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Abstract: Extracellular electron transfer (EET) of the electrochemically active microbe,
Shewanella oneidensis, has promising prospects of application in pollutant degradation,
environmental remediation, bioelectrochemical sensing, and energy utilization. The small
tetrahaem cytochrome (CctA) is one of the most abundant proteins in the periplasmic space of
S oneidensis. Although CctA is involved in multiple redox processes, the knowledge on the
behavior and mechanism of CctA in EET is limited. [Objective] To investigate the role of
CctA in the EET with azo dyes as electron acceptors in the periplasmic space of the model
strain S oneidensis MR-1, and further enrich the knowledge about the mechanism of anaerobic
respiration of S. oneidensis. [Methods] We took methyl orange (MO) as the electron acceptor
to explore the characteristics of periplasmic MO reduction in Amtr (mtr-deleted strain) and
investigate the role of CctA in EET by gene knockout and complementation. [Results] In the
absence of Mtr complexes, CctA mediates the electron transfer for the periplasmic MO
reduction. The reduction rate of MO had a positive correlation with the expression level of
recombinant CctA at low concentrations, while higher levels of recombinant CctA did not
further improve the reduction rate. The results of protein film voltammetry (PFV) distinguished
CctA significantly from high-potential redox proteins in the periplasmic space, suggesting its
involvement in a low-potential MO reduction pathway. [Conclusion] We uncovered the unique
electron transfer behavior of CctA in periplasmic MO reduction from molecular dynamics,
bringing valuable information for understanding EET, designing or modifying extracellular
redox systems by means of synthetic biology, and facilitating the application of
bioelectrochemistry in pollutant degradation.

Keywords: cytochrome c; Shewanella; periplasmic proteins; methyl orange; extracellular electron
transfer (EET)
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. TR A B AR 2 Ak S, Ty
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AR F R P T, e A1 A8 S E R IR
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2, ITEREE 2540 T e A3 7 Ak 22 D BUs 05 A ik
AR5 KI5k B s b T o A BILTS e ds
Tl P EE B N 2 o A U E TR S Tl A ol £ L
SR S I P D IS8 0 e DA Ay S e R I A 25
SEERTG Jedis hilA R HW R T ikl s
KA FUIRTA MR-1 AE A A G i 5% rh s
BB, TERASMET X 100 mg/L H A
(methyl orange, MO)FJ i (R Al ik 95%LA |1,
X} 200 mg/L LLTF A PHE 741 X-GRL WL A%
FRERE N, AL, X MO iR
PEEE 199 14 B0 €5 5 0 BB 43 1 3k B 97.3% FiI
68.2%", BT MR-1 Z4h, Bitads FLIRH S12
TERESM T T LIRS . B L2 fnig
LT 13 5 Z R R Y RME T 32 iR A 70
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KT A R, A5 FL TR ZFE LTI e

T3 SR A DA A A T B R B s [ A
SMEE L FRRRIG R EE M ZMA R EE ¢
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Y AR AL E 2R T B, BRI T
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VEDL C 25 i 48, (HRXHF a5 bit . H
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BT AR ST

JA s e A AR FecA Al
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MtrA . MtrD 1 DmsE) A SE B2 Jifd 73 1 19348 Ji
WA, KR FPARERTY. Hp FecA fEH
& DREIC N, B T25E SR 1L
W B AR DU MtrA 2 5KG A bk
(30 50T CetA Xt EET 20 AN ALE 145
A BR . Delgado 25! hi 1 g ok Jo it 2 1] v A HoAth
TR R ¢ FIETFRE CotA, AN T
ZRAFEBRER IR R RCRAR T 1.7 £5 5 RIRRRY,
Sun ZE1 5 1 bk 3 R TP T R B
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fuel cell, MFC)M¥ i i M) 5 %85 Ji 15 31| B A AU 11
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ST, AT LA A R A ek MO
TERHE T2, LLHA MO 6 5 D68 i B ik
MR-1 $FAERE R H Mt 25 (UM 2 T
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HRAmtr VE R IRE TR, 25 A Ik D A B R [l b
B CotA AR IEAKFE, 5% CctA
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1.1 EMFI R

ARG R AR BORLTE LR 1, H
RS FUEC I MR-1 1 37 AR P ik B FLSE IR
B AR ACCA . Amtr Fl STk pBAD202/D-TOPO
K B BOR e R b Bl R R, R A
WM3064U8F1 [ 4 Bk pHGMO1!"5k [ ¥ Tk
FREERAR, YR TASLRE.,
1.2 EFERFIFNER

PrimeSTAR R4 [l T AL 5t 5 H R AEY 1
ARAFR/AH]; Easy Tag DNA 24 . Easy Pure™
Genomic DNA Kit 1§ b5t @& EWH AR
Al; #EIE DNA. 73 DNA BISGRH &0l T i
Magen /A H); Gateway BP Clonase I Enzyme Mix
B 2O ML T ThermoFisher Scientific 23] 5 B4
R R 7] 7 iR (bicinchoninic acid, BCA)#E 1k

R 1 RHER P ERE M RS E AR FA AL
Table 1  Strains and plasmids used in this study

2 R S T A T AR T AR (R T e A PR
/NH); Precast-GLgel 4%—15%78MEH 7Kk Hepes Fil
il 10 Well 15 BBI A= b5 PCR AL, HLIK
1. BAMAT - AL R 3 AW T Bio-Rad 2
Al HLHVIE R R SR AE I T R I A A e
WA RAE; HiEEOEE ST NanoDrop

PR AR5 246 W T At 0 30 I B BB A BR A Wl
T F BioTeK A H] ;8 2 A i e
{0l F SONICS&MATERIALS A5 #H A %
B ML T D1 v 2 PR R BR 2wl
1.3 BEFREREFEH

LB (Luria-Broth) £% 3% %t (g/L) . & M1 ik
10.0, BERHEHY 5.0, SAALEN 5.0 FCHI T A8s
FRIERTUSIN 15 o/L 3ofekn o e = 40 v 4 FH A
PR PR K B 2 (gentamycin, Gm)¥& & S0 mg/L, —
P iR (diaminopimelic acid, DAP)JE 50 mg/L;
53 B W 113k 0 B R IR % % (kanamycin,
Km)W#JEH 50 mg/L. A EIE 5 K A L
FRTERR BILE 37 F1 30 °C 4544 F LA 180 t/min f
GBI TINRRIR T AT

Strains and plasmids Description

Sources

Escherichia coli strain

WM3064 Host for pir-dependent plasmids and donor strain for conjugation; Lab stock
AdapA
Shewanella oneidensis strains
MR-1 Wild type Lab stock
AcctA CCtA deletion mutant derived from MR-1 Lab stock
AcCCtA pcctA AcctA with pBAD-cctA Lab stock
Amtr mtr deletion mutant derived from MR-1 Lab stock
Amitr AcctA mtr and cctA deletion mutant derived from MR-1 This study
AmtrAcctA pBAD AmtrAcctA with pPBAD This study
AmtrAcctA pcctA AmtrAcctA with pPBAD-cCtA This study
Plasmids
pBAD Original plasmid pBAD202/D-TOPO Lab stock
pBAD-cctA Plasmid pBAD contains the gene of CctA This study
pHGMO1 ApR, GmMR, Cm? att-suicidal plasmid Lab stock
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MO it {638 556 /8 ] LM (Lactate-Mineral)
AR (L) T KEBREA M 17.1,
iR — 2 3.0, SfkEh 0.5, FAbEe 1.0, BEEk:
¥ 0.5, fE N TUMARZLRR SN 2.24, 1EAHF
ZARE MO 0.2, BB IR B RS B R4
TAEs G R LM 13RI B B RS
SN, 7E30°C FREERTR.

1.4 ZETHRWE

SRR 25 SCHR[19], 1 /e s NCBI
(National Center of Biotechnology Information) | [
Pk MR-1 BYEERZH P8 B A o5 |9 50/51 Al
30/31 (£ 2), FHLIFERLUABRR 39 14 H H Y
FLIR ootA FEFEFRIZH H ) B3R T BEZY 500 bp.,
FIHB19 E ) Linker 4745, i@t PCRKE I,
Tth B G oA — AR B, R A BT T
YIRS, A BP seREREE K A B E Y attB
A5 A Bk pHGMO1 _F 1Y attP A7 25 5 A SN
UL, IR B &8 A R b B
¥ H ﬂ*ﬁ*J_Lﬂ&{%i(f%ﬁﬁiu oA MR H TR R
WM3064 (DAP 5 FEakfE Rz A4, EH
S R JTOR S T BT T () 2 El o

FIFH AR BORL R R K& R BUrEEEN Gm7E
U A AT s R TR e, Ok s e Ak
ERRBATFEE, B S5 B AR BRI E
WM3064 Fl MR-1 #1740 #5050 . FHAIFH A
AR R KB RPUPETER Gm FIFEREgE AL
SacB MTRBRIEATIRGE o B RAAVE T IR A TE

R2 FMRPIRHSIFT

Table 2 Primer sequences involved in this study

LB+Gm 9°FAk b, PRECARETEG % LB+Gm
TG NaCl ) LB+10%EME A [, EEaeese
LB+Gm V-t FA: K | {BFETC NaCl 1) LB+10%J
A EA A KR . RS LF/SR Al
SF/LR #47 PCRELAZHIGHIE, FRRF SR 4 i) 1)
FRASKRAEJC NaCl (9 LB R IARE SR B b i 5 fe,
BT TG NaCl 19 LB+10%FEREA 1555,
PR 755545 LB+Gm Fl LB+10%BEME -1t
b, EEERENEAE LBH10%EER AR FAE K (HTE
LB+Gm Pl AR EAE, RAS1% LF/LR
PEFF PCR BAHIE, BRAF XS RN Y 2 A5 Bk
1.5 BAREBQFIREHREE

JARE ARG B BT (osmotic
shock) F&IUHE BT . BEELOIERTE LB gkt
HIS SRR RA,  FHBERRZE thER 7 i (phosphate
buffered saline, PBS) (& {k4H 137 mmol/L, SHfL#H
2.7 mmol/L, R 4N 24.2 mmol/L, HifR_—
SV 5.2 mmol/L, pH{H 7.4k EIAK; KI5 H
Spheroplast Zz M — ¥ H FEZIEH 4 100 mmol/L,
WERE 500 mmol/L, Z —F&PU 2.1 44 0.5 mmol/L,
pH 1A 8.0) A0S IVIIE, W S minJ5 4 °C.
10 000xg £5.0» 20 min, % FiE. FHHKEBHK
(1 mmol/L FALBEVE M) B AEUIIE, BTk E 155
JE A 20 mmol/L i FREEVA R o 250 WU TVE it
175 SLR A AR, RS VS WROAR S R AT R
BS0(120 000xg, 1 h, 4 °C), WHEMHEE.L G N
FIEERA R EA

Primers Sequence (5'—3")

50 GGGGACAAGTTTGTACAAAAAAGCAGGCTGATTTATCAGTCGCCAGAG
51 GGTCCGGGTTCGCTATCTATACTTGCCCCGAAAAGCAC

31 ATAGATAGCGAACCCGGACCTACTTCTGCGTCTGTTCTG

30 GGGGACCACTTTGTACAAGAAAGCTGGGTTGGAGTGATGATGTTTCG
LF TCCCTAGACTCACGAACC

SR CCAATGCCCACAGTAAAA

SF GAAGGCGAAGGTTTAGGT

LR TGGATCGGGATCACTCTG

http://journals.im.ac.cn/actamicrocn
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L TR 1 N o = 7 e 1 D2
P R R R U AR 1, KR U BT AR e
FRSCAE OTTTEE ] buffer W25 1128 Wi (= 2 1 3
IR LE 100 mmol/L, S K44 150 mmol/L, pH
8.0)HH &, AT A R RE(S s Bk, 5 s B 5, 35%
), B.0(10 000%g, 20 min, 4 °C)E R AR B RE
P B IS B AR PR TR, K R TR YRR A 7 R
(120 000%g, 1 h, 4 °C)J5 WA TLYE BRI R BELH 47 o
B U N 2% Triton X-100 ((RFRAM014 buffer
W £ 4 °C W REMBEA S, #.0(10 000xg,
20 min) K FRANEE LRI R A B 1
1.6 AN X[E MO HIiEEIRIE

o FH AR VR VA — AR AR S A a6, ]
OB, 11 R BB 11 I YRR ot P R B 4 ) A ) 4
BUA 110 pg A H/mL, 78R ASM N
25 mmol/L i — i R4 (sodium dithionite, DT)
T 2 RSP e R ¢, (HHAG IR E 58
SR AR (R 350-600 nm (PN AY R i
g HINT) . P SO SRR T AR S B E
500 mg/L MO A 2 240l (5. 2% ¢ B RFAIE I i DX 3
W O it 2 AR
1.7 MO & EBi il

MO i J5 i (AR5 7E 100 mL [ I 38 i H
AT, B MEI /%€ 50 mL B9 LM B3t
(FLER#N i Tk, MO mHHF21K), LA
TR A 20 min 5 R ICEER S B O,
HRRRA TS, A LM BFREEEE
2 ODgo fHN 0.2 WEW KIS, K5
30 °C g ige, JFE 3AEL ., BT
it — U0 M 3 5 4 A DR AR T A il b B EORE
TR BR T 434, R 20 G EE T ODyes 18
A AL I e 5% .

1.8 CctA BEHKIE
F kL U A E P A S R MR-1
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CCtA KE K ) #) 38 ikl pBAD-cctA (N S iii A
6xHis PRSI CotAgas) LA AT cotA 1235 i
ki pBAD 43 5il%5 4k F Amtr AcctA Fikk , #7 cotA
FE IR TR RRDGS RGP , 38 8 ORI 7 A A 2 R
PRASEE AT . et 2 LIRS 35 CotA 7EAs 2
WRR AR £ Km Jirkr LB B 5R3E
g TR AR, R EXEORS A LB R
WRE MR S IEE | mL w4
Mz e EAREHLIK

2 L AR N LUK 25 A« JEFH buffer WOl
21 T 240 it A TR BE Y ODgoo fHL(ODs0=3.0),
& AR AT 5 2xloading buffer R4, 98 °C
P4 10 min FFATRME; R4 H 10 pL AR TE
4%-15%"FVEH 3k Hepes Tl iR E b FAE,
I HL A2 AL UKk (110 V, 60 min), R F ML 2
Yo fo 3L P20 B PO R AR I 6 R ¢ MEATAR SR
ety R AR T LR EN-VK O R G v
(pH A 5.0)7, fin A H B 1Y 3,3',5,5'- D0 HE 2
HEOR A W (1 mg/mL) PRk e 4R, R
AT E AL R IR A 5-10 min J5 5840 Ye @,
it B K R 4 e i AR SO o TR S
AT RS S, R T 2B oM S KR
{6 FH Image] B 0F % 5 AT AL BRST,
1.9 CctAgenis EAMI D B4 L

I FH 20 B2 R b 28 2 11 5% R Al Ak SEDRE b £ 3
RN VE R T 5ok 2 A2 S ERT
Ni**, 54 A FRIREE b AWKIEIR & A R0k A A
YERT, MNTTSEBE CotAguans FIAEAST B o Kl i
B S HY binding buffer (¥ FEWR W £ i ifh iz
20 mmol/L, & fk&h 150 mmol/L, pH{H 7.8)5
R SRR A LSRR, JEORIITRE 5 B 25 i
W s K PRPRACCIA-CetAgans THAUEE N 1 mmol/L
BT RIS 263K 20 h 5 A B OIS T A 1
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R, R TR JE K AR RV AR TR SO
5 W R SR IR AT, SEORHIT IR IS B 25 BIE
W ; KrEELS binding buffer FE4MEA S LAVER
BURE,  SEURHITRR J5 B 25 I VR CR IR B 58 42 1) 24
Ji); FESCEHHEJEIA 10 mmol/L fyBKMEZE i
W, ARG, RS W B
W, JFWEEEE 1A SR A 0 CEUR) Hh 25 11 R o 2
Zifh), MRS VRN, 0l e
(50. 100 F1 200 mmol/L )bk ZE /g v s SER)
WA B VR, #5177 SDS-PAGE Lk
B UESE 1o K/ N A
1.10 EZEABERZRKE

BT T 0 0K 4 R R B R A AR A
HACHZE . 7E 8 mmol/L $iE L. 1 mmol/L i
R 1 mmol/L Fit 5k e R4V W HR L
48 ho [A1EE VA AR -(0,B)-DL- K A2 R
2 10 mmol/L 57 InE] b i A% e a1 sl B AR 5
1 5% Nafion ¥ W % 5, 1E b T 1F f %
(Ag/AgCIE RS LU R, BAZZHARAE Jp X HAl)
FETCA SR T AT IR MR L 4 . By
+0.1 V2-0.6 V, 3K 50 mV/s, REEE N
30 °C,

2 EREM

2.1 E# MR-1 8 H 5 E R MO

T AR A 5T A ) R A T A D € ) G
RIZERL, 5 MR-1 ) B A= B AR BE Bk Amtr
(mtr & DR BR A B RR 2 48 @R mirABC, mtrDEF
AR omeA 7 A~ R A R AR )X 7 AT A B EG A
W A YRt A T SR (R LT MO IR
2I 0 GiarPO . HIREPT merkar 270 g
AP B MO RASh, Amtr 7E A 6 Fh ekl
PR R R S B R ), IR
MO A LATEAH IS Mitr 38 38 19 25108 F 984 138 J5U0

@, FrLlEsE MO 14l 2 A T /a2:
R N T IR AR MR-1 B4 G s
TEIR ) MO R R, 43 BB BT BBk
MR-1 1 JE B4 53 R 43, 3 2o AR S 3 %
HifJ5i MO &I T RAE . ARSI 5
R c Ab-R R AR, @l re i 7E
A L X R A T G A A 7 S e, 3 i 2
AT MO Z AL 1538 . FE L 1Y ] IR IO,
W DiEs, 7E8REEI 2 Ffeih gl
c MAFE(E SR E R R, S hHRIA
s, #IMK 409 nm ALY Soret W AT il
520-550 nm XIHE) Q WU B M, ] DT
THE 2 PSS, g R o Pa e,
R R Soret WAL E 419 nm Ff /=4 Hom
I IAF S, T Q WA WIFE 523 nm Fl 552 nm
b= AR RN E RIS 5 o

FETCASME T FH MO 12 4% 2 8 SRS 1 2 Fi
R, W B ] 5T 2H 43 R0 B ZE A3 v B A e R
c #RA& A IR A ) EALS BB A, R
HNNETF 419 nm AbHY Soret MUY 12 T ik 7% 0l
409 nm, F- 1 Bifi 5 W58 B 9 T B 5 T € 523 nm
F1 552 nm Ab WGt A A THIR o 5 G FIET
AN MO TER I IR AR R , KR 465 nm
b AR I A L R BELE RG] T MR-1 4
JE 40 A R AL 43 B AT X MO (iR JERE ST, T
HidJFH AR AR cHEES 5.
AN FT LIRSS, 8 A i i) 340 i 25 A
0% c 5 2.5 pg MO IRA G 7E & E 2 F Lk
A ARSI A MO Ji H A AL FRAF 057 A58 R
FRREARE), W RS T MR c 5
5.5 ng MO IRA 5 A B8 2484k, Bk B IH—
Al 4 B A= 9t A P2 4 B 5 4 43 7T DAAA J o
% MO,
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—-—- Air oxidized
— DT reduced
+1.5 ug MO
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+2.5 ng MO
— +3.0 pg MO
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—-—- Air oxidized
— DT reduced
+4.5 pg MO
— +5.0 pg MO
+5.5 ug MO
— +6.0 pg MO

Absorbance
<
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Wavelength (nm)

550 600

400 450 500 550 600
Wavelength (nm)
1 E# MR-1 BRERA)MEE A GB)ARINER MO BYK SN AT I IR UL 1 E
Figure 1

Shewanella oneidensis MR-1.

2.2 CctA #a Mtr @B MO i£JR FHI{EAH

T FIRGEE AT LA JE BT H AL 3 A
FE MO MaAMA S PER 00 (1) FERE B
BT AR AR SR (2) K PN T I A
1) L 1538 B SN 58 LA It o A T % I =3 i
T IX 4y, AP A MR-1 BRI cctA,
mtr L EUCE FERRIET T T MO I8 8 7 2515
(B 2A). FEABE 8 e T et ad 7 0 3 1 2 PR

>

100

50 |

o WT

Decolorization effiecncy (%)

—=— Amtr

—— AcctA

—— AmtricctA
I |

UV-Vis spectra of in viro MO reduction by periplasmic (A) and membrane (B) proteins of

HlAEBRAETEE T, MO (38 J5 shasa] L ek —
R B )2 R BRI RS 5 B -In(CY/Co)=Kt (5
1 Co o MO WMV IE, C B[R] t B
MO By BE)IHEE B 12w 8 K R DLUE ik
MO ik J SR 238 o 768 T A U TR AR A T 93K
orh, MO ARPRB A S5 B  (FE A9 19100 4%
7,2 h AT 200 mg/L ¥ FE ) MO it (R %0k
£ 100%) . AcCtA [ it it €535 48 55 W A= RUAH L

0.3

0.2

=

First-order kinetic constant

0 5 10 15 20

t'h

0.0
25 Amtr

AmtrAcctA

2 HERIRIE P E AR AcctA. Amtr FIAmMtrAcctA EHKIERE MO BIsh h F &AW R— R hFEH

*F Ek(B)

Figure 2 Kinetic curves of MO reduction by wild type strain, AcctA, Amtr, AmtrAcctA (A) and first-order
kinetic constant by Amtr and AmtrAcctA (B) in batch tests. There was a significant difference between Amtr and
AmtrAcctA (*: P<0.05). Error bars indicate the standard deviation (n=3).
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Figure 3 UV-Vis spectra of in viro MO reduction by periplasmic (A) and membrane (B) proteins of
Amtr AcctA strain.
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Figure 4 Heme-stained SDS-PAGE and densitometry analysis to protein expression of CctA. A: Adding
1 mmol/L inducer for 4, 8, and 12 h; Lane 1-4: Before adding inducer and adding inducer for 4, 8, and 12 h of
AmtrAcctA pBAD strains; Lane 5-8: Before adding inducer and adding inducer for 4, 8, and 12 h of
AmtrAcctA pcctA strains. B: Histogram of relative density by densitometry analysis in the box area of lane 58
which from Figure A. C: Adding 0.2, 0.5, 1, 2, and 5 mmol/L inducer for 4 h. Lane 1-2: Before adding inducer
and adding 1 mmol/L inducer of AmtrAcctA pBAD strains; Lane 3—8: Before adding inducer and adding 0.2,
0.5, 1, 2, and 5 mmol/L inducer of AmtrAcctA pcctA strains. D: Histogram of relative density by densitometry

analysis in the box area of lane 3—8 which from Figure C.
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Figure 5

Kinetic curve of MO reduction and first-order kinetic constant by AmtrAcctA pcctA and

AmtrAcctA pBAD strains in batch tests. A—B: Kinetic curve of MO reduction (A) and first-order kinetic
constant (B) by AmtrAcctA pcctA and AmtrAcctA pBAD strains which adding 1 mmol/L inducer for 4, 8, and
12 h. C-D: Kinetic curve of MO reduction (C) and first-order kinetic constant (D) by AmtrAcctA pcctA and
AmtrAcctA pBAD strains which adding 0.2, 0.5, 1, 2, and 5 mmol/L inducer for 4 h. Different lowercases
indicate significant differences between groups (P<0.05), the same lowercases indicate no significant
differences between groups. Error bars indicate the standard deviation (n=3).
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