: H N JiA —4> DNA 255458, C i
HERFE, A AR N ke T
LA RAEN A G 8 BT AL . R
B Fur &1 C difs — A TRUE Fur Rk S
(e Fas A0 B0 Fur 28 AT DA R e
T E—BE S AT BRI RSO SILE A,
B RSB R, WAk Fur boxY, sl 2 f
N, HAEA RN ER R TR AR, Fur BRE LS
FeZ* 454, B Fe™-Fur &Y, BRI
Fe?*-Fur AWM Ik, T IRMAHGIHL5E 58
PR EEL RS a7 _EUERY Fur box b, (54T 1%
T B R SN, PRI R R . YA
PWBRERZ I, RRARER , X TR S 3L R 1Y)
TR, 0B TR AR EAE TR T,

Fur box

2 Fur ERIFENH

Figure 2 Fur regulatory mechanism

T MBOTR TR, Fur il 5 Fe* 45T Fe® -Fur E41—
Bk, ZRMPGIPES Fur box 454, I FIFEERE Y RIK. 4
BOUKIRZINT, TIRUAEER, A BR X BRI SCHE IR .
Note: When iron is abundant, Fur can combine with Fe** to form a
dimer of Fe?*-fur complex. The dimer recognizes and binds to the
Fur box inhibiting the expression of this gene. When iron

deficiency occurs, the dimer depolymerizes and the inhibition of
iron uptake related genes is relieved.
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Fur 2 FIBR AT SRR U I R 1 2385, 18
SERAETEE 1 Bfr. FtnA 1 FtnB 9351, 72
BRERZ I Fur 25 AT AT — S S L 2RA,
DAREARERI A, $Rmaki A e, B>, Fur
R AT DA D0k R . A A7 AR P 1) 42 e ]
¥, RAERAN AR N AR

HIS/R #R FC B (Yersinia)ili ok HMURSTUV IM41 %
W 2R S8 FH 2T A 2T 36 (1 A4k . HmuR 2
— P T TonB FR G0 ML £ R i 218 11 737
& HmuTUV 2 —FP AL ABC #ia 1, ek
LLZE NI LLAR R s Rl B g s rp, i
TEAHHE 5 P8 HmuS F&f# . hmuR Al hmuSTUV 242
FER BRI 45 F 23500, hmuR AL Fur &
PR . FERRFRMI AT, Fur 1M hmuR )3
B AbfE S hmuR B HERIA. T hmuSTUV [#5R
i5, T R 1scR A hmuR I hmuS J: 4]
6] DI i Bh P AR . FEARERERSE T, Fur Al
ISCR 1Y 2 5 & 18 AT LA i K B e 4 1t 21 3% Ay Wik
WA Y

bz Fur A BESN, Feo ¥%iz RGEH %
RStA/RstB AUZH 7347 RS AHE . RStA/RStB R 40
S HH ISR 11 RstB B[] 1) S Rz 15 28 11 RstA 4
B ST X R RS, W TTIRE
(Salmonella)rft, Fe* FE fEmf, Fe? Al LIt Jy—FhfE
ST RstB &1, RstB & [1 XAEFH T RstA fiff
RstA &AL, RstA EABRRILG o] B
5 feoA I T4545 3% feoAB R4\ T4t Fe?'
#1514 FeoB. FeoB &1 KAEFRILZH Fe A
Wi, X5 Fe*-Fur AWM KRR, M4
Fur B O HARSEE = A BERI ], AR AT
R HRE ST, IRV R R KB,

4 HERBRIUN X B DU A R BN PT IR

GRSEIERES 3T ROER el i/ E i
TG B AR BUR GEAE AU T ML, TR 4T
ARSI AR A 1L A A T AR , [ T A
T ARG SHE N

4.1 HESKBENSRE

PR R 0 AT 1 SRR SR A AR 1 —
e RARPENLRIP, RGeS BT, AR
BRARI Y A PR T SO A AR R Ak 3k
N 80% LA I 114 4 475 1k I 25 A4 21 440 L PN 7 i 2T
EAE SRR, B AT T i R
20 I PR AL T B P e 2 M I 2T 35 P SR B A AL
A5 1 R I BR B IR A 2T A B DL AR SE 4
YOI EC TR S5 A 0T DAETS B A B R A T 4 A
B, EWEANIEA R FA) SR-A fll CD36 453714
A A U AN OES ||| DA

20 6 A/ 5 Ak 1 ke = 2 B ) A A2 D R R
BRINARCTFBE . $EE A S A B A R = 1)
FERT, ERBEARET, Rk L AR E 5 D
F 50%0), MEEERTE (45 A RE AN, g rp—
BESE R ER A F, WAEA . MR a3t
FREF I S SERES, LA/ ml o It b A FH %) B o
Wk B, ISEA R —MEER, Sl
PR AR S LR ] o BRI S A R B 1Y)
FUBE A, MR T BRI AR,

R AR R AL K 11 et ST i B A — £
FERLH o FERAEZRAF T 5 [ A APRAR ML 40655 D
BEXHR A . Cartwright ZB8ZERIFFE i % T %4k
MURE , AT TEZA R WUPR TG 4 o8 (A A B i Je R i
FIR 2% H Ak o 2R R R —FhZ K Hepcidin
S5 TR N . 7E Hepcidin BRI/,
RAE ST WK MUAE A A e S k55 0% el
3 i, #GEd AT Hepeidin /KT R4 E S80Sk
EERER, FRE T fond A0 imiE B soRn ek M B
A AURIEA LI [ E b5 F AR G 5 k200 e 1)
BRIEE, kKR T, Hepcidin 3%
A JFFRE= 4, S Hepeidin FRSHSZ BIME R4
JE R FR B M AT U N iR bR TR
JiEH 4 Hepeidin &1, Hr s 4 AN B R 40 i s 25
i Hepcidin, MG AL Bk A 2,
RAESAET Hepeidin (97 FEE2 N FR-6 (IL-6)
W R T = sk, HAth4m MR F-4n 1L-62. 15, 16
HLAT RABBAMERAX 1L-6 %) Hepcidin sl P
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Duddéhum .t | Bone marrow
y

B3 RAE RSk MAE % 4 #1515
Figure 3 The mechanism
inflammationl®®!

T BRI gE RN, Bdirm e Rs, LLA0H
P VS &liiksi 1 EARER T

Note: lron regulatory pathway in green, iron flows in blue and
erythropoiesis and erythrocytes in red.

Len2 S&—Ff i Aok 20 . I 200 i S5 G s 4
JL7= A BT R A R PR IR . B R B R R A
LA 2R, R R X Fe® A
AR, VI IR AT DAGE Ao ol A8 Bk 24 1)
SERR AR Len2 MFE VT TR H iroA SER %
24 5D 14) Tl R 7 (K W S IR 5 TRk Bk Ak I, Pl A
UK, Len2 JoikvbAn, [RIHE R T8k 3k 58k
ZEE I RE o

R P TS A7 i IV 2 L 1% 955 e B ) 7 9 L T X
BRIGAI o P2 5 PR R PRI T o M g e T
B2 FRE, Wi T i gtz i A
Nrampl f3%3i5 . Nrampl 2—Fp — M 48 & Fiiz
A, ATREARZHML PN R & o, DA B il 32 X 3l T
W B A g k0

R T R AE A B AR R B TR, AN
AT it TR SRR R i T A P Bk vk B i AR AR I I
IS RN, A RE R IR S e . AR (A5
BRI, AWM EARKARIET, SEREFET
PAOL H fovWXYZCDE (155 s 388k 78 e 4511 T 38
T 10 A4, mAEREEFEEL AN 0.2 mmol/L
() FeCls 1] LK+ fovWXYZCDE (4% sk 52 314 7 J
FET Bk

of hypoferremia of

42 SRERARFAEAMERTHES

H A, S0 FUAR AR S B AL & T K2
I3 R — R B X R R IR G & U BT b &
Y, 75— A R B R G i e Mok T & B 1)
PP FERT— A AR, DURERIAR &k
Sy B B0 AL S W f o Y 6 s K TR
(P-aminosalicyic acid, PAS) & -85 FTI67T 454%
WP W RZ —, EME FraEFRE
(Mycobacterium tuberculosis) 4k % /4 /3 5 AT 7 2 1)
G TEMZ)E, Rt RH kB A A YA B i
IR A o

TERE X Gl iz RGNS BB R, 2
BRI S P A R AT S, AT S
Y. SERBUABIRREREIUN B . J7 8 X AR
WETRISSHUAE R IR/ MR EE . SEREUAZE G 1Y
B-PNMEE MC-1 X il fl 5 B 7E 1A S MFIAAS N 4T
PEFRAT I R

H i A LR X A Bk 5 R G Y
FEW . Alteri S5 T MR R 7 g 1
PR B& B0 1 R AT R v i e i i, I8 1
REEERT 6 AN SZ A A 18 S A T AT LAHRHT I
JRAE Y,

5 MgRER

BOEA MG TR EESEILE, |25
H5EME AT, IR UL WA F S5 Fh A PR
Bl BRITE BB I 50 23 R i 20 A 0 A A7 A
fa. BIEATRLE, BRI ERTTR AR A
s MRS T T T 2 Y, (B VT2 e
BRI R o AN BREUARAT 5 BB Ay R
M4 G EAMASEAS SEARE R A,
AR ATAE Z TR B Fitia R 5, MiMPFpAE L
AR Fa R F 2N, 456075 PAOL
L8 B i R RIMEEHEN, AR A — 2k
RS PR I e R, TEHEAR .. B
BRE IS = iR O T R 2R, i —2RE
Fe SRR CE A 1 %2 RAEAEERE F R R g Ol

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



3438

TEY I8

Microbiol. China

TRIEE . G AR T4 R0 R BRI
PERLH AR TORE IR AR EAR

REFERENCES

[1]

[2]
[3]

[4]

[5]

[6]

(71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

Becker KW, Skaar EP. Metal limitation and toxicity at the
interface between host and pathogen[J]. FEMS Microbiology
Reviews, 2014, 38(6): 1235-1249

Palmer LD, Skaar EP. Transition metals and virulence in
bacteria[J]. Annual Review of Genetics, 2016, 50: 67-91

Taudte N, German N, Zhu YG, et al. Restoration of growth by
manganese in a mutant strain of Escherichia coli lacking most
known iron and manganese uptake systems[J]. BioMetals, 2016,
29(3): 433-450

Porcheron G, Dozois CM. Interplay between iron homeostasis
and virulence: Fur and RyhB as major regulators of bacterial
pathogenicity[J]. Veterinary Microbiology, 2015, 179(1/2): 2-14
Lo FC, Chen CL, Lee CM, et al. A study of NO trafficking from
dinitrosyl-iron complexes to the recombinant E. coli
transcriptional factor SoxR[J]. JBIC Journal of Biological
Inorganic Chemistry, 2008, 13(6): 961-972

Gao L, Guo ZS, Wang Y, et al. The two-operon-coded ABC
transporter complex FpvWXYZCDEF is required for
Pseudomonas aeruginosa growth and virulence under
iron-limiting conditions[J]. The Journal of Membrane Biology,
2018, 251(1): 91-104

Cornelis P, Wei Q, Andrews SC, et al. Iron homeostasis and
management of oxidative stress response in bacteria[J].
Metallomics, 2011, 3(6): 540-549

Melo AMP, Teixeira M. Supramolecular organization of
bacterial aerobic respiratory chains: from cells and back[J].
Biochimica et Biophysica Acta (BBA) - Bioenergetics, 2016,
1857(3): 190-197

Jones MA, Hulme SD, Barrow PA, et al. The Salmonella
pathogenicity island 1 and Salmonella pathogenicity island 2
type 111 secretion systems play a major role in pathogenesis of
systemic disease and gastrointestinal tract colonization of
Salmonella enterica serovar Typhimurium in the chicken[J].
Avian Pathology, 2007, 36(3): 199-203

Duangurai T, Indrawattana N, Pumirat P. Burkholderia
pseudomallei adaptation for survival in stressful conditions[J].
BioMed Research International, 2018, 2018: 3039106

Schubert S, Rakin A, Heesemann J. The Yersinia
high-pathogenicity island (HPI): evolutionary and functional
aspects[J]. International Journal of Medical Microbiology, 2004,
294(2/3): 83-94

Hancock V, Ferriéres L, Klemm P. The ferric yersiniabactin
uptake receptor FyuA is required for efficient biofilm formation
by urinary tract infectious Escherichia coli in human urine[J].
Microbiology, 2008, 154(1): 167-175

Oh E, Andrews KJ, Jeon B. Enhanced biofilm formation by
ferrous and ferric iron through oxidative stress in
Campylobacter jejuni[J]. Frontiers in Microbiology, 2018, 9:
1204

Zhao XL, Drlica K. Reactive oxygen species and the bacterial
response to lethal stress[J]. Current Opinion in Microbiology,
2014, 21: 1-6

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

31

Moos T, Morgan EH. Transferrin and transferrin receptor
function in brain barrier systems[J]. Cellular and Molecular
Neurobiology, 2000, 20(1): 77-96

Ghigo JM, Létoffé S, Wandersman C. A new type of
hemophore-dependent heme acquisition system of Serratia
marcescens reconstituted in Escherichia coli[J]. Journal of
Bacteriology, 1997, 179(11): 3572-3579

Saha M, Sarkar S, Sarkar B, et al. Microbial siderophores and
their potential applications: a review[J]. Environmental Science
and Pollution Research, 2016, 23(5): 3984-3999

Neilands JB. Siderophores: structure and function of microbial
iron transport compounds[J]. Journal of Biological Chemistry,
1995, 270(45): 26723-26726

Wyckoff EE, Allred BE, Raymond KN, et al. Catechol
siderophore transport by Vibrio cholerae[J]. Journal of
Bacteriology, 2015, 197(17): 2840-2849

Jordan LD, Zhou YY, Smallwood CR, et al. Energy-dependent
motion of TonB in the Gram-negative bacterial inner
membrane[J]. Proceedings of the National Academy of Sciences
of the United States of America, 2013, 110(28): 11553-11558
Schalk 1J, Guillon L. Fate of ferrisiderophores after import
across bacterial outer membranes: different iron release
strategies are observed in the cytoplasm or periplasm depending
on the siderophore pathways[J]. Amino Acids, 2013, 44(5):
1267-1277

Carpenter C, Payne SM. Regulation of iron transport systems in
Enterobacteriaceae in response to oxygen and iron
availability[J]. Journal of Inorganic Biochemistry, 2014, 133:
110-117

Wang CY, Karpowich N, Hunt JF, et al. Dynamics of
ATP-binding cassette contribute to allosteric control, nucleotide
binding and energy transduction in ABC transporters[J]. Journal
of Molecular Biology, 2004, 342(2): 525-537

Cassat JE, Skaar EP. Iron in infection and immunity[J]. Cell
Host & Microbe, 2013, 13(5): 509-519

Hammer ND, Skaar EP. Molecular mechanisms of
Staphylococcus aureus iron acquisition[J]. Annual Review of
Microbiology, 2011, 65: 129-147

Grigg J, Vermeiren CL, Heinrichs DE, et al. Heme coordination
by Staphylococcus aureus IsdE[J]. The Journal of Biological
Chemistry, 2007, 282(39): 28815-28822

Skaar EP, Gaspar AH, Schneewind O. IsdG and Isdl,
heme-degrading enzymes in the cytoplasm of Staphylococcus
aureus[J]. Journal of Biological Chemistry, 2004, 279(1):
436-443

Choby JE, Skaar EP. Heme synthesis and acquisition in
bacterial pathogens[J]. Journal of Molecular Biology, 2016,
428(17): 3408-3428

Anzaldi LL, Skaar EP. Overcoming the heme paradox: heme
toxicity and tolerance in bacterial pathogens[J]. Infection and
Immunity, 2010, 78(12): 4977-4989

Wandersman C, Delepelaire P. Bacterial iron sources: from
siderophores to  hemophores[J]. Annual Review of
Microbiology, 2004, 58: 611-647

Contreras H, Chim N, Credali A, et al. Heme uptake in bacterial
pathogens[J]. Current Opinion in Chemical Biology, 2014, 19:
34-41

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



XIFILRE: MmEke TR S e E ek

3439

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Foster AW, Patterson CJ, Robinson NJ, et al. Metallomics and
the cell[J]. Coordination Chemistry Reviews, 2013, 257(21/22):
3072-3073

Létoffé S, Redeker V, Wandersman C. Isolation and
characterization of an extracellular haem-binding protein from
Pseudomonas aeruginosa that shares function and sequence
similarities with the Serratia marcescens HasA haemophore[J].
Molecular Microbiology, 1998, 28(6): 1223-1234

Cope LD, Thomas SE, Hrkal Z, et al. Binding of
heme-hemopexin complexes by soluble HxuA protein allows
utilization of this complexed heme by Haemophilus
influenzae[J]. Infection and Immunity, 1998, 66(9): 4511-4516
Perry RD, Bobrov AG, Kirillina O, et al. Yersinia pestis
transition metal divalent cation transporters[J]. Advances in
Experimental Medicine and Biology, 2012, 954: 267-279
Sepulveda Cisternas |, Salazar JC, Garcia-Angulo VA.
Overview on the bacterial iron-riboflavin metabolic axis[J].
Frontiers in Microbiology, 2018, 9: 1478

Kim H, Lee H, Shin D. The FeoA protein is necessary for the
FeoB transporter to import ferrous iron[J]. Biochemical and
Biophysical Research Communications, 2012, 423(4): 733-738
Weaver EA, Wyckoff EE, Mey AR, et al. FeoA and FeoC are
essential components of the Vibrio cholerae ferrous iron uptake
system, and FeoC interacts with FeoB[J]. Journal of
Bacteriology, 2013, 195(21): 4826-4835

Alvarez-Fraga L, Vazquez-Ucha JC, Martinez-Guitian M, et al.
Pneumonia infection in mice reveals the involvement of the
feoA gene in the pathogenesis of Acinetobacter baumannii[J].
Virulence, 2018, 9(1): 496-509

Hung KW, Juan TH, Hsu YL, et al. NMR structure note: the
ferrous iron transport protein C (FeoC) from Klebsiella
pneumoniae[J]. Journal of Biomolecular NMR, 2012, 53(2):
161-165

Lau CKY, Krewulak KD, Vogel HJ. Bacterial ferrous iron
transport: the Feo system[J]. FEMS Microbiology Reviews,
2016, 40(2): 273-298

Cartron ML, Maddocks S, Gillingham P, et al. Feo-transport of
ferrous iron into bacteria[J]. Biometals, 2006, 19(2): 143-157
Kalidasan V, Joseph N, Kumar S, et al. Iron and virulence in
Stenotrophomonas maltophilia: all we know so far[J]. Frontiers
in Cellular and Infection Microbiology, 2018, 8: 401

Hsueh KL, Yu LK, Chen YH, et al. FeoC from Klebsiella
pneumoniae contains a [4Fe-4S] cluster[J]. Journal of
Bacteriology, 2013, 195(20): 4726-4734

Beauchene NA, Mettert EL, Moore LJ, et al. O, availability
impacts iron homeostasis in Escherichia coli[J]. Proceedings of
the National Academy of Sciences of the United States of
America, 2017, 114(46): 12261-12266

Fillat MF. The FUR (ferric uptake regulator) superfamily:
diversity and versatility of key transcriptional regulators[J].
Archives of Biochemistry and Biophysics, 2014, 546: 41-52
McHugh JP, Rodriguez-Quifiones F, Abdul-Tehrani H, et al.
Global iron-dependent gene regulation in Escherichia coli. A
new mechanism for iron homeostasis[J]. Journal of Biological
Chemistry, 2003, 278(32): 29478-29486

Kim IH, Wen YC, Son JS, et al. The Fur-iron complex
modulates expression of the quorum-sensing master regulator,

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]
[59]

[60]

[61]

[62]

[63]

[64]

SmcR, to control expression of virulence factors in Vibrio
vulnificus[J]. Infection and Immunity, 2013, 81(8): 2888-2898
Pich OQ, Carpenter BM, Gilbreath JJ, et al. Detailed analysis of
Helicobacter pylori Fur-regulated promoters reveals a Fur box
core sequence and novel Fur-regulated genes[J]. Molecular
Microbiology, 2012, 84(5): 921-941

Troxell B, Hassan HM. Transcriptional regulation by Ferric
Uptake Regulator (Fur) in pathogenic bacteria[J]. Frontiers in
Cellular and Infection Microbiology, 2013, 3: 59

Schwiesow L, Mettert E, Wei YH, et al. Control of hmu heme
uptake genes in Yersinia pseudotuberculosis in response to iron
sources[J]. Frontiers in Cellular and Infection Microbiology,
2018, 8: 47

Jeon J, Kim H, Yun JE, et al. RstA-promoted expression of the
ferrous iron transporter FeoB under iron-replete conditions
enhances Fur activity in Salmonella enterica[J]. Journal of
Bacteriology, 2008, 190(22): 7326-7334

Ganz T, Nemeth E. Iron homeostasis in host defence and
inflammation[J]. Nature Reviews Immunology, 2015, 15(8):
500-510

Soares MP, Weiss G. The Iron age of host-microbe
interactions[J]. EMBO Reports, 2015, 16(11): 1482-1500

Nairz M, Dichtl S, Schroll A, et al. lron and innate
antimicrobial immunity—Depriving the pathogen, defending
the host[J]. Journal of Trace Elements in Medicine and Biology,
2018, 48: 118-133

Barber MF, Elde NC. Escape from bacterial iron piracy through
rapid evolution of transferrin[J]. Science, 2014, 346(6215):
1362-1366

Baker HM, Baker EN. A structural perspective on lactoferrin
function[J]. Biochemistry and Cell Biology, 2012, 90(3):
320-328

Cartwright GE, Lee GR. Annotation: The anaemia of chronic
disorders[J]. British Journal of Haematology, 1971, 21(2): 147-153
Ganz T. Iron and infection[J]. International Journal of
Hematology, 2018, 107(1): 7-15

Armitage AE, Lim PJ, Frost JN, et al. Induced disruption of the
iron-regulatory hormone hepcidin inhibits acute inflammatory
hypoferraemia[J]. Journal of Innate Immunity, 2016, 8(5):
517-528

Nairz M, Haschka D, Demetz E, et al. Iron at the interface of
immunity and infection[J]. Frontiers in Pharmacology, 2014, 5:
152

Jabado N, Jankowski A, Dougaparsad S, et al. Natural
resistance to intracellular infections: natural resistance—
associated macrophage protein 1 (Nrampl) functions as a
pH-dependent manganese transporter at the phagosomal
membrane[J]. The Journal of Experimental Medicine, 2000,
192(9): 1237-1248

McPherson CJ, Aschenbrenner LM, Lacey BM, et al. Clinically
relevant gram-negative resistance mechanisms have no effect on
the efficacy of MC-1, a novel siderophore-conjugated
monocarbam[J]. Antimicrobial Agents and Chemotherapy,
2012, 56(12): 6334-6342

Alteri CJ, Hegan EC, Sivick KE, et al. Mucosal immunization
with iron receptor antigens protects against urinary tract
infeetion[J]. PLoS Pathogens, 2009, 5(9): e1000586

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



