£ T RO¥ BHEIR %/Gloeobacter violaceus ML FEX I EFR MR ER L ST
Chinese Journal of Biotechnology
http://journals.im.ac.cn/cjbcn Feb. 25, 2021, 37(2): 604-614
DOI: 10.13345/j.cjb.200307 ©2021 Chin J Biotech, All rights reserved

* SREMRK -

Gloeobacter violaceus

FERM, REAL KETL FES

1 EPERE A AT T A e T S A0 TR S s %E, Jb 100101
2 EFEERE R, Jbat 100049

FENE, KEK, SRIEF, %, Gloeobacter violaceus P58 21 J5i 76 KA AT B H 19 S U8 S T REvEA. AW TR+ 4Kk, 2021,

37(2): 604-614.
Fang JY, Zhu TC, Zhang YP, et al. Heterologous expression and function evaluation of Gloeobacter violaceus rhodopsin in
Escherichia coli. Chin J Biotech, 2021, 37(2): 604-614.

OB RTRENFERA-—AEOGART Z2EENRELES A%, ETUEENEE, ELRTHRTER
ARG, BRRTAHEY, E—FA2E E#E ATP #96&. EIEXLSTEE T IAMELTELEELA
CF A B TR MAM AR, A FABRRGZ @@L K., XFEKXMAFHE Escherichia coli ¥ F#BEKXT k8
Gloeobacter violaceus PCC 7421 #) & F % A A% 4. /& Gloeorhodopsin (GR), FFIHET C#hfeE ., EXMATH
P RIAR, GR A EAHATE AR T R4, RRAMIK KT 539 nm. GR 4 F @ik &, KA LA
TR B . R8T AT AR AR 45 A45 & (Ribosome binding site, RBS) #fb#yFE42H GR e R X KFZ 5, MK
BT IR ATP K-F8R G, EFRAFEFMHT, GRTUAFRE T RFIMGREANA,

MBS, RT R, ATP, Rk, BEIE, KWATH

Heterologous expression and function evaluation of
Gloeobacter violaceus rhodopsin in Escherichia coli

Jiayu Fang'?, Taicheng Zhu', Yanping Zhang', and Yin Li

1 Key Laboratory of Microbial Physiological and Metabolic Engineering, Institute of Microbiology, Chinese Academy of Sciences,
Beijing 100101, China

2 University of Chinese Academy of Sciences, Beijing 100049, China
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can transfer protons from the cytoplasmic to the extracellular side of the membrane under illumination, creating a proton
motive force (PMF) to synthesize ATP. The conversion of light into chemical energy by introducing rhodopsin into
nonphotosynthetic engineered strains could contribute to promoting growth, increasing production and improving cell
tolerance of microbial hosts. Gloeorhodopsin (GR) is a PPR from Gloeobacter violaceus PCC 7421. We expressed GR
heterologously in Escherichia coli and verified its functional activity. GR could properly function as a light-driven proton
pump and its absorption maximum was at 539 nm. We observed that GR was mainly located on the cell membrane and no
inclusion body could be found. After increasing expression level by ribosome binding site optimization, intracellular ATP
increased, suggesting that GR could supply additional energy to heterologous hosts under given conditions.
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Fig. 1 Proton-pumping mechanism of PPR. Modified from reference Claassens et al™!.
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KiphrE bk, BERs Ta0 M,
Chen Z: 78 £ Jfi 3% Synechocystis sp. PCC 6803 H1 3k
K% PPR )G, TEGERIXT T, o n] LIS E) XT
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8 Wifiw 4% K Gloeorhodopsin (GR). T4
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Transl-T1, WAL X EEVHEAREGIRAH
K ORL pED3L, LI EARAE .
1.1.2  FEEAFALES

PCR AHOGIXH, W B AL 5 B3 A R
ARRA A BREIENVITGH T4 DNA HEHRE, W
[ Thermo Fisher Scientific 2 5] ; 40 5k $i2 BU
M. PCR P=Wyalifbif il & . SRR WHEE A [l ik
M, WA E R EYEARARAR; 2R
A EEE, W H Sigma-Aldrich 23] ; ATP #6132,
M, WH EER REYHEARGRAR,; HAy
w25 5 SRR ¥ B ks TR E 25 4R F 4R
A PR

HREE A, L —ER AR A A
pH 11, Mettler Toledo /A ] ; £ I REREFFR{L , Tecan
/NS
1.1.3 BFHE

LB HiFe bk 10 g BEEE IR, 59 BERHRIRY),
10 g NaCl, nz&iH/KE4 %2 1L, 121 C, 0.1 MPa,
R FEZEVRK B 15 min, [BARESRILE SN N 15 g/L
AR

M9 JeHLER B F# KL . 17.1 g NapHPO,4-12H,0,
3.0 g KH,PO,, 0.5 g NaCl, 1.0 g NH,CI, finz&is
KERZR 1L, BHELH 2 mol/L MgSO,, 0.1 mol/L
CaCl,, 73 P8 K, 121 °C, 0.1 MPa, 15 min,
KT JG MgSO, Fil CaCl, ik 1 000 5 A A K 77 5&
W, RN 10 g/L AR
12 E®WAHE
1.2.1 FARBAEME R E

GR HEFH| (Bs5 NP_923144) Zit i
s AR TRRABRA A AR, HERZ EcoR T I
Sac I WAV J5 , E#: % pED3L Fkiakik b, #i
AL R IBFF I Transl-T1 JECZ S0, Wi sA
R R M LB EA M, PRHCREHETT PCR
B UEGHE , ZEFEAC T R A= W B AR A B2 =
J¥, IR e R L T AL R AT IR BW25113 a2 25
i, AT HFRIBE R BW25113 (pED31-GR).
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1.2.2 RBS {4k

R EZR RBS Ak T H. (https:/Aww.denovodna.
com/software/design_rbs_calculator), %% GR i
FKIFWM BT 4 SARRER RBS, &1t GR
BN BT GR1), KX 4 Bt RBS ¥4 0>
FUINAE L5190 50, SRS XXt Lz
HiA 24719 pED31-GR kL AR Y 14 GR JE A,
SR AR 138 — RYA R FRIA R Y GR
FIRWE, B e A GR-5, GR-10, GR-20,
GR-50.
1.2.3 PHBHBE

FIH Overlap PCR By ik, ¥ektotE A
EGFP M4 7 4#:7E GR F41HY C ¥, Linker
3 GGGGSGGGGS, 2 Jm [A] I i #4455 o kAl 4
AR, 158 G A VOLE RN GR RIX k.

A EARKAERAE LB BRIk rpad i i 3%
Jei , BURE 0 £ PBS 28 i vk 3 38 (5 000 r/min,
2 min), il F, 13 Nikon N-SIM #4335 5 1%
BRibATigE, 1SR EMAEIR.
1.2.4  WRBOEIERI

¥ GR EIAHHRAE LB B33 b s i 2 )e,
BB (5 000 r/min, 2 min), EE7EZ MR
(50 mmol/L Tris-HCI, 150 mmol/L NaCl, pH 7.0)
W, VKRR R RR (25%5%, T1E 3's, 158k 4 s,
315 min), &0 (4 °C, 8000xg, 20 min) Ht I
T, EEE.L @ C, 120 000xg, 90 min), FF I
W, BUTTER 150 mmol/L NaCl IS &, & T
AR, ALK 10 pmol/L 140 21

#* 1 RBSHUILETASI
Table 1 Primers for RBS optimization

&, ZrBIAE 0 min 1 30 min & 450650 nm Ay
WSS, AHIRIAR 2] GR IS .
1.25 FAFFEIIEERM

¥ GR FIBHIE LB iRl i 5;
(CLE AN IR EEE , SRR U 5, BURE
O, fFHAEMERKYE 33 (5000 r/min, 2 min),
HARTEA TR K, 8 pH IHRSR AL SEERTE
g P b AT, ok JF & LED AT i Ot B
(100 pE/(m?s)) HIZRME , S5 BB w5 Fa o I
pH, ZJFLL 5 min —ABr B s 8 AR
B BPC SRS pH.

1.2.6 M ATP &3l

¥ GR LB WA LB Bl i i 4 )
ey MO TCHLEh s SR (SLUR A TS o v
XFHEZHAUSIN), 184 ODggo i 0.1, 7EZRREHEE
F2Yy 12 h, FRXECAERKEKR, REMA 5 gL
W, IR E LI FRAS (100 pE/(mPs)) H,
AbFE 3 h,

43 B4 B A PR B B RRE A, el e
ODeoo JF %45 4 —2L, #.0> (5 000 r/min,
2 min), EEAEZ M (20 mmol/L Tris-HCI, pH
8.0)H, VKA ERE (25%3)%K, T4 3 s, 1%
& 3s, £ 5min), E.L> (4 C, 12000xg, 5 min),
B b . 2 iE ATP KR &, e 96 FLik
o, SEIA 100 pb REGR, FIA 20 pl 4
et B, IRSISEIEE 15 min, ) FH BRSSO
BALAE RGO, AR5 R b o ih 2R 4055 2]
ATP ¥ .

Primer name Primer sequence (5'-3') Size (bp)
GR-5-F ATCGGAATTCCGCTCCACCCCTAAGGAGGTTTATTATGCTGATGACCGTGTTTTCTTC 58
GR-10-F ATCGGAATTCGATATTAAGGAGGTTTTTTTATGCTGATGACCGTGTTTTCTTC 53
GR-20-F ATCGGAATTCCGCTGGAAACGTAAGGAGGTATTATTATGCTGATGACCGTGTTTTCTTC 59
GR-50-F ATCGGAATTCCCGCTCTAACTTATAACTAAGGAGGTATTTATGCTGATGACCGTGTTTT 59
GR-R ATCGGAGCTCTTAGGAGATCAGGCTACCAC 30
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Hr GR 45 HoAt— 26 LR g 22 21 R PO AR
BRI SV HAT RGBT, AR HE L A,
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BEALNE N Er P, B AR IE GR
BR T AT LAZE A IREETE , 8 0] US4 salinixanthin Al
echinenone, X PRl ZH# A 4-keto JE 422,
fiFLh GR AR AT fig & A 251l xanthorhodopsin 25 #
B MRMIERL.

NS AN il ek S v vl i Vi
xanthorhodopsin . proteorhodopsin . bacteriorhodopsin,
#— 5 GR HATEILRR A /0 (8 3) K,
TGRSR s g # e, Ak D121 W LAAY
N2, E182 AT LARCH A, T K257
A LR A AR P e, AT RS
W, GR BATSEREM TR INAE.
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KA KI AP 76 £ BW25113, MRk £k
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P23 ORI Bk BW25113/pED31 (K HR) #iI
BW25113/pED31-GR 7+ 0.5 mmol/L IPTG Al
10 pmol/L #LiEEERY LB R gk pifs G 8 30
W, BOWERMA ., BTl 2 ikt 50
WG R TS e gL s W arta, Al
DL 2H T 2 5 A8 2D R FI T GR & 4R 15 1T 1
Fik, W4 Box, H5XFMAHNK, BW25113/
PED31-GR [# A&t B B A5 41, ¥4 EM GR
W RIE

XR
89 Oxyrrhis marina (ADY17809.1)

Nonlabens marinus S1-08 (BAO55276.1) lC]R

81 100 Dokdonia eikasta (BAN14808.1) Inar
Polaribacter sp. MED152 (EAQ40925.1)
99 Uncultured marine bacterium HF10 25F10 (ABL61007.1) PR
100 Uncultured marine y-proteobacterium EBAC31A08 (ABR27802.1)
Virus OLPVR I (pdb/6SQG|A) Ivr

95

Haloarcula marismortui ATCC 43049 (AAV47974.1) SR |
Haloarcula vallismortis ATCC 29715 (BAM76970.1)

Isri

68 Halobacterium salinarum (AAA72504.1)
— BR

Haloarcula californiae ATCC 33799 (WP_011224644.1)

| e—

2 GRELHMBARPXAFRMERTAER

Fig. 2 Pylogenetic tree of GR and several typical rhodopsins. XR: xanthorhodopsin; CIR: chloride-transporting
rhodopsin; NaR: sodium-transporting rhodopsin; PR: proteorhodopsin; VR: viral rhodopsin; SR I : sensory rhodopsin [ ;

SR II: sensory rhodopsin II; BR: bacteriorhodopsin.

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



B 58 %/Gloeobacter violaceus AL R XA & R RIEFRIXSIHEETFM m

Helix A Helix B
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XR VWILYILFTQLG-DTIQRQSSRVSTLLGNARLLLLATWGEYPIAYMIPMAFPEAFPSNTPGTIVALQVGYTIADVLAKAGYGVLIYNIA--KAKSEEEGF
PR LYEIFAGEAGKV-SAE-SAPEAVQKSFSTMRMIVIVGWAIYPLGYFLG---=--=~ YLNGAADAVTLNVIYNVADVVNKIAFVGVIWAAANAEAAKA--—~
BR LYILYVLFFGFTSKAESMRPEVAS-TFKVLRNVTVVLWSAYPVVWLIGSEG-—-—-—-— AGIVPLNIETLLFMVLDVSAKVGFGLILLRSRAIFGEAEAPEP

GR EPHAAIGAAANKSGGSLIS

3 GRENLMRFREMEXLRBFT LR

Fig. 3 Sequence alignment of GR and several proton-pumping rhodopsins. XR: xanthorhodopsin from Salinibacter
ruber; PR: proteorhodopsin from uncultured marine y-proteobacterium EBAC31A08; BR: bacteriorhodopsin from
Halobacterium salinarum. Helical segments are numbered and marked by arrow. Residues for proton transport are
marked with yellow boxes.
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NaCl ¥, FFU i 10 pmol/L WL # S, 7E s TR )
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L T S it 2 T Fig. 5 Absorption spectrum of GR. Relative absorbance
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ot (B 5). &5 BN, EMAMBEEZ  retinal. Control: empty plasmid strain.
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0.08), 15 W] 4 fu 77 422 32 56 R B 1) B A0 58 4 o1,
M7E 10-15 min 1 20-25 min Y JCGHY B, 7Y
pH H SR 5 BI0) 46 K- o 5k lRI s, X BEZH
1) pH TGRS & — B O AR e, [FIRERY,
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Fig. 6 Proton pump activity of GR. pH was recorded every one minute after an equilibration period of 5 min, followed
by illumination (white area) for 5 min, and darkness (grey area) for 5 min. Data was normalized by the difference
respecting to the data at 0 min. Left: GR expressed strain; Right: empty plasmid strain.

Bl 7 A[FE RBSH# GREHMEAKEE
Fig. 7 Color of GR strains with different RBS. From
left to right: original GR, GR-5, GR-10, GR-20, GR-50.
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Fig. 8 CIEL*a*b* coordinates of the color of each GR
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J T HAE GR & REMS A ERE N ALK
FFHfERE , Fo 1% T4 % BW25113/pED31-GR-10
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9 FtEEHB GR-EGFP EXMTEHMPE SIM
&

Fig. 9 SIM images of GR-expressing cells. The fusion
protein of GR and EGFP was expressed in E. coli. GR
localization was determined by EGFP (green) using SIM.
The right image is a magnification of the red box in the
left image. Image magnification: left: 1 200x%; right:
7 500x. Objective magnification: 100x.
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Fig. 10 Effect of GR-10 on cellular ATP level under acid stress. Left: cellular ATP level before treatment. Right:
cellular ATP level after treatment. The data are presented as X s (n=3). *: P<0.05.
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