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Enhanced heterologous expression of the cytochrome ¢ from
uncultured anaerobic methanotrophic archaea

CUI Lingweil’z, FAN Xiaojunl, ZHENG Yanning2

1 School of Biomedical Engineering, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China
2 State Key Laboratory of Microbial Resources, Institute of Microbiology, Chinese Academy of Sciences,
Beijing 100101, China

Abstract: Cytochrome c is a type of heme proteins that are widely distributed in living organisms. It
consists of heme and apocytochrome c, and has potential applications in bioelectronics, biomedicine and
pollutant degradation. However, heterologous overexpression of cytochrome ¢ is still challenging. To
date, expression of the cytochrome ¢ from uncultured anaerobic methanotrophic archaea has not been
reported, and nothing is known about the function of this cytochrome c. A his tagged cytochrome ¢ was
successfully expressed in E. coli by introducing a thrombin at the N-terminus of CytC4 and
co-expressing CcmABCDEFGH, which is responsible for the maturation of cytochrome c. Shewanella
oneidensis, which naturally has enzymes for cytochrome ¢ maturation, was then used as a host to further
increase the expression of CytC4. Indeed, a significantly higher expression of CytC4 was achieved in
S. oneidensis when compared with in E. coli. The successful heterologous overexpression of CytC4 will

facilitate the exploitation of its physiological functions and biotechnological applications.

Keywords: uncultured archaea; cytochrome c; heterologous expression; Escherichia coli; Shewanella
oneidensis
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I FEAE BTN S A A Ak T Bk e
HRETEWIRTA 3 M T i AR o M
R, b o fife) 2 HEE 2402 Com R4,
Hi 8 a9 AMBAHCE A !, REAATE
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AN, AL —2L BN S-BIETRT 1. 25 Ry 4 F
R 14 Ces RGN, FRALAEF T4
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ARG H—MEaFRMEREDMEOAER ¢ &
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AMIEER ¢ A KE T CemABCDEFGH,
AMMEZR o BFRRERME TR, BT
AR c BB EEEPLE y BRI 8-
TE B R TR T RO IR A A R ¢ 1))
SRR Z WE9T . © HUAETE T W e DR AR A8 Ak T
(anaerobic methanotrophic archaeca, ANME) H'[1}
iR o FEFF LKA ML (anaerobic oxidation
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1.1 R
1.1.1 BRI FAE PR

pET28a (Novagen) A HLE 1R H4,
e AR E ZPiPEH; pET22b (Novagen)
i S HMEAMA MG S KT (pelB)
DA SR B Z YU SE I s pEC86 Tk H ik
H Rk E. coli ) ccmABCDEFGH %N 3%, LI
WA E R o MR, A E R
FLH ) pBBRIMCS1 ik TR A% FUICH
(Shewanella oneidensis) it BFRAM a2 P,
E. coli BL21(DE3) # S. oneidensis MR-124 (v
Rl 27 e G A W i 5 P 2 e DR 2 J S ) PR A
YR ¢ i fE IR I TE E R K.
1.1.2 EFEFEFEG

TB B 3: 3 (%, WIV): 1.2 AW, 2.4%8%
K5, 0.4%H 3, 17 mmol/L KH,PO,, 72 mmol/L
K,HPO,, 121 ‘C’K[H 20 min; LB ¥:5#% (%,
wivy: 1 E AR, 0.5 ekt 1 5408, 1.5-2.0
g (BARRFRILIA), 121 TKE 20 min, F
PR (Kan), A FHHE (Amp) FIFEEER (Cm)
1E E. coli ¥ig= R i i AR 4351~ 50 pg/mL .
100 pg/mL F1 34 pg/mL; S. oneidensis MR-1 %
FRIEP AR (Cm) WEHHWEE R 25 pg/mL.
E. coli f1 S. oneidensis MR-1 ¥J7E 200 r/min %%
BRI N IRG G, WS SRR 430 R 37 °C
130 C,
1.1.3  EZERFHNEE

1 000x4: )& B FH (mmol/L): 0.15 CuSOy,
4.3 FeSO,, 0.1 Mo®", 45 CaCl,, 3.8 ZnSO,, 0.9
MnSO4, 0.086 Co(NOs),. A HYHTAE R BRI
TR EREABRA ], AT PR AT
fitf . Q5 HifRE DNA RAEHH TS5 FMIIEGIIE
F New England Biolabs (NEB), 2x rapid mix 4
H i ia MEREAE BB Iy A BR A\l . Bk $2
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B30 & e [RIBoH &E 0 - Axygen A H],
DNA Zlifbid ] & H Omega 52 Al .

pH iT, Mettler Toledo 2\ F]; PCR X FIE
.UM, Eppendorf 2w 5 $4h-n] WArGGEET,
ThermoFisher Scientific 2y w]; # A BFRAL, T
W 2 A R A A PR 2 F o
1.2 KW AHE
121 EEFERRE

PCR [ WA % (50 pL): 5 pL 5xReaction
ZE W . 5 pL SxHigh GC &P . 0.5 uL dNTPs
(10 mmol/L), 1 pL 5% F. 1 uL 51¥ R, 0.5 uL
i DNA . 0.2 uL Q5 polymerase (2 U/uL), fix
JEmEEFKANEE 25 pL, PCR HAEIHS1H)
BHIFER 1 o PCR RN &MF: 95 CHIAEME
5 min, 95 ‘CAM:30s, 55 CEM:20s, 72 C
JEM 30 s, AR M REE R 30 K,
&5 72 CHIEM 6 min, PCR ¥4 1%

x1 BERMEEFRASY

WG kR I fe , sEfTalifh.
1.2.2 RixFHIKRHE

AR TS SMIIRGELL R0 7 % DNA B
FRGUI 00 BB AR AT HE AR 8 EE 4 o
i) TS SMNIIEELIE OV AR ZR . 2 uL SXTEDA,
B ) J5 PR A AR BE R i 5 DNA - 7 BE i JEE R
FEEA A, e A2 B FOKANE 10 uL; EH T
Per BBV AR R AE 30 'C R IEAT ROV, MR
B B 0 Wy I 7 149 S R B[R] (10-50 min) 5 fi
Je b BL i B P AL B E. coli JRZ S A .
JUT A AR ) TR R R B 81 T 36 2 R Bk S 4R
DNA JBelnlie . Bb) . Wilis g 55 35 2 B )
(&) UL, FHOCAFLE W2 5 1S ISR [26].
DNA 7 ZHE 4 MR AL MR A IR A A
123 ZERFREMEE

SDS-PAGE: Mt & 12%53 B Al 5% e 45
e, JerEfRE 120 V KRR FRE S E e 4 i

Table 1  Primers used in this study

Name Primer sequence (5'—3") Size (bp)
28a-deSP-CytC4-F CTTTAAGAAGGAGATATACCATGCTGTTTGTTGGTCAGCATAATTG 46
28a-deSP-CytC4-R GATGATGATGATGGCTGCTGCCTTACGGAATGGTAACGGTTGC 43
22b-deSP-cytC4-F GAATTAATTCGGATCCGAATCTGTTTGTTGGTCAGCATAATTG 43
22b-deSP-cytc4-R CTTGTCGACGGAGCTCGAATTCGGAATGGTAACGGTTGCATTAC 44
22b-new-deSP-cytC4-F GTGCCGCGCGGCAGCCATATGCTGTTTGTTGGTCAGCATAAT 42
22b-new-deSP-cytC4-R GGAGCTCGAATTCGGATCCTTACGGAATGGTAACGGTTGC 40
cytC4-opt-1-R CGGTACCTGCATCATTTGCATTTGCC 26
cytC4-opt-2-F GCAAATGATGCAGGTACCGTTGATAGCTTTC 31
cytC4-opt-2-R GGTCAGGCTCATACCGGTACGTTTG 25
cytC4-opt-3-F GTACCGGTATGAGCCTGACCGCCGAAGAAAC 31
pB1-pBAD-pelB-cytC4-F CTAAGGAGGTTATAAAAAAAGCTTATGAAATACCTGCTGCCGAC 44
pBl-pelB-cytC4-R CCCCCGGGGTCGACCATATGTTACGGAATGGTAACGGTTGC 41
pB1-pBAD-cytC4-F GGAGGTTATAAAAAAAGCTTATGCAGAATAAAACCCTGCTG 41
pBl-cytC4-R CCCCCGGGGTCGACCATATGTCAGTGGTGGTGGTGGTGGTGCTC 44
pB1-Tac-pelB-cytC4-F GAAACACTGCAGGAGGAAGCTTATGAAATACCTGCTGCCGACCG 44
pB1l-pTac-cytC4-F GGAAACACTGCAGGAGGAAGCTTATGCAGAATAAAACCCTGCTG 44
T7 TAATACGACTCACTATAGGG 20
T7-term GCTAGTTATTGCTCAGCGG 19
pBBR1-test-F TTGCGCCGACATCATAACG 19
pBBRI1-test-R CTTGTCTGTTGACCCTCGTG 20
Homologous regions are underlined.
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®2  XHETRERA R
Table 2  Strains and plasmids used in this study

Strains or plasmids Description

References

Strains

Escherichia coli BL21(DE3) Expression host

Thermo scientific

Shewanella oneidensis MR-1 Expression host (WT) [24]
BL21(DE3)-pET28a-deSP-CytC4 Escherichia coli BL21(DE3) harboring pET28a-deSP-CytC4 This work
BL21(DE3)-pET22b-deSP-CytC4 Escherichia coli BL21(DE3) harboring pET22b-deSP-CytC4 This work
BL21(DE3)-pET22b-new-deSP-CytC4  Escherichia coli BL21(DE3) harboring pET22b-new-deSP-CytC4 This work
MR-1-pBBR1MCS1-cytC4-6his Shewanella oneidensis MR-1 harboring pBBR1MCS1-cytC4-6his  This work
Plasmids
pEC86 Cm', containing ccmABCDEFGH [22]
pET28a Kan', pUC ori, T7 promoter Novagen
pET22b Amp’, pUC ori, pelB signal sequence, T7 promoter Novagen
pET22b-new Amp", pUC ori, pelB signal sequence, thrombin site, T7 promoter ~ This work
pBBRIMCSI1 Cm', pBBR1 oriV, Tac promoter [23]
pET28a-deSP-CytC4 Kan', pUC ori, T7 promoter, containing cytC4 (Remove its own This work
signal peptide sequence), no tag
pET22b-deSP-CytC4 Amp’, pUC ori, pelB signal sequence, T7 promoter, containing This work

cytC4 (Remove its own signal peptide sequence), C-6His

pET22b-new-deSP-CytC4

Amp', pUC ori, pelB signal sequence, N-thrombin site, T7 promoter, This work

containing cytC4 (Remove its own signal peptide sequence), N-6His

pBBR1IMCSI1-araC-pBAD-pelB-CytC4

Cm', pBBR1 oriV, BAD promoter, pelB signal sequence, containing This work

cytC4 (Remove its own signal peptide sequence), N-6His

pBBRIMCS1-araC-pBAD-CytC4

Cmr, pBBR1 oriV, BAD promoter, containing cytC4, C-6His

This work

pBBRIMCSI-lacl-pTac(OO)-pelB-CytC4 Cmr, pPBBR1 oriV, Tac promoter, pelB signal sequence, containing This work
cytC4 (Remove its own signal peptide sequence), N-6His

pBBRIMCSI1-lacl-pTac(OO)-CytC4

Cmr, pBBR1 oriV, Tac promoter, containing cytC4, C-6His

This work

R ZEF KL, HTERE 150 V FrEAR
FR/NER, ea% D@t ma
Ab P B 2 7 B I T AR AR

Western blotting: —#1 47N $T HiseTag $i
T, 0 R BOR o S AR W i A i Ll SE B B
1gG. Bk EAMMNIETT SDS-PAGE FE HH
vk, VIl PVDF Ji, e BB/ 20/ )2 g 4%/
G / L/ V9 2 0 0K 4/ B AR P9 DL e A fL B A
t, BUEETE 4 CR MY, 2544 100 V| 20 min;
Wil I A4 R 3] s A R Z R 3P 2 b, BB S IA
MW —PT, 4 Cilnd, SR,
A ZPr, EIEEE 2h, FH BeyoECL Moon
WE@Hl%Mﬁ%ﬁ%@&MWme$E)
AT A, S5 H B Sl oL % B IR T8
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AT (Tanon 1600 GIS 1D 2 #r &k ).

IR o MIEIERAE . RN IRRL6E 5
B, AL R 5 mmol/L HY%E — WAR IR
B, XTEARRI AR o TR, IRTE
400—600 nm 3+ 7 Fl A I HR OB . i 5
UGN 2 ¢ HA R AT oG 4, 16
3 AR N HA WS . 235000 o (550 nm) .,
B (521 nm) #y (415 nm).
1.2.4 #FHepitaiE

T SEfE NCBI Xt H B9 1 CytC4 #E17)F
GILERT, KB 1 b e AU R 86 9 2
—A fasta A A, A MEGA7, Jfilid
Clustal W #4772 ¢ 81 FE X408 o i B KA AR
PR T ST, bootstrap 21 B R 1 000
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(— AN 500 LLERE, 5 A B ah Roa] )20,
Hy il 3 MEGA7 1531 CytC4 14 2 S8 itE A 20

2 BER504

2.1 wEBEAERFIIAML

XS A 405 KA AR B HY e DR 4R R
A A W) S i R R R R TR A R AT AR R A2
fig , TEREEFRPA R B A H E Candidatus
Methanoperedens sp. " RIL T —Bc 40 693 bp
(NID76635.1) H HA 4 A R4 57
-CXXCH- 14 45 751 (FIBO8_05990), 4% Ik
W45 cytC4o AP QR ¢ HIFREE E—4H
LR B ER, SRR, KRR
AR IE R % PP S A T EAL R o0 (8T 1),
BN WA IR . H H BT IO X S
HEMADCHRIE, ToHEX CytC4 RIBIRMES
FMHE o SR DR AR R o SR T TR TR A0 4 i
TR c REIETE E. coli th3Rik, HEME E. coli
TR cyrC4 SERPEAT T 8 IS T
ek, HEIFAR LB W r H i E A RS, bE,
i E. coli Codon Usage Analyzer 2.1 by Morris

Maduro  (http://www.faculty.ucr.edu/~mmaduro/
codonusage/usage.htm) X 3& K J7 51 #4743 #r ,

RGN AR ST ACA W AR 7E
10% AT, B & ik e 50 i i~ ACA
ST R E. coli A3 AR 7S § ACC,
BB R IE B R T 41
22 HEERcREREHEBRNK

T S A A MER G U AR e i SR
JEA, Pl R AR LR AT 5 BRI 3t (http://www.
cbs.dtu.dk/services/SignalP/) 43 M7 15 5 JIK i) v/
B (& 2), e R E L4 LR TS SO
4 B 55 T AIY cyrC4 3R 5] pET28a
b, FIHBRL Neo 1 BYIf7 &5 1 ATG I A
AR H B E AW RE, KA E A R
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pET28a-deSP-CytC4 , #] H % ® 4 it ki & ik
CytC4, 45 RAr P B J5 i A B R &
BHBE A, H59%E 7R RN SR A K 5]
FRAEIR IS0 (B 3A). ARHE B & A B,
FIRBAR L A pelB 155 k7 51 1)
pET22b,pelB J& T Sec ¥ iz w42 ML RI(5 5 K,
R BRIF IR 155 IKIFE C dm s A 41 = e br 25
(His*Tag) ML P te %] pET22b |, K15
# 4 fiki pET22b-deSP-CytC4, H| 1% & 4 5
iRk CytC4, [RIFEAKG I 2 8 11 K3k FIRHIE
Wi (& 3B)., ¥ HiseTag & T HAIE A N
i ay, C i Al GBS %t H B8 4 & AL ™ 8 5
Wy, PRIHEXT pET22b Bukiiff4T T ek, 7E pelB
ST EH AT HiseTag 51, 510K
HiseTag MCNRALG R HWEAM N i, [RIE7E
HiseTag ¥4I J5 i — A Bk L8 A7 58, DAk o
HiseTag 5 BB &E A& sz B W& E
FIER YT &, BIrARAS SR A 4% A pET22b-HisTb.
SRJE LL pET22b-HisTb A EkH M, XA
1B 1Y Geobacter sulfurreducens R A1 (4 K
o7 A LR F cyrC4 BE K47 AH [A] 45 440 1 S5 5
Foak, XA S RIBE AR LS R T
AT, YRR TAE AR o RURRIEIR I
(Kl 3C-D), B pET22b-HisTb 0] FF 4 jiti{4
R cMRHEEIL,
23 ESEHHML

BRAWE ., MELKRTR. ARIRES
T E AR R 55 55 T BE S ZEAR KR b
HIE PRIk & 1 2 400 4 5 X015 Y
IPTG ¥ JE R 7 ek, R EER IPTG AT DL B 4F
HifE AR o 95T R, UL IPTG ¥
FE M 50 pmol/L f& K 20 umol/L., MR ¢ 1
WAV T Z M i & Eock, BT A 3
FRHEEMEEAS FMA TR S BT RIE R . (R
LR AR TR B, RS S IRLEE DA 30 CREIR
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Figure 1 Phylogenetic tree of CytC4. The evolutionary history was inferred by using the Maximum
Likelihood method based on the JTT matrix-based model®®”). The bootstrap consensus tree inferred from 1 000
replicates is taken to represent the evolutionary history of the taxa analyzed'*™. Branches corresponding to
partitions reproduced in less than 50% bootstrap replicates are collapsed. Initial tree (s) for the heuristic
search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise
distances estimated using a JTT model, and then selecting the topology with superior log likelihood value.
The analysis involved 101 amino acid sequences. All positions containing gaps and missing data were
eliminated. There were a total of 56 positions in the final dataset. Evolutionary analyses were conducted in

MEGA7.
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SignalP-5.0 prediction (Archaea): Sequence

SP (Sec/SPI) —
00 TAT (Tat/SPI) -~
LIPO (Sec/SPII) -
CS
Other
2
= 047 |
£
[s]
£
e
=9}
~
bl |
0.0 | b N it A W st oo o T L L
MQNEKTLLIGIGILAVGLLALPQTLALFYGQHNWYDTTTVDNGVPCAKCHADVVQEIYSTEGLAGDGTNGEF
S$55555555555555555555S5S5SCXAXXAAXXAXAXXXXAXAXNAXXXXXAXXXXXXXAXXAXXXAXXX XXX XX XXX
0 20 40 60

Protein sequence

2 EZAFYPIES IR TN

Figure 2 Prediction of signal peptide in the protein sequence.

F 16 C. fhm, Miltfaid ZATNAMER ¢
O3 T RS, RN 200 r/min R
100 r/min, ZREIR, @il —RIVEEFRAAMH
tofk, FE 3C M, 4008 FiEBH CytCa 1)
FEAE MR S AR 2 T B g, Ul SR AR
PRI XTI AR ¢ RIBARIER, Ji5b
F|F HiseTag PUAEXT CytC4 MR KZIEAT T
Western blotting 5347, #—PIiE T CytC4 i)
5 (K 4B). {HJEE i SDS-PAGE 74T,
AR B HEE SR, B CytC4 1)
FIREAIRBAR .
24 RBEFTEEERIMMK

BIRXFLL E. coli RikTa F AT — RIUL
fo)E, HERRS MRS, HERKED
SRR, AR VIHE T K glifb, 1 S. oneidensis
J&T y ZIEWI], DANEIR R A )k i
PR, & A RER AR ool B IR 4,
RIS, oneidensis REFEFIH] Cem RGEA RHAT
HEAMEE c B, S. oneidensis MR-1 7E
2R o d o8 A R R P B TR bR,
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— MR 24 R R IR R Tk A P R R
S. oneidensis E WA 2R ¢ B FIRE IR F,
H AT REARASHE = 1) CytC4 B AR IRF

B, WL ETyOtEN (mCherry) Kl
araC-pBAD 5 lacl-pTac PRI 8 F1£ S. oneidensis
MR-1 FRJE s FoRE, M0 5 2 mg/mL
BT R AR 0.2 mmol/L 1) IPTG i, 21 (57
JCHEETE S. oneidensis W4 3BT T A A )
TR RIERE (B SA-B). ZEHK cytC4
FEHHEES] pBBRIMCS] JFoki b, FFH i Fhiz
S5 & araC-pBAD Hl lacl-pTac Ji 8l CytC4
HFik, [FEHE CytC4 b oanl HAASF 1G5
Jik-pelB Fl cytC4 A M55 1K, A5 1 T 2H Jookr
43Rl 44 A pBBRIMCS 1-araC-pBAD-pelB-CytC4 .
pBBRIMCS1-araC-pBAD-CytC4 . pBBRIMCS -
lacl-pTac(O0)-pelB-CytC4 . pPBBRIMCS1-lacl-
pTac(00)-CytC4 (&l 5C), FH-$i% = 20 Foki i 1t
AR T A S. oneidensis MR-1 H, | FH
HASK Cem RGO CytC4 173 i
TE 30 C R4 A A TR S. oneidensis T/
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Figure 3 Maps of different expression vectors and the featured absorption peaks of cytochrome c.
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Figure 4 Effect of metal ions on the expression of P L -
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Figure 5 Analysis of expression conditions of two different inducible promoters. (A) Fluorescence
intensity values of the inducible promoter pBAD under different concentrations of arabinose.
(B) Fluorescence intensity values of the inducible promoter pTac under the induction of different
concentrations of IPTG. (C) Schematic diagram of different elements on the plasmid when pBBRIMCSI
is used as the expression vector. (D) Western blotting results of different expression hosts. 1:
MR-1-pBBRIMCS1-araC-pBAD; 2: MR-1-pBBRIMCSI1-lacl-pTac; 3: protein marker; 4-7:
MR-1-pBBR1IMCS1-araC-pBAD-CytC4, MR-1-pBBR1MCS1-lacl-pTac(OO)-CytC4, MR-1-pBBR1IMCS1-
araC-pBAD-pelB-CytC4, MR-1-pBBRIMCS1-lacl-pTac(O0O)-pelB-CytC4; 8: protein marker; 9:
BL21-pET22b-HisTb-CytC4+pEC86.
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