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Screening and verification of substrate proteins of methionine
sulfoxide reductase in rhizobia

WEI Manli, YAO Yanlan, BI Hansi, GUO Rongxing, HE Baoyuan, LI Lan, YI Yi,
HUANG Cuiji, SI Zaiyong"

School of Biological and Chemical Engineering, Guangxi University of Science and Technology, Liuzhou 545006,
Guangxi, China

Abstract: Rhizobia would encounter oxidative stress of reactive oxygen species (ROS) in the
process of infecting leguminous plants. Methionine-containing proteins are easy to be oxidized
to methionine sulfoxide, leading to changes in protein structure and function. Methionine
sulfoxide reductases (Msrs) can reduce methionine sulfoxide to methionine, restoring protein
structure and function. We have identified four Msrs in the genome of Mesorhizobium huakuii
7653R that are involved in oxidative stress response, while the mechanism remains unclear.
[Objective] To identify the substrates of four Msrs and elucidate the roles of the four Msrs in
M. huakuii 7653R. [Methods] According to the methionine content, we determined the
distribution of all the proteins in M. huakuii 7653R. Then, we used the online protein
interaction prediction tools to predict the substrates of the four Msrs, and performed gene
ontology (GO) functional annotation and Kyoto encyclopedia of genes and genomes (KEGQG)
pathway enrichment for the predicted substrates. Finally, we verified the interaction between
them by using the bacterial two-hybrid system. [Results] The methionine content followed the
normal distribution, with most proteins in the middle and few proteins on both sides. Six
antioxidant enzymes and six transcription factors were selected as the candidate substrates of
the four Msrs. Finally, the bacterial two hybrid results showed that two antioxidant enzymes
and five transcription factors can interact with the four Msrs to different degrees. [Conclusion]
We provided the proof in illustrating the role of Msrs in the oxidative stress response to M. huakuii
7653R and provided a new idea for the research on the mechanism of rhizobia in response to
ROS.

Keywords: reactive oxygen species; methionine sulfoxide reductase; rhizobia; oxidative stress;
bacterial two-hybrid system; interacting substrates
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P THRETE PR R A AR e MR IR TR AR e BB
YR B R, SRMEY S A RKER
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R WP PR 45 oy 32 BN PR AR AR AL,
TR G HE ISP H 4 22 I AT R-2R Y i
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(methionine sulfoxide reductase A, MsrA)Fll B 7l
H B 2 B2 I R I8 I i (methionine sulfoxide
reductase B, MsrB)id Jit 5l HH it 24 8 M 1T K 52 TS
Wy A TGP

AN TP AR Ty, ol KBk
— RAN TR R BRI L 7, o
fit 22 R VKA 5 i (methionine sulfoxide reductase,
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TRE,  BUANAE WX A= ) AR A P 038 TG AR 4
MEREFRIEEERY, AR A, 7E
20 T v PR 2 R T RS D ol 3 o A7 A TR P
B . AERIE UL K st . fAiERE T . Be
SRR R R 5 i g e R R e )L A
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M msrB 58748 J5 XU BR B AT B UK AR 15 5T R
g, AR, msrA 538 KT E
B IR R W A R IE B, IF B R e
(4 msr A 7EA P IR 32 375 S 3Rk U Al
9 J5 T 36 R SC FC T (Erwinia chrysanthemi)
() msr A B I, FESEAR T 32 sk s 55U o
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AN BB B i /N B AR BE LR /AR R AT Bk
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¥R P (Astragalus sinicus)f & & — )3 26
R, BRI A E R, R RO E RN ),
TARLEROAHEY), IR LR, R ER
HH 5 & TR IEAE ) o S50 2 U & IS
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MCHK_5689 Fil MCHK_5902, 43 M43 MsrAl .
MsrB1. MsrA2 F1 MsrB2, iX 4 EEE S50 AE
B8 UIRHOG o SR I 4 A4 PR i 2 R I AL )it
ity BV FABL, A e A & EAE R g3 ) S
FENTEEIRY), RJFHEL GO TIREs T Fl
KEGG fXifid % 7 M 4845 n] g BAE 05t A0
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AOPE R, Ok — 20 4B s RO TR P T 1 4
AR BIL A (R P SR

1R

1.1 #$
MR B Mesorhizobium huakuii 7653R . K iz

FF i (Escherichia coli) DH5a. E. coli XL1-Blue
(pBT-msr Al/mrsB1/msr A2/msr B2) 4 45 #i bk, 52
K= A7, ik pMD-19T . pTRG %, W H
TaKaRa A ; BRI ZH$RIBGATN &0 B RARAEALR
AL ABRAE, BEGLH G A OMEGA
o], FREIENDIEEE A SibEnzyme 23 7

TY g5k | LB gtk | i Do F e
PEREFRIE NSSM AL PR IR DSSM 275 3¢
HR[20]HC ] o
1.2 T M 5%k Msrs BIRIE R

# M. huakuii 7653R H1#Y 6 325 MR FI7ESR
1 5 A 7500 [ 3% (http://sbi.imim.es/iLoopsServer/
index.php/init.html)ZF47 W, 57 % AR 1
5 MsrAl., MsrA2. MsrB1 Fl1 MsrB2 7] € B.AE
WA . ¥ AT RE BAE RIS 8 O 7 LA
1 2k il /E B 3 (https://bioinfogp.cnb.csic.es/tools/
venny/index.html)3 15 Msrs JI$#) 5 [ 100 2% S
5 LA
1.3 [K¥MER GO 7 #i#1 KEGG X i 18 #%
A

IR 1 GO 2 il KEGG 543 i 7 At
1E 353 4 W = (http://cloud.majorbio.com) |-
PAT. 43 HIA GO g AR KEGG #dis e
P47 BLAST (E_value<le )X, MIMi#A3E
YE AP R RAR B.
1.4 31¥it

LA FHIMN NCBI F#J5, H51¥5it
AT Primer 5 i34, FFhn bA i A BRI
MU AL, 5 22 a4 0 I AR A IR Wl 6

19, AU 1.
1.5 PCR =4 &R M F

YUK 40 pL KRR 10xZ I 4 L,
ddH,0 13.9 uL,#4% 2 pL,dNTPs Mixture 2 uL,
fit} 0.2 uL, EESI¥) 2 uL, NS4 2 uL. PCR
RSAZ: 95°C 5min; 95°C30s, 58°C90s,
72 °C 90 s, 30 MfE¥; 72 °C 5 min, 25 °C 10 min,
(IS PRAG I =) K, #7710 5 2K pMD19-T
B3I E. coli DHSa, 26501 R —A 18 KL
P A BRZS wIHEL T o
1.6 F4H M AIHE R EBYIIEIE

-0 7 LA 1% 6 DR BB PR R o 4 P DD i)
FIF N, SR )RR P U U IS 2t Ak
MK pTRG 76 T4 & HEBHE T 21Tl | 5%
1k E. coli DH50, % PCR WiEIFE#f)G, HEEEH
4 TR

T2 J5R 4% A I PR 1 P U Tl ) SR
(B0 44 & . JFkE 20 pL, 10xSS Buffer 4 uL,RNase
A 1puL,ddH,0O 13 pL, 2 FER 14 N DIEE# 1 L),
37 °CHEVIE B, Ly WEREs R W% MY
pTRG FokiflH LR R BB 4R R (10 pL:
HAYEEA 4.5 uL, pTRG #fk 2.5 uL, 10xbuffer
2 ul, T4 EHEM 1 L), 16 °CHEELR . R
AL AL KA 2 A, IR e b Ak 1,
FHl pTRG 514%) PCR ¥:3F . i e 5631 1E 5 19 5% 1k
FHEAWNAE LB B EMEEHR), 37 °CH
RIS, WIRRAE& .
1.7 MEWERXW

2 SCHR % T 40 TR A 2 B 3R IR0
6 UE 1E 5 A AL B AR R IE | 670k B A % AL T
A 5 mL LB WIAEEFR I F, 37 °CREIR$E IR 1L
% Bl mL B, 5000 r/min 5.0 3 min, 3F
3EI 1 mL JERKIEE 2 G A 1 mL TG
KER, ERFWEREERBEN 107'-107;
WEHL 5 pL il 285 57 1Y SRR R, 430 FE A e Bk
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x1 KHREAAEY

Table 1 Primers used in this study

Primer name

Primer sequence (5'—3")

Restriction enzyme

MCHK_RS14825-F
MCHK_RS14825-R
MCHK_RS27745-F
MCHK_RS27745-R
MCHK_RS24415-F
MCHK_RS24415-R
MCHK_RS12835-F
MCHK_RS12835-R
MCHK_RS31475-F
MCHK_RS31475-R
MCHK_RS07270-F
MCHK_RS07270-R
MCHK_RS23945-F
MCHK_RS23945-R
MCHK_RS08640-F
MCHK_RS08640-R
MCHK_RS19040-F
MCHK_RS19040-R
MCHK_RS30180-F
MCHK_RS30180-R
MCHK_RS31355-F
MCHK_RS31355-R
MCHK_RS16105-F
MCHK_RS16105-R
pTRG-F

pTRG-R

pBT-F

pBT-R

CGGGATCCATGACTGAACCGCTCAAGGT
GGAATTCTTAGGCGGCGGGCGC
CGGGATCCATGACGCCGCAGGACATC
GGAATTCTCATCTTTCCAGACATTCTCTCAGT
GGAATTCATGATGGAAGACACGGCAGG
GACTAGTTTAGGCGGCCGTCGCC
CGGGATCCATGCGTCCACAATTTGCTT
GGAATTCTCAAGGATTGAGGCGTCG
CGGGATCCATGAAATATCTCCTTGATCGAACG
GGAATTCTCATCTGCGAATGACGGAAGA
CGGGATCCATGACGATTCACCATCAGGC
GGAATTCCTAGAGGTCGAGATCCCACGT
CGGGATCCATGAGCCTTCGTATCAACGACAT
CGGAATTCTCAGGCGGACGGCTGTTT
CGGGATCCATGGCTGACCTCGACGTGG
CCGCTCGAGTCAAAGCGCGCGAACGG
CGGGATCCATGTCTCTTCGTATCGCCGAC
CGGAATTCTCAGGCGTTGCTGTGAGG
CGGGATCCATGCTCAAGTCAAAACTGAATGTCA
CGGAATTCTCACTGCGACTTCGCCTTG
CGGGATCCATGACCGGTCAAAAGAAGGTTC
CCGCTCGAGTCATGCTGCGTCCTTCAATG
CGGAATTCATGACGACAGGACGAGGCA
CCGCTCGAGTCAGTTCGCTGGGCCCG
TGGCTGAACAACTGGAAGCT
ATTCGTCGCCCGCCATAA
TCCGTTGTGGGGAAAGTTATC
GGGTAGCCAGCAGCATCC

BamH I
EcoR 1
BamH I
EcoR I
EcoR 1
Spel

BamH I
EcoR 1
BamH I
EcoR 1
BamH I
EcoR 1
BamH I
EcoR 1
BamH I
XhoI

BamH I
EcoR 1
BamH I
EcoR I
BamH I
XhoI

EcoR I
Xho 1

A NSSM FIBEFEEF-Hi DSSM H ot 17 [ 45 iz
ERERATH W SRS IS P T E R
CE, AR AR S B BT 37 CCHEFRAH
BB FE 16-48 h Jo WERSE R,
1.8 S FEYFHEIERIE

AT 5 DNA 2B, PCR A6 K [m] i |
JSURL ) B2 ORI B 1) . 63242 A A0 S5 40 6 0 2F
YEEES % (Ko T SR8
FL s

P4 actamicro@im.ac.cn, 7 010-64807516
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2.1 %3t M. huakuii 7653R FFIEEHS
g M8essE

M4 SCHk i iE , & b A AR &
WS B E S AR A, A T EE
I WA 2R IR A D i B, TR e
M. huakuii 7653R HJIir A £ 144 BT % H B 2 R
FEERAE A 3 5 Y . M. huakuii 7653R
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A 6325 N B AR EE 11, 4 B i R
TR E A LT R BMRHEY . RS AN T
DX ] F Bt 2R o B AR AR, ARIE SR A R
TERI(E 1), 455 58 2R 7 w75 78 X (5]
2.0%2.5%MEANMURZ , TIRZEAR S EIETE
X [E>10% M2 B b s A2 R O s AE X
A1) 1.5%—3.5%9%E 1 &5 M. huakuii 7653R i7E
AEL 65.09% ;5 FERZE FL /R B 2088 & 5 [ 40
BT MREARRIES B, A FhEE 550
EARE, NTRLMEARD,
2.2 M M. huakuii 7653R H 4 4~ Msrs
KMEH

P AR 1.2 BT 5k, O M. huakuii 7653R
HR A 0 5 5 4 ) Mists 7628 B AE Wk 3617

1 400

1220

1200

1 000

800

600

400

The number of proteins in each interval

200

T [45 2 WL E RAE M R 2E B o NMDC
(http://nmdc.cn), %5 : NMDCX0000231], Jf
i Msrs JEEWIEE AT GE 006 B (A 2), %5
RERE 44 Msrs BEAEMEA IS 2 620 4>,
Her 5 MsrAl BEAEREAA 15304, 5 MstB1
HAEMEAA 2 03914, 5 MsrtA2 BAEMEN
A 2276 4, 5 MsrB2 HAEMEHA 2205 45
A 1059 NEAERS 4 4 Msrs AAE A EAR 5
A 897 NMEHY 3 4 Msrs AEAHEAER; A
459 A E 5 2 4> Msrs fA7ER EAER s A 205 4~
S 1A Msr fFEMHBAER; A 7. 56, 63
A 79 A4 ) H O MstrAl, MsrB1, MsrAl
M MstB2 AFFEAHF AR o 25 R0, Wil A9 0
YETREDIFIASTE] Msrs BOAH BEAE A TEE 5+ .

L S Y ORI
S NN DN E S SN F S
S
SN N AN AN AN AN BN N> > s B » N s G S
A g\o/ °§\\:s/ (g\e/ (%\e/ Qe\e/ <’g\i&/ A °g\\:s/ Qg\e/ (:3\0/ @\e/ QD\\:s/ Q\é'/,
AN N S ISR NP NN P
E1 ZEFRFEREBSEESHXERAMEANNLIT
Figure 1 Statistics of the number of proteins within different percentage intervals of methionine content.
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MsrB1 MsrA2

63
(2.4%)

B2 Msrs RMEATRMERIFR

Figure 2 Venn diagram of Msrs substrate protein
prediction results. The protein interacting with
MsrAl is in the blue ellipse. The protein interacting
with MsrB1 is located in the yellow ellipse. The
protein interacting with MsrA2 is located in the
green ellipse. The protein that interacts with MsrB2
is located in the red ellipse. The intersection of two
ellipses indicates interaction with two Msrs, the
intersection of three ellipses indicates interaction
with three Msrs, and the intersection of four ellipses
indicates interaction with four Msrs.

2.3 FMMEB/ GO £417F1 KEGG 2 4f
B IEE TR GO Ao
il KEGG U4, g GO R irdh
RN, e FEAEPEAEY SR AiEd
BRI F-2fe = KER 4, b o F o pe 2 R A
TEMEARIGPE | G55 RE ). B A e E | F8Ts
PELA BRI , X /R T A 2 R I A
Fit P B 2ol A A 3 S R ) 3 A SF S i A= A v B
(K1 3). BAFHE 1 KEGG i B a5 SR iR,
I Z MR IERR A Al . %2 A i i
IR, G5 R Msrs BEAEMRYIEEH
% 53| S S FERCHE (T 4).
24 RIZEYIMENEEHRE FHIIFE
Wit GO TREA MR E] 166 A5 5 KA
14 MYUEAEEEARE T 4 4 Msrs (RN
Wy, SCGE AT AT TARJEI B M. huakuii 7653R
TE H SRR 005 A 5T, R
PRI HR R TR A A SR A B o AR SRR A LT A R
ST H X SRR T L R RS R R Y

GO annotations analysis

2000
1 800 {

400
200
0

B3 EfEZEBINEIE GO 21

M Biological process

® Cellular component
mm  m ANAalaanlae Huonatine

o O RN LS NN YW AN AA A AA LA

Figure 3 GO analysis of functional annotation of interacting proteins.
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KEGG annotations analysis
350 (amn— e e e

300

Nut

N e

4 EEEH KEGG R @B

[y

m Cellular processes

W Human diseases

® Genetic information processing

® Environmental information processing
Metabolism

[ gl

Figure 4 Analysis of the KEGG metabolic pathway of interacting proteins.

e S - A A AL BV E S A B BE Y . K B i
6 i BEEIVE NI 4 o Ao e bt A Ak il ]
SRR F g . KB, 288 S IR
H Bz e o & 5 E s LR 2 FiEk 3,
25 MEAMEERREFEENTEME
HE KR HE

HLHL M. huakuii 7653R K4, FH Primer 5
BT A A B R Sk 1 5 [ 64T PCR 9
Y, S BE PR KRN, 455 BoRPiE b
it LRI R 15 1 FFIN /N — B 25T 5 ek
5L 1A BCAE YIS ok, T Re A R AR
gt ae, witrs 2RI EA Y G )
Hig&d (8 5A. 5B). K948t f LK iE 47 ]
W, ZEHEF] pMD-19T A b, SR )5 IR IE 7 5
[0 45 R D 1R S B 2 Bk 27 8 Hh oty NMIDC
(http://nmdc.cn), 45 : NMDCX0000231]4: it

WHEFY] . G B0 pTRG b, ¥k K
FF DH5a, £ PCR BaiiF 5 £ BUSR E 178
it U1 56 UE , 25 3 S o D ER 2R TR H R 1) 75 2
T RN TE i 1R Bt S A Tl R IR R A S IR 5 5 1A

(# 5C. 5D),
2.6 HE W Z 3L UE P& RER LR IE R B
SRMEBREE

PEMUI R JE P E AL R, Sl b B
W TR pBT-msrAl/mrsB1/msrA2/msrB2 F4
5 Hikk E. coli XL1-Blue 1, 233 H 7% PCR ilF,
W ) BoF 55 A 5 LR A ) L SO 1) 5 7R R
FEFHIME 2 8 BT LIS 23 3 S AR R NSSM
Pl Fl DSSM F-Alz, i NSSM P-4 k45
VA, A7 pTRG UKL AN & 47 pBT BURLAY I
PRAT LA, DSSM ik #adE A, HATFETE
FHEAE A E A . 2 R A i i
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F2 5 Msrs BEERRIZRIELEEERERE
Table 2 Candidate antioxidant enzyme genes interacting with Msrs
Gene ID Length (bp)

Description Amino acid  Methionine content® (%)  Up-regulation fold change®

MCHK_RS31355 534 Peroxidase 177 2.82(5) 96.52
MCHK_RS23945 660 Peroxidase 219 2.28 (5) 15.55
MCHK_RS30180 480 Decarboxylase 159 3.14 (5) 6.06
MCHK_RS16105 1281 Catalase 426 1.17 (5) 3.35
MCHK_RS08640 468 Peroxidase 155 1.93 (3) 3.09
MCHK_RS19040 669 Peroxidase 222 3.60 (8) 1.14

?: Methionine content=the number of methionine/the number of amino acidsx100%, and the number in parentheses represents
the number of methionine residues in the protein. *: Up-regulation=the transcription level of the gene in the root nodules of
Astragalus sinicus inoculated with Mesorhizobium huakuii 7653R for 28 days/the transcription level of the gene in M. huakuii
7653R under the autogenous conditions.

%3 5 Msrs BERIREEFZREFER

Table 3 Candidate transcription factor genes interacting with Msrs

Gene ID Length  Description Amino acid Methionine content® Up-regulation
(bp) (%) fold changeb
MCHK_RS14825 447 Response regulator 148 4.05 (6) 18.86
MCHK_RS27745 540 RNA polymerase factor 179 2.78 (5) 13.48
MCHK_RS24415 864 RNA polymerase factor 287 4.18 (12) 11.42
MCHK_RS12835 825 AraC family transcription regulatory factor 274 1.82 (5) 6.31
MCHK_RS31475 444 Lrp/AsnC family transcription regulatory 147 2.72 (4) 6.10
factor
MCHK_RS07270 951 GNAT family N-acetyltransferases 316 0.60 (2) 5.60

. Methionine content=the number of methionine/the number of amino acidsx100%, and the number in parentheses represents
the number of methionine residues in the protein. ®: Up-regulation=the transcription level of the gene in the root nodules of
Astragalus sinicus inoculated with Mesorhizobium huakuii 7653R for 28 days/the transcription level of the gene in M. huakuii

7653R under the autogenous conditions.

BT AL B AR B AR T R A R K 6 FioR .
g5 REW 1 4 ad %A 1k ¥ ¥ (GenBank ID:
MCHK_RS31335) #il 12 %/ ft. & if (GenBank ID:
MCHK_RS16105)-5 4 /> B &7 2 i V. R 148 i it 7
VB, A 4 ANYIREAE; B 6T R W AR 5
it R0 S DX AR EAE P AR G5 SR i 7 o,
SRR 5 NSRRI 4 A B SRR IRGA
JE A6 AS TR R B2 A AH B FH

3 WREER
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Figure 5 Amplification of antioxidant enzyme and transcription factor genes and validation of recombinant
vectors. A: Amplification of antioxidant enzyme genes. M: 2 000 bp marker; 1: MCHK_RS23945; 2:
MCHK_RS08640; 3: MCHK_RS19040; 4: MCHK_RS30180; 5: MCHK_RS31355; 6: MCHK_RS16105. B:
Enzymatic digestion validation of antioxidant enzyme genes connected to vector pTRG. M: 2 000 bp plus
marker; 1: MCHK_RS23945; 2: MCHK_RS08640; 3: MCHK_RS19040; 4: MCHK_RS30180; S5:
MCHK_RS31355; 6: MCHK_RS16105. C: Amplification of transcription genes. M: 2 000 bp plus marker; 1:
MCHK_RS14825; 2: MCHK_RS27745 (540 bp); 3: MCHK_RS24415 (864 bp); 4: MCHK_RS7270; 5:
MCHK_RS31475 (444 bp); 6: MCHK_RS12835 (825 bp). D: Enzymatic digestion validation of transcription
genes connected to vector pTRG. M: 2 000 bp marker; 1: MCHK_RS7270; 2: MCHK_RS24415; 3:
MCHK_RS12835; 4: MCHK_RS31475; 5: MCHK_RS27745. Arrows indicate the stripe position, numbers
indicate the stripe size.
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Figure 6 Bacterial two-hybrid assay for the interaction Msrs and antioxidant enzyme.
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Figure 7 Bacterial two-hybrid assay for the interaction Msrs and transcription factor.
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