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Quantitative comparison of phospho-proteins of
Myecolicibacterium smegmatis at different growing phases

XU Danyang', GAO Yuan?, SHI Jiahui’, JIANG Songhao’, XUE Yu'’, ZHANG Yao®’

1 School of Life Science and Technology, Huazhong University of Science and Technology, Wuhan 430074, Hubei, China

2 Central Laboratory of College of Horticulture, Nanjing Agricultural University, Nanjing 210095, Jiangsu, China

3 State Key Laboratory of Medical Proteomics, Beijing Proteome Research Center, National Center for Protein
Sciences (Beijing), Research Unit of Proteomics & Research and Development of New Drug of Chinese Academy of
Medical Sciences, Academy of Military Medical Sciences of Academy of Military Science, Beijing 102206, China

Abstract: Protein phosphorylation plays a key role in Mycobacterium tuberculosis, the
pathogen of tuberculosis, holding promise as a new target of anti-tuberculosis drugs. We used M.
smegmatis, a close relative of M. tuberculosis, as a model organism to study the protein
phosphorylation at different growth phases. We identified 573 phosphorylated peptides and 816
phosphorylated sites of 385 proteins in the M. smegmatis samples at both logarithmic and
stationary phases, and then established a comprehensive dataset of phosphorylated proteins in M.
smegmatis. By comparing the expression levels of phosphorylated proteins between the
logarithmic and the stationary phase with the selected ion monitoring (SIM) strategy, we verified
68 upregulated proteins involved in cell division and protein translation, and 69 downregulated
proteins mainly involved in the tricarboxylic acid cycle pathway. The differentially expressed
phosphorylated proteins were significantly enriched in important cellular cycle events such as
cell elongation and division. The findings of this study provide proteome evidence for
elucidating the phosphorylation in both M. smegmatis and M. tuberculosis.

Keywords: Mycolicibacterium smegmatis; quantitative phosphoproteomics; cell elongation; cell
division

SRIRTERIRILRE) . faF K, 2023 4
BREERNRE SR . 2022 HE i i i 45 K% R
BHY 750 T 3R ERAERG AR m R E R
Z—, A% =, (GRTENERENE R,
I 2 25 TR 2 5 A S kR R Ak R b [
W S5 & 45 4% 20 B TR (Mycobacterium
tuberculosis)5 | E A B AL YR, 2FKY 1/4 1Y
NEEGET Mtb, HH 5%-10% 44,
H B R IREREAR, 258 & & R i st 45 4%
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20 fag 20 4EAP), SRR
(Mycobacterium tuberculosis variant bovis Bacillus
Calmette-Guérin vaccine, BCG)#E # F, 1&

T G B P Sk B & P A 1944 SRR,
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T IOETIRAE e DA E AR (EN =k & NEAGE i
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RFRRTFIRATFE Mtb FNZ5 %00 i SE i 5%,
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R BERERIS IR B s BT A
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TE By A0 45 i 76 N 1 N2 22 5 VR R
AR, LAEE P SO R 1 16 T O B A 488
MOH 1223 TIGIR , FHA1 T I R
P IRYT H R E 5 I AL, SRR AL
TE IS AZAE D) T A5 5 G SO h Iz AR TE
LS AZ A Wy v o 2 110 22 24 TR/ 7 24 TR 2 1 TRt
(serine/threonine protein kinases, STPKs)Jy 4",
Al R A AN N R L, R 28U
SEE P, R Y I E A AL R
FHPAERS. 78 Mtb #f, STPKs k4 5 2
11 #f, 4r%|/& Clade I (PknA, PknB, PknL),
Clade II (PknD, PknE, PknH), Clade III (PknF,
Pknl, PknlJ). Clade IV (PknG)#l Clade V
(PknK)™' . 57 BRLF J5A% A= W3 FH 1) T8 32 7 5
MRAC R BT AR, H X I 28 i A o B
A AE A T I RE | ME T B = R Ge M PR
Prisic %""E Mtb BERRILEE (I RALDrsE T, Sk
HEFIR AT 300 ZAEABK 500 KA S/T
BERRACAL A, i T AR AR W IR AL 1 B2
R 5

AT LA 30 (ol AR ) o S 36 28 R T JEEF
FEHT Mtb A5 2T P T AR —— 20 A B R /N A
(Mycolicibacterium smegmatis MC? 155) F %142,
I FH S 95 2 1L 8 T Y DA% A W P 1 [ Ak
BR B F 2 RN 2,35 7 (immobilized metal affinity
chromatography using titanium ion, Ti*"-IMAC)
BRI AL 2R (T AL AT R AR, i A Xt
BoE KRIFIE S AR AL B Rk, DI
15 75 W 2 Ak 8 DL KO 1 A5 5 1 R i AR 7E
MC? 155 A& S iR ThRe.

1 HE5x=

1.1 o8
1.1.1  EFREIXF

M. smegmatis MC? 155 3¢ [ H [H BE ¢ R}
Bt 1% 24 L W BRI 53 i R R 93 D1 S e =
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TR 323 (Difco™ Middlebrook 7H9 Broth)
23 A3 FF B 3 B S 3R] (Middlebrook  ADC
Enrichment)lJ § BD A Fl; 5 H i r-Ac-trypsin
M Lys-C macgee {2 gifbsh . fEmkm
B R REN B BT T RN () A TR A
Al B-THMEEER AN . R A . LR
=IO . HE GG 2 F3 LA g g
FE0l H  Sigma-Aldrich 23 F]; @ik 25 A
J.T. Baker /A7l ; JRZ W H GPC Biotech 27l ;
i A AR X B 2 B AR A PR A
) ; WEERERZE v PBS I [ HyClone A+l ; C18
JEFNIERL 4350 3 3M Empore £ Dr. Maisch 2y
Al TiY-IMAC &M ESE A ERHA B KiE b
S AT T
112 UFEE

B P B AR DH-IT e IR A4, T 8T
ZHYRHER AR AT ; EASY-nLC 1000 24
T+ AR (4 3% A1 LTQ Orbitrap Fusion Lumos Jit
#£4% ThermoFisher Scientific A ) o
1.2 EREFF

225 S AT MC? 155 iR 38 4 1F,
B H I BRAF I MC? 155 TR HERD T TH10 £
e, 37 oCff| B SR R TR . PRICHRA
7%, HAN T 10 mL 7HO W AR S kb, 220 r/min
Bi g% 48 h, LA AR ODgoo=0.1 YR 43 Il e 12
F 44 50 mL Y 7THO ARG SRR 250 mL
=AM, 220 o/min PATE SR, YR EE ]
12, R = ODegoo Ky 1.5 BHICEE , SRyt 4]
FEA; W2t B 3 M 4, FRERKE ODgy M
5.0 WHtE, P G HAREAS o AR B TR A TS
7 PBS 51t 3 o
1.3 JAREAHEARHE

B ILG E EBE BR AL R AR 5 A,
Ii) AL oA £ A B 1 B AR 2R v,
TR A HEA TRR PR R (35% 1 %, B 25, VKIA
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4s, 12 min), WAAZAEE T 13 000 r/min., 4 °C
B0 10 min, E3EWC MC? 155 241E%EA .
B 1 pg &40 A, H 12% SDS-PAGE B ik
TPEANE, WY 4408 A A
BB TG ML, T AN PR U
1.4 BREGHEARER

(1) Bl 4 MEY¥EL, K2 mg 42
LR 1, S BN AZHRE R 5 mmol/L () i
Wi, JRASIE T 37 °CEE KW 30 min.,

() fidtb: MEE=ERE, HREINLaRE
“4 20 mmol/L FYMLZ B , Vi 5J 53k 6 Sz 30 min,

(3) glifk: 5. LEHEAEIIREA, ET 10%
SDS-PAGE 4% 0.7 cm!'®, 25 Th il s s u

4) Vjig. HEXAaifbE RN
1 mm?® iR,

(5) WK : HARAKGB %L, 7%
0.5 mmol/L BRIR A #k, 63%XFEK)PEAT ki B
o, ZHEBK, 45 CHEZS T,

(6) WY - 25 1 FRE i B 2 2 AL B 2
fiff (r-Ac-trypsin)| VR 2 R 2 111 C fiff(Lys-C)!"
S 2:1 He IR G BT 37 cCad I i, h$ 1%
FHEALIREL .

1.5 WHEUKEE

PLSZE S AR ) Tit-IMAC AR ¥EFF MC?
155 BERRILIKBEE A (1) %R Mz TR
FREBEH A 500 pL (5% NE , 50 mmol/L
WRIR A Be), HIFARB R iR, (2) 454 :
NERFEE S (6% =T LIR, 80%ZNE), L
FEACAERr S PESS A KB . (3) E4E: A 25 mg
Ti*-IMAC EHEME, FRIRIENRY 30 min.
(4) —WEHE: 13300 r/min F L 6 min 5, 7
BRI, BB EHmEO0E T, HmA 25 mg
Ti"'-IMAC Mk, IR IR BENR 30 min, 13 300 r/min
FiRE L 6min, 3F L. (5) BIfF: M 2kKE
HIA I Ti'-IMAC MR, BZ A 1.8 mL i

&: 010-64807509

PE 1 (6% =3 LIR, 50%LM, 200 mmol/L
SAbAEE, 7% 30 min, 13 300 r/min 5.0
6 min, ¢ 3% .(6) EPE: A 1.8 mL #H5E 2 (0.1%
=IO, 30%L M), Yk 30 min, 13 300 r/min
B0 6min, FF BN, BEE 1R, (7) BE: m
A1 mL VBB (10%ZK), P& 15 min, K
#7715 min, 13 300 r/min 20> 6 min, B F¥ .
(8) RUEML: ¥ HIEWRER R OERE, #
JA 500 uL PEET, #23%% 15 min, 13 300 r/min
B0 6 min, HIFIIR B, 45 °CHAS T
1.6 HEER{CAKER A1

S EE A RN, mETHRIK
Berf, A 40 uL 10% 20K, i fa s =
C18 StageTip FEH, HEATHAEE 2L UE I 4318
800 r/min B.0> 5-8 min. PEE IS EEHKIK N -
(1) 10%Z7K; (2) 2%Z M, 9.8%%EK; (3) 5%
5, 9.5%% K ;(4) 8% N ,9.2% % K ;(5) 10%
G, 9%Z K ; (6) 20% 2N, 8%F K ; (7) 40%
G, 6%ZE K ; (8) S0%LNE, 5% K ; (9) 80%
MG, 2%%K . BRI WHATREAGIT, 5
N 3AEEAR, 1. 4807 EHNFL; 2. 5F08
AR F2; 3. 6 A9 KR F3. AIfFREAS
BT 45 °CELZS T4
1.7 FABRILBKERAY LC-MS 73 4f

10 0L %4 0.1%H BRI FAEZE npif &
&I BERR ALK BE , EASY nLC 1000 44 T+ 2% W A
ik Ash A, S E AHHS 15 om, N
75 um, BEIEA 1.9 pm C18 DRI S € 34
1438, FdE N 600 nL/min (A A, 0.1%H &,
99.9%ZE K ; B A, 0.1%H AR, 99.9%Z ).
B MBS IR 6%, 0 min; 6%—12%, 8 min;
12%-30% , 50 min; 30%40% ,
40%-95%, 1 min; 95% B, 7 min. ¥/ KE A
Orbitrap Fusion Lumos BT {SEA AN , E5di R4
5N B e 4 R 7 2 (data-dependent  acquisition,

12 min ;
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DDA), JEifif il 3001 400 miz, — g2
B BEETAPEE, 1.2x10°; BT ARG
il (automatic gain control, AGC), 5x10°; i K&
F 13 A B} [E] (max injection time, MIT), 50 ms;
TRERIA S = BE AT A7 2 (high energy
collision induced dissociation, HCD)#E 24 X ;
AEHE, 35%; MR T, FEERAIYAT 20 1
B ¥ AGC, 5 000; 31 &5 HERR (dynamic exclusion)
BFIE], 20 s,
1.8 HIEENZRSZIT SR

Raw SCFF pFind (v3.2.0)#E47 44 15 14
KU MC? 155 R 1R M\ UniProt T #i11
B (UP000000757, 6 602 A& [15R), %
R AR WMESEWT: (1) EAB,
Trypsin #1 LysC, % 2 MmYIAE; (2) kB
KA, >7 DEIERR; (3) WEB, Fhamkn
fi Ak & Carbamidomethyl [C]; (4) A&,
I FR A&, Oxidation [M]; & i 2 3k
Ui LA B, Acetyl [Protein N-term]; #ifRfk
&4 , Phospho [STYT; (5) 1R2%, B2 ¥ it i (mass
tolerance) &7 20 ppm, TEF K 0.5Da; (6) 1diE,
HAR-IE1H RS s (B BH R (false discovery rate,
FDR)ZETE . KB AN B SR B/ T 1%,
1.9 WERUIKEEE N

FA pQuant!"™% pFind 8 2 21| i Ik B 1 fir g
FEASFRiE AT 8 54017 pQuant B 5B &% Fr A A
A UEAT 635 U8 BA B 0] B X 5%, SR E .
Perseus (v2.0.9.0)#{"!vh ) Significant B %
TR P-value,

2 ZERE54

21 EEFRAREAMNRAKE

T AbrE AR R EIFE T MC 155
X BCHA FIF- 5 WA i e T b 2 1 I % A7 o 356 o
I SY o XoF 25 e ity -t 24 R 2K 11 I C 445 Bl 1)
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FIKE:, A TiY-IMAC $RPEFTE4E, FHRS
K= A1 StageTip #4708 . XHEUH &F- &
WIREAR D HIRE T 2 MEYFESE, 705
W75 B 4 8 AL ) A (] 1A),

0 O AR R AL AR R R T MC155 R
U A BTG R SE A . X i B 1 X B0 |
S 2 A YEEE N 4 A B E AR A
FEAh 1T SDS-PAGE 4 #r (&l 1B), A& 3T A+
TiRs S W o N L N o7 (P Y A B 1D R
A ] DR s HLAS B B4R T S
T LI B 1 T LR TR R, AR T
Horr 20 A B i B 15 SR Al TR AR —
ey 2 AT A IR LR AR A — B
{530 BOAAH G, 76 80 kDa L A& 20 T H X
BN 35 kDa DAF BUAIK 201 X B35 e (o i UK
LI MC? 155 AS[a) A K [ B2 13 4L PT REAT
TR 225 . XTER YL SDS-PAGE 43 & 11 4 4
B VAL RE L AT R BE E o b, fib AR — 3L,
AT AT I 22 0 i 2 1 BT 5
22 AEREKESREENMMIEBRIREE
HERAHR

XTI | KB RN B 5 KT BEA T A A
43I MC? 155 BXT5CH 1 (ODgoo=1.5) FIE- &5
WIRE S S E R R T 147, 119, 288, 292 Mk
FRALEE F1HY 204, 172, 390, 418 MR fk ik B
1256, 216, 505, 521 DHERRALA A (B 2A).
Hp A W)= 52 Log-1 Fll Log-2 JLIH] % & Ak
BRI IRECH 136 4, 205 Log-1 #Y 66.7%FH
Log-2 9 79.1% (/& 2B), FWAMERILE (1 F4
BARMBE EEME LG, £Y%EL Sta-1
I Sta-2 15 BN AHLAY 455 , W0 2L [F) 45 5 1 B 1R
KB R 289 4>, 4300l i Sta-1 9 74.1%F01 Sta-2
1 69.1% (&l 2C) .- & AW E Y~ 8 Z (],
) % 5 B R b I B o b AR T X B0UE K
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Mycolicibacterium smegmatis

MC? 155
|

v

Log phase
(n=2)
«—

v
Stationary phase
(n=2)
>

Log-1
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Log-2
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W
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Digested with r-Ac-trypsin & Lys-C

Y

Ti*-IMAC

Wi

Phosphopeptides fractionated by StageTip

i
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Analysis with Orbttrap Fusion Lumos

E1 SRER/NMEBRRCESRAEFARRIE
Phosphoproteomic profiling for Mycolicibacterium smegmatis MC?

Figure 1

kDa
220
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40
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155. A: Overview of

phosphoproteomic workflow of M. smegmatis. B: Protein samples preparation from M. smegmatis.

ZREPE TR R R IRE A (18] 2D).

R RE SO K E F] 188 AR 1k ik
B, B IEKER 404 51 46.5%, £

- 15 WA RE 5 A 8 22 0 B 1 0 el i R AL A8 A
FLAS R RO A FE % e 1Y 240 ASBERR LK BEAISF
HMAIFEER 519 MBERRILIKE:, W LR
W TE I BERR AL IR BE N 186 A, T XA s
TE B IR AL IKBE N 54 /4>, -5 B 50 2 0 i
TRALIIKBE Jy 333 AN(&] 2D), -5 1 o % 5E 1)
W@%%ﬁ%ﬁﬁ%%6ﬁg WA T A4~
KB S e B, i — DU & I i
&m%&gﬁﬁﬁ%g%wﬁ%o

MC? 155 L% EF] 816 4> S/T/Y B ibAL
M, Hp TS8R Z, N 58.21%; HIRES
P, 41.54%; Y PLAAL Y 0.25% (K 2E). MC?
155 5 E BEZAEYHHLE, WA (S/TY,
84.1%/15.5%/0.4%)*" /N Bl (S/T/Y, 83%/
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15%/2%)*1 . L IF (S/T/Y, 85.87%/13.70%/
0.43%)>%1, BB LA 7 st 191 22 5 H A K
AL A, BRSSO Z S T, H T
S WAL SB LA ZEA R EZEY R, &
R Tl PR A T 7 Jir A% A 0 R A 26 W v ) 0
A FIAFAE R R A S TR o MC? 155 Wi R AL A5 B
EFFANRSFIE 53 #T B, K A R AR B i i s —
LSRR, T &R (G s (K 2F).
23 WMAERULERARBEEESH

XT Pl 7 1) 385 AR AL AR 1T KEGG
O30T, BBLX L 1 22 5 B DNA & il
£t/ couy N = 0 e Al e - A R ) 51
MRS, 5 FIiRE BRI ATP 454 fk
fift . Mg 254 Lh B R A 1A 5 4L 41 4y S5 Al 4R
Y T BB 2 B AE S s (B 3A), WER
R EHR R BES 5 T MC? 155 Ak A i B A i 12
(K 3A).
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A Identification of phosphoproteome of Mycolicibacterium smegmatis MC? 155
Growth phase Log phase Sta phase Total
Biological replicate 1 2 1 2
MS/MS spectrum identified | 4623 3542 0 17749 17905 | 43819
Identified proteins L 560 469 | 1453 1545 | 1745
Phosphoproteins 147 19 i 288 292§ 385
Identified peptides L1087 855 | 4616 4935 | 6036
Phosphopeptides 204 17 390 418 1 573
Phosphosites L 256 206 505 521§ 816
B C D
Log-1 Log-2 Sta-1 Sta-2 Log Sta
68 136 36 101 289 129 54 186 333
E F
Y (0.25%) 3L

0]
I

S (41.54%)

Bits

T (58.21%)

B2 AEEKAIRERNEBRACEBRERNLLR

Figure 2 Characterization of the Mycolicibacterium smegmatis MC? 155 phosphoproteome at different
states. A: Identification of phosphoproteome of Mycolicibacterium smegmatis MC? 155. B: Venn diagram
showing number of phosphorylated peptides identified in biological replication one of logarithmic phase
compared to biological replication two of logarithmic phases. C: Venn diagram showing number of
phosphorylated peptides identified in biological replication one of stationary phase compared to biological
replication two of stationary phase. D: Venn diagram showing number of phosphorylated peptides identified
in logarithmic phase compared to stationary phase. E: Proportion of the phosphorylated S/T/Y sites in
Mycolicibacterium smegmatis MC? 155. F: The motif analysis of the identified sequences containing
phosphorylated sites in Mycolicibacterium smegmatis MC? 155.

MERCE B 4 iR ItRE S ER TR REACRIAEME(E 3B).
573 ABERRACARBL, XS EUHAF 6 10 X EUE SE >4 15 22 AR BCH. P E<0.05 R 1 T,
SIAE, MIKAED FEENES R T AL L, & NESRREHERICES R &8 It
HAEF— XA A, #E— 0] @5 69 4~ LA 68 A~ N IRBERRILE AR, 2
WAL F A BORASE . BB, W] REARG A S 385 MHERALE R K

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



P

#E F | SRERNMETREKBHNBRBREEAREERELR 4105

35.6% (& 3B). A tpsA. greA. ftsZ. rpsJ. rpsM. rpsC Fll rpsP
24 EARBIRUCS5RAESKEE/NMT  SFHAMESR. WD EMCHEN(E 4A),
B 2 R ZE R 47 3 T4 B 8 B R 2 i TR AL B 1 5T rpsA &

X 2E IR LB I AT Cytoscape 23 —Fiigoli ik 5678 11, JLAE 7/ (IR BIR . oM
HAEMZIE, KMEET ABURZ M EIHEN (k454 LI mRNA 54 b B RS,

A Translation a

TCA cycle .
Phosphorylation .
DNA replication *
Carbohydrate metabolism |- *
Cytoplasm | ® 0.03
Ribosome | * 0.04
Ribonucleoprotein complex e
ATP binding |- [ ]
Magnesium ion binding °
Ribosome structure protein |- ° ® 20
rRNA binding | . ® 40
Protein serine kinase activity E ® 60
GTP binding | °
tRNA binding .
ATP hydrolysis activity | =
STPK activity |
RNA binding

Amino-acid biosynthesis e
Tricarboxylic acid cycle |
Purine metabolism .
Carbohydrate degradation |
Carbohydrate metabolism .
Cofactor biosynthesis | ¢

10 20 30 40 50
Enrichment (%)

P-value
0.01
0.02

BP

cc

Count

MF

PW

- Significantly consistent
- Insignificantly consistent

Rep2 log, (log-2/sta-2)
(=}

-15 -10 -5 0 5 10 15
Repl log, (log-1/sta-1)

3 MBRUEBNEMEESH

Figure 3 Function analysis and quantification of phosphorylated proteins. A: Functional enrichment
analysis of phosphorylated proteins at S/T/Y sites in terms of biological process (BP), cellular compartment
(CC), molecular function (MF) and pathway (PW). B: All identified phosphorylation sites precursor ion
abundance from logarithmic phase to stationary phase.
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A
B greA rpsC rpsP rpsA rps] rpsM fisY wag31 ftsZ. tsf
Log-2 J\
Sta-1
Nl [ VAN § |
Sta-2
e " T~ N ] SRy

4 ERREBMBRUCERRMEIEMLE
Figure 4 Network of differentially expressed phosphorylated proteins. A: Functional protein association
network analysis for the phosphorylated proteins with significantly consistent change in abundance from
logarithmic phase to stationary phase. B: Precursor ion abundance changes of the 10 phosphopeptides with
significant and consistent change from logarithmic phase to stationary phase in biological replicates.
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H C Kyl 5 tmRNA FeRrtEsis, 257
MC? 155 MR BIRE RS, 2405 B R 4%
Tl R o greA J&—Fl g BE ORSF I % S 4E
R T, @ e g RNA RA 45 G R
SR 58 o FH T MC? 155 HUA B4 gre A -,
DR I 32 2 11 3R 3K R IR k25 00 2 T g i 35 5 )
MC? 155 fE K ZHE . rpsT. rpsM, rpsC Fll rpsP
PR/NERHATEE D, S H5HENEARE
Ao X LLEEIR IR E MC? 155 XHON R A0
BRI EA RS S Tam AR . MY
Sl R, R TERRRACT I A 2 e gE
Y FE T fE o
R, B2k ZiE 2 R
G . A Y E KRG U TR
AR R R AT IR B E 2 . wag31 J24r kAl
KEGYEE NS>, h PknA BERRALIATE
e 53 R FT R IE AR %) A P 58 60 R0 R SROBE A o
A T] A2 e bk BIFSY R P wag3 1
FEXFAE R SR, X 504 RIAHFF
(Kl 4B). BraEvEmmme b m e sh, Hifte
TR BRI 1S 5 MR IR AL
il o X 2 25 S5 B i 28 BE R TR (selected
ion monitoring, SIM)HiF, &K IEF &,
wag3l PREFIEBEIR LS/ DR LIRS, HIoi
SR G, wagdl BEERILIE AR HER
b ik B —%., X5CHB
wag3 1 IR AAE 1 1 MR — B (Bl 4B), MY
HESE wag3 1 BS54 RAEBERR AL B, 1 H R
AR H B R L B IR S T BB S MC? 155 X4
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