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Iron homeostasis and its regulation in Shewanella: a review
LIANG Hui-Hui FENG Xue GAO Hai-Chun’
Institute of Microbiology, College of Life Sciences, Zhejiang University, Hangzhou, Zhejiang 310058, China

Abstract: Iron, an essential nutrient for the survival of virtually all living organisms, participates in a
variety of important biological processes mainly in the form of protein cofactors. For bacteria, iron
shortage is a severe challenge to overcome and iron overload imposes an equally critical threat. The
dualistic properties of iron prompt bacterial cells to carefully maintain intracellular iron homeostasis.
Current mechanic model for iron homeostasis in gram-negative bacteria is mainly derived from the
extensive studies of model bacterium Escherichia coli. In recent years, investigations into iron
homeostasis in environmental bacteria have revealed surprising diversities in iron-controlling mechanisms
among gram-negative bacteria. With respect to iron homeostasis, the biological pathways and their
components, major regulators and their physiological impacts, and interactions between iron homeostasis
and other physiological activities display a myriad of species-specific characteristics formed by evolution.
This review, stemming from the discoveries in Shewanella, summarizes recent advances about the
biological processes involved in iron homeostasis, their reciprocal influences, and physiological
consequences of imbalanced iron homeostasis due to altered regulation, as well as lists out the questions to
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be addressed, aiming at facilitate future explorations in the field of iron homeostasis.

Keywords: Iron homeostasis, Shewanella,

Transcriptional regulation
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Figure 1 Structures of siderophores and their synthetic gene clusters

W A AERMBRBIKNE, RRERIEEAED, BE): DFO; RMIHEEH S EMA, JKE): Staphyloferrin A; JLAEIE

(FEEFEH, ¥R¥): Enterobacting JE-A%!: Aerobactin. B: 7y FLIR BB EG IEHHE, 7 FEAI

PER RN B Y EN

BN T IR B ESINR G, putd Gk A S5 IRBRBRIRZ K, puB Filik-SR B IA R SRR, C: A FLIREE & MU R AUA
3 Rk D Rl IR G, ), ORRES T, WERRS ST

Note: A: Structures of representative siderophores. Hydroxamate siderophore (chelating groups in orange): DFO; Carboxylate
siderophore (chelating groups in gray): Staphyloferrin A; Catecholate siderophore (chelating groups in light blue): Enterobactin; and
hybrid siderophore: Aerobactin. B: Siderophore synthetic gene cluster in Shewanella spp. In both Type 1 and Type 2, genes in blue
constitute an operon encoding siderophore synthesis system. put4 and putB encode siderophore receptor protein and ferric-siderophore
reductase respectively. C: Structures of cyclic hydroxamate siderophores produced by Shewanella spp. All three siderophores belong to
the hydroxamate class. The putrescine backbone is shown in red while the cadaverine backbone is in blue.
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Figure 2 Model for iron uptake in Shewanella

TE: Bkifie BERA: F FBEholih Fe' iR 57 A ) HGHE
HAMEOM)BEA BT, G Feo R AMMN. HEEd
a-JRIEFR AT LIZE S Fe?', Hoi Feo RGELEMRERIREE T IUBIRA
e, FBIP A Fe® AT Bk R 1A (putrebactin)ZX 4, i TonB
WAL R EARZ IR PutA HEATRE, T4 ABC #i8 RGN
ML (Fbp?), Fe''B PutB )5 Fe?' J5 B, Putrebactin [
PubABC &, [HHAMERTE HATAHM. HEEd M Fe’ tunl th
Ak B 7= G R B 7 Bk A P Il k. OSR (FAth Bk i 2 1)
B MM IR Fe® 0] DL S 4R A (Bfe) 45 &5 W4 &
S FH LA K Fe-S 21 (Fe-S P), BG4I K ¢ (Cyts o) TEN
19 55 1ML 21 3R (heme) 3 P AL/ UK R 2 11 (M/D-1P). A 22
T HATARF M SREAIMER S

Note: Major siderophore transport pathway: Fe®™ in the
environment can be reduced to Fe** and entered the periplasm by
diffusing through the outer membrane (OM). Transportation of
Fe’" across the inner membrane (IM) is primarily mediated by
Feo. Alpha-hydroxy acids in the environment are able to chelate
Fe*" and promote the Feo system to uptake ferrous ion. Fe*' in
the environment can be scavenged by siderophores (putrebactin)
to form Fe*"-siderophore complexes, which enter the periplasm
through PutA and the cell through an ABC transporter (Fbp?). In
the cell, Fe*" is released from the complex after reduction
catalyzed by PutB. Putrebactin is synthesized by PubABC, but its
export pathway remains unknown. Fe** can also be captured by
siderophores secreted by other bacteria in the environment and
the resulting complexes cross OM through other siderophore
receptors (OSR). Free Fe?™ in the cell can be bound by iron
storage proteins (Bfr) or used to synthesize Fe-S proteins (Fe-S
P), such as heme-containing proteins including cytochrome ¢
(Cyts ¢) and mono- and di-nuclear iron proteins (M/D-IP).
Unknown siderophore export systems are omitted in the model.
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fE 1A RSE 1, FeoA K F R BERAT, &4
2-3 A a-MREF 5-6 4> B-F B, A EUBIE i — 1>
PR A IRER) B-HRRGE ™. FeoA HIATMTREY
W 1 FeoB A EAER, MIMfESE FeoB Xf
BRETFRIEA . B A feod FR MBI £ H
feoB RV 1 LIRS 2 B A A 60%7, {HIH:
HARRY T RELL K 5 FeoB A HAEH 87 AP SR T 52
PE—2E 5% . FeoC MIBAPITHREARSN, 7EF-LERtk
Hh 2 5 B FeoA il FeoB & AWt gl 7,
3.2 Feo AGHIEEERASEMN

O BIBFSE FE M UERA T Feo S 4 B UK Y 56
SRS, A R B R AR R R AN TR
Wethfie, AR DEE, AFRITRESTPL 1
4h, A Feo HKSFEAAMF MBIz, JFH
B TS o KW HFF IR ) feo 2R AR IGIEAE /N B
s P SRS A Feo RAPATHY
BB Ul LR A TR A5 TR A A T BT
i, HSR S A I Feo iR SHH RN T4
R T, SRR SR RBIR SR
], Feo XtBLZSiAAy FUEC I AYIEH A KA o6k,
SRR R EE N PARBGER (K 2), 2B 1F5
HEBR T AR BUR R M B &R, RN Feo ik
BN FHEBERAR G LA A RS, x4
A BB AE N G o AT 4 4 1 i A A U EG T Ak AR B
BRI, FIa, PutB Bl Bf &A1, HA:
PRIRE LA 7E Feo BRRI AT LIVEHEME; 5
PutA BRECAHIL, JL4F Feo RGERYILE 1 340
A=K, EXF AR (0 2% ¢ A S A I g B3
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AL AL o B4 s A HL 5 AR K R K A
K: feo RASMRPARA TN GG HEZM, (HEHAK
SeN%, A AT DOE o R EARAN ERR H R R
TN ERKY, R EMEAR o A
TP AR, BAGAT FLRE M Feo MEkE
PR TR IO R 2 i 2 AN ] B g e AL, He e
Z— I ASTE I B A Ak DA AR AR A A K
T, MR RIE AE AR LB (lysogeny
broth)7E K F il f2 v 4k 2RI -5 R, X
oo R AR A BRI ERE A Re 1, WL S B
SRR, Il Feo RGIEAMN,
ek LA TR 7 B FR TR A i (1 2).

4 Fur ERHKRSFE

YEFERAYB <BHO PR IR, 20 6 P kv B AR
Fdb 25z FORS ER 4R, BIAkRas st fegn
W, AERRRR SRR EEALEI AR TR
SrIIBESE . — I L S A A R R Bk
0 o PRI AIAEA, e aod 9 7 2 % MR S A i o 4
FRER V5. 2 J0EEN), 20T B2 RE A% 8V i Y
R AK T B4 25 A 5 %o 3 8 A AT i A8 AR R ) TR 4
A, )2 WP EaBE M B AS T s
P T Fur ™,
4.1 Fur iA#Z X Fur-box

Fur AWTFHEA &ERSE, KN b
—~ DNA Z5&45m, CustldmREs, BA
R SRS Mk FE A NS TENT
A GRE TGS, A FRR 1721 kDU
(¥l 3A). Fur #8957 556 O & FE KA IR Th 1S
BISZ RS, FFRER TR A 2 gt
TERRTE AT, Fur SRS Feo IE 5 HANE
Ve, M Fur-Fe E &Y, A G —RIES
A2 42K M o7 35 R 8l X3 g Ot =X A R 4 s
Fur-box %54, WHIFERMEE % MR LR, —
U il SR SO B, AT 2l 0 S I Y
FBY. Fur-box EHEIJENERY T Lii—BEE & AT
WFA, BT A AR, 5 Fur RS 60

il 0 H TR A Fur-box 73143 W Al 77
TR —RhE—PB 21 bp 1Y 10-1-10 HEFI it [8] 3¢
8l (Motif™™, P AAERE SO 5 —FhR— B
19 bp B F-Fx-R HFIMF5, Folh RS
3 Bt GATAAT WEXE [2 M IER(F)A 1 R F(R),
Al A — IR (x), 10 Motif ™" (R AL &
5018081 (& 3B). A5 FLIC T Fur-box J7 41 i) 9
INHJE T Motif™" 2671, {E i Ff1i% % Fur-box Tl
(%) Fur 450 (regulon) 1 5 5% s 4H A EE (1 20 B0
— AR Sl S Fur 5 DNA R4
HEAE R E A FOIREE 1) Fur B Wi T 5
Motif ™ R i & Motif P 4540 TR TICH
Fur J$3 (14 85 AR SP B 52)  B A ok i — 2640
B8 Motif ™ 257 1 Fur-box .
4.2 Fur BIENENFEERR

R A KILIE, Fur — B e akia s
B SRR T (HGE AR BT B RIS E AT TR
FRIE AE M INIR B Fur 85 1 5CBR F R —A 4 R o
FWHEF, S5 ARF APt FE KR LR
G A SR Y L BRI L PRI A fb R
WSSE | RER A WA B . AR TR 25 s gl 8085501
AJ&, Joit Fur 2 5E0AEYEENT 2R, H
Tl B PRPERARA, R AR B R B i 2
TSI ABIAR IR s>, Hol ot 16 4k
PRI G EL I i 2k 42 11 Bfr. FtnA . FtnB F1 Dps
ST ik (LA IR RE ), BB
HFHFRE L 100 (T 3 000 &7 T/24 B
1A, bk 20 B A0 A AT i ek R R M, Fur
TR T R AR SR AR U DG B 1 3R aB 1 1 Jon
ot 240 B R B B B T R BRI, R A Bk
o TEARZ2 40T v At g SN R DL — R
155 10 2 A T (191 G K A ) S P B K T B AEL
Wr B KT 20752 AR AR K T T R
AORIFSE, H BRI N Fur Bk 25 F 9 T %8k E
I P9 2 i, 3 BB RN 5 40K ST AR A A S 11
Im%[%—%]o
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B3 Fur 45K DNA 45 F5
Figure 3 Structure and DNA binding motif of Fur

)
o rAa
4 N o

H: A: Fur 450, & TCEREAIKIAATER Fur 85 A 45 LS. RIBFFE Fur Z2H (PDB No. 2fud, %g{0), Fv FLERH Fur 2545
W), FIFH Phyre =42, B: 7 FLECH Fur 25 F110 DNA 255 7%, Ry 19 bp 75 BA F-F-x-R (SZH7 Sk 28)HE 1 fif

BHAEME, TR 21 bp (19 10-1-10 HEF Y B SO FI (LR X).

Note: A: Structure of Fur. Structure comparison of Fur proteins of Shewanella and E. coli. E. coli Fur (PDB No. 2fu4) is shown in green
and Shewanella Fur which was predicted by Phyre is shown in cyan. B: Predicted Fur-binding motifs in Shewanella. The 19-bp motif
proposed contains F-F-x-R arrangement (solid line) rather than a 10-1-10 palindromic sequence arrangement of the 21-bp motif (dash

line).

HRWGFEMF, fEARKIKRET Fur JLFS
HRE T A RS AR, W R A
FLERTA S. oneidensis 1 S. piezotolerans &R ¢ H
Motif "™ F31, KL Fur JH35FHf & — L
TS A S AR R Wi R FH 8 R B 7151921,
Hidp, ATEEPERS R R 20 RN T H I R 2 BB
G A i AR S B Y, A A vy ek
[/ RNA (sRNAYASIER mphBPY. 5340, 5k
WAF T fur SE7E R —FF, Fiv FU TR IO X 0L G PR L P
SERIKOE B B R S TS . S RO
B, fur RRBRPHEAR o WFEDEE
T, SRBITFREAR, HIFLEAERENN Fin,
7 BL G T P Stk s 1 e BRDY, (R, &
ik Bfr BB 2546 = Y AR A L P SR KT, R
Fur SREFRANEASZACEEIA KR, WIREmRE
HAMWEAR ¢ WEIREETT . W T gk
1 Dps WIPEHT,  Higw A PRI 7E A U ER AT T % 4 Ak
[l 8 I 52 5 KRR, il S S AN B A
AW 250 S v % A, A0 A i S 32 4450
SR, Dps N3z Fur HEJE¥E, Had F2 iRt X 41 it
KBS A RO X et H RS D I ik

HAAATRERE Fur SR HAM AR ¢ GRS
AN R . B SAYR, B m R R P AN
Fe’ sl Fe vk BERES /IR FE 4R 5 Fur BICHRAN
N B, (BB fur SR SRR AL LA
TEIEAG RV, 8 R A 2 S B A S M I Bk )
RES ™ E 2, (H BT AL 50 B WA R
KIERADTE

5 BHEGERE

BRAELJE O it fole A ) 1E A LTS 20 4 B 24
T, [l —Fh A PR (5 5 IR 2 o)
HI TR0 o0 | A 2T RE A8 I 1 M P RS
BACHRYAEAL, 77 A R OB, PR B
PEAERIBGTE . FEANTA D, S AEAEZFh Fe® IR
4,8 Feo RGLILEEm T4 xt F 3. 5 Z A,
PAARAEAR AT AR 7 T, BRI HA 9 Fe®
PRGN & A ek IR SRR, REE
AR TR I AT A AR PRI RE o AR 2 A I 07
1], S HT B AT 1A (1) a0
A P B A VAR o LT R A AR B, O B ) 24
PR ) RGN AR A- 25 RS & )
Bl 2500z e A SR I N, 8RR T 22 0 25 TEA0
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SR AN HA A BRI RCR DS (3) AR
Az P M I R A S e A R AR ) S UE W
WAEY S Z M AR, S4B
F SR8 S R RS (0 A4 i At = U 00101 Sk
A AR ) —FF Bk SR A A PR g
AR )4 i AR B T AR AR Sl e R A A AR
IR AR RZE D), DR BE I A W2 A 4k
BARAEY) =TT o A, BT R AR G BURn
in AR T AT B A AR R I AR S ik, iR i —
ST BB 5 [ S T ek AR A A R AR
(6 BAED SRR I &, DISRIS S5 B  . DIseta
FEMHT T F o

A PR B2 H AR P e Re o i R X TR A
T 30 AEMIRAWEIE O LB T M S FAZ 3 1 BT
A IEARFACTREIR R, S &R R4 A 25
BT IRSTIENE A . BTSN TR e A
TR R, B, BRI AR
AR RZ — AT, X T4 ILIREEERER
BEWE, WAL EERE BRI RE . A&
FirfE N, LA RyhB A E Y sSRNA 4553 F7E R 24 [
BF Pk B R AR S R O T A DGR, A FUIR
Y RyhB R TP ARG, (HEAR/E L
TR . B TR AR AR o %0+
JEMLLE, MEHAT, KRS 5 ML RSN
5 R o LA R A o A T PG N
TG M KOP B 2 0 T K AT B 4 o 22 R I T
FH S 2R 14 4801 JBiR A8 T T S 7T BB S B e i T A
GRS R, Hg ok Iy A8 T R A
AL ST . BRI, %A B QTR &2 2% 1 ik i A
P RGN — RS, A B T B i 29
T DA A Sy PR A T T I P9 R RO 257 L RE D B
iy PR XEE P [0 80 R0 40 T A7 076 T o 30 R Gk e
[ 3B, DARITRL H SEBRAR I
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