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Abstract: [Objective] Mycolicibacterium smegmatis was used to explore more efficient strategies for
enriching phosphorylated peptides in prokaryotes. [Methods] We evaluated the efficiency of three
different methods, TiO,, Fe*"-NTA and Ti*"-IMAC, for the enrichment of phosphopeptides. Further, we
employed two mass spectrometers with different resolutions, Orbitrap Velos and Orbitrap Fusion
Lumos, to assess the enrichment stability. [Results] Ti*"-IMAC was the optimum enrichment method,
with the number of phosphopeptides and sites enriched seven-fold that of TiO, or Fe’-NTA. TiO, and
Fe’*-NTA showed no significant difference in the number of phosphorylation sites enriched, which was
similar to the results of the published works about TiO,. In addition, the detection results of two
different mass spectrometers showed that Ti*"-IMAC enrichment was stable in two biological duplicate
samples. The average phosphorylation sites detected by Lumos was 2.6-fold that by Velos.
[Conclusion] Ti*-IMAC technique can efficiently accomplish high enrichment of phosphorylation
events in M. smegmatis. We identified a total of 2 280 phosphorylated proteins, 10 880 phosphorylated
peptides and 4 433 credible phosphorylation sites. Ti*"-IMAC method can be widely used in the

phosphoproteomics of other microorganisms.

Keywords: Mycolicibacterium smegmatis; phosphoproteomics; TiO,; Fe’*-NTA; Ti*'-IMAC
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smegmatis) #1205 4~ , K ¥ @ 8 A
(Sreptomyces coelicolor)H 289 1>, & RAE LA
& (Pseudomonas putida)H 109 14~ 2019 4F%,
W # KB Fe’-IMAC J5 il #E— b4 )5
TR ) W TR AL 7 Y SEE , W R W AT
(Escherichia coli)d 1 883 MY, 44 BRI
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EWIAR L, B A A W v R b 2R 1 R
M A RIS ]

AH 4 & 5F A4 4% 5 (immobilized metal
affinity chromatography, IMAC)JE7E & P 514
g IR B b far Y R Ak R AT e
MLER Cu™. Fe'sl Ga”" & BB T4 A k=
SRWEIRALIREL, B E BB L h &R
T EA TR A 3 FaA U At
FER AT TiY-IMAC J& R} 2 e K% fh2y
Yo B B S 5 DL A R — AU R AL
JKBER e R, 5 TiO, #HEL, Ti*-IMAC i
AT EZAMY S, BRI E R % E RS
T2 30%, EAERSMERE 95%"Y, BoRE
Ti**-IMAC J5 % FE R IR AL KB i 4 rh ot B 1
HLO2 R TIY-IMAC 78 ELR AN B R AL Ak
By s B AR s BRI, (BT X
AP R AL E SR AR A A .

W R, SIT/Y Lk A B R A 1B M 7E
AP 1y ) A= i J 300 (4 L 0 SRR A L B 5
B RO (AN 45w Sy R R G L e TE kG
B AIBOE R SesEiki® . Bid RIS &
FrE) S Y R p R T B AET2 ),
STRCE R /NT I B TR AR, JEBURTE,
5557 BOFF 8 Y Ho At 70 BT TR R 4 06 R L
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i, 2018 4F 2 JILAHT, SRR/ MT I E T
SRR B (Mycobacterium), Gupta 55 28 (5T
FEH M IS, ¥ HAS R A W R AT W
J& (Mycolicibacterium)P . ASHF5E L2 B R /1N
FRROM IR R, B el LR TiO, . Fe''-
NTA Al Ti*'-IMAC 3 FiAS[] & 4 7 k5 Hk ik
e s BEH . Hak, AR B Ik
BEAS i 45 B BERE S R 0EFT TiY-IMAC & A
B, RAARGHFRNFIEIGH TS E, A
BN 43 AR R /INFT TR A 5 G T %) N 2 D TR
(AN Z5 42 53 BSCRF ) 14 2 11 Joi 1l R A A8 T T 5 42
HER AT B S A
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1.1 #Rt
1.1.1 E#RAIR 5
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s R 5T B A
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Ac-Trypsin, Lys-C & I 52505 A ]2,
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WA (R ABRA R OB . BRIR S5
SR OWR . BT EER AN . IR A S O
A2 RS EEEEEIR 3 A P R
F Sigma A A]; @ISR NEWT IT. Baker 28
H; Cis BB T 3M A dl; Cs HE W T
Dr.maisch 24 ®) ; MR Eh 22 vh ik PBS 9 T
HyClone /3] ; JREWIF GPC Biotech /A F];
TiO, #;¥k[Titansphere TiO, (100 A 5 um)]4F
GL Sciences /A F]; High-Select™ Fe-NTA g
AKE B & F Thermo Fisher Scientific 2y
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Al Ti'-IMAC #RE B E R B K% b
YRR T
1.1.2 {XB&&

4li 7KA T Merck Millipore; 8 75 il i X
- DH-ILE R R A AU T 77 BB 2 AU R AR
FRZSF] s I EdR 7 #8 F Scientific Industries
ovE BLOHL, ERS R . WIS EASY-
nLC1000 . B 25 B0 W 46 1 . B % LTQ
Orbitrap Velos Fll Orbitrap Fusion Lumos & H
Thermo Fisher Scientific 2> 7 o
1.2 BAtERRERREELRTIFE

W R TR/ NFF 2T THO [ A% 57 5
kb, 37 cCHEFRI TS . KRR RN T
TA 5 mL THO WA R: TR L g 348
37 °C. 220 r/min 53¢ 48 h 1530 7B FF
DI GR ODegog=0.1 PRI 4345 T 5 # 50 mL
THO WA¥EFR L0 250 mL HEIERLINQ NED
), 37 °C. 220 r/min §;35, iR 25t
B ey, MIE ODeoo B, WCEERMA, HH0A
) PBS {H¥E 3 Ko [0 BRI A GE it AR
[9.0 mol/L JXZ, 30.0 mmol/L & fk4H, 10.0 mmol/L
Tris (pH 8.0), 50.0 mmol/L #LZFEH%, 5.0 mmol/L
FERERR AN, 0.1 mol/L #ifR &4 (pH 8.0),
1.0 mmol/L #AL4H, 1.0 mmol/L 1EHLERH,
1.0 mmol/L B-HiMBErR —4M, 1% 1 B 61 55
Cocktail, 1%IE-&E ARSI 2, 1%REGE
FIEEIRGIR 3], EEEAE, B TUHOKIRES
R T AR, TR 30%, TAE 2s, vKiB
4's, 4 10 min, K547 4 °C. 13 000 r/min
B0 10 min, FIE BRI oA B R /N R 4 R
1, BRI I F 80 °C fR17 4 FHEL,

BT AR 1 BT, A Scion Image
WA T IR e RPT . B 1 pg 2FEAH 12%
SDS-PAGE i 53 5 47 B s Ar il

BATE KT TiO,. Fe*'-NTA il Ti*'-

IMAC 3 FUA A& 4E 77k, 4l Orbitrap Fusion
Lumos iS00 & 48 2 i il iR A0 K B 43 il A 7
il DA L B i i A A s S e B, Kk, FRRGE
i TiY-IMAC & 4 J7 vk 4 BRTR] R i B 0F A 7
R, SRIE AR BN P BERR A I B A T AN [R] 3 B
STV SRS LA B A w1 Ak A s 265 8 2 H R e
Peo BT A IR AL 5250 & B 2 mg 20 i 2 2%
W, BIMALUEE N 5 mmol/L (1) ki 71 HiEEIE
FFRJE, 37 °C JZ i 30 min, fRKE 2%
Jo . FIIAZMEE S 20 mmol/L A4l 2, Bt iz ik
frledial, ZFiREDERY 30 min, )5, Ltk
G FEAE T 10% SDS-PAGE (&K : 10
L, BFLFE 0.6 cm, & 1 cm), AL 1 mgﬁrﬂ
PEAT (0.7 em) 43 BSPY . B DR i Y (s
AT S A(T5%MZEK, 20%HEE, 5%IKL
iR). B FLEE AR IER 1 mm? ks, A
I (63%MZEIK, 30%ZLNE, 7% 0.5 mmol/L
IR ) AT ORI (5, SRS DA S IE AT
K, BEJEHET 45 °C BT, fda BEA
fiff (trypsin)™ 4 1 = 4 #i 2 BE K A% 9 D)
(LysO)P 2:1 o 491 19 TR & 8 10 47 it P4 TG i
37 °C i3, BG4 2 FLICR R B KBRS T
H, BIFE AT RS s LR,
1.3 BERUBEMNESE

TiO, J7 LU W b3k ik il 4 4 K B
500 pL VAR IR (6% =R MR, 80%C M)A
f#, 4 600 r/min &[> 15 min, FRHL 20 mg TiO,
BEEET 1.5 mL B0 PIHIA 20 uL % f# S v
W, SRIE R R RR B LW R AN B
B EESEBE T 40 °C. 1 400 r/min #Z
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Bl 30s, HAE 3R, FrRERE T 45 °C K
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5H 8 B —AHERNIC Ty F2, TR 3. 6 Fl
9 HIHN—AFESICH F3. K F1, F2 Ml
F3 #Ean T 45 °C a5 T, FT B,
1.5 BERR L AKEL BB

1] 28 T 5 B B R A IR B v B A 1Y B A
Z(0.1% WIR), Frinfiia, 3T EASY-
nLC 1 000 #AH@IEHAT 0B . FT TiO, .
Fe''-NTA fil Ti*'-IMAC & 815 2 (B iR Tk kB
2 MEYIZEFEAR T JETF Orbitrap Fusion Lumos
JRIEALHEA TR . Lumos Jit 3 AL AH 43 5 B[]
4 78 min, #EHR 6% B 0 min, 6% B-12% B
8 min, 12% B-30% B 50 min, 30% B—40% B
12 min, 40% B-95% B 1 min, 95% B 7 min (A
. 0.1% HR, 99.9%ZEK; B A, 0.1%H
R, 99.9%Z. M), Wik~ 600 nL/min, JFii%EL
a1 H £ P8 4K 1 SR %E (data-dependent
acquisition, DDA)EECREE, ik 4B 7o
fif LSRR 300-1 400 (MVz), —Z%hk e T4
7 Orbitrap W58, ZHE% R 120 000, 2+ H
By 1 25 2 4 (automatic gain control, AGC)N
5x10° N T, BeOKE I AR E](max injection
time, MIT)H 50 ms; —Z%i% &% e Ge fil 4
f# 2 (high
dissociation , HCD) ¥ 24 815, #lf % G8 & &
35%, WRICE RO AT 20 SR R AL,
AGC } 5 000, ZhAHEER(dynamic exclusion)
20 s,

1E LTQ Orbitrap Velos Fil Lumos 2 FAS[A]
SPHERI B L, Velos Ui SURAR 7 25
BfE] A 60 min, #£EH 0% B-10% B 8 min,
10% B-22% B 30 min, 22% B-32% B 17 min,
32% B-80% B 3 min, 80% B 2 min (A H,
0.1%H MR, 2% M5, 97.9%WFEK; B H,
0.1%H R, 99.9%ZNF), WiH "~ 800 nL/min,
e 7 g lLYE A 3001 600 (MVz), —2%

energy  collision  induced

BEBTIHTE Orbitrap WIS, 73 HEABCE N
30 000, AGC i 1x10°/~EF, MIT Jy 150 ms;
T E SR FH Al 1 5 S % B (collision induced
dissociation, CID)MFZEML, IH—fbhlf i fE =
N 35%, EHCH R R A ET 20 #EAT TR
2, AGC g 1x10*, MIT Jy 25 ms. /M55
K60 [ {& (minimal signal threshold)}y 2 000, 3
SHEBR S 35 s
1.6 BBERRGIT D

Raw (/4 H MaxQuant™®! (1.6.17.0)iE4 73k
brEmi R, BdaE Fasta XK IEF UniProt
(2021-12-26) F Hw W5 YL FEA A . 48 FE S 801k
BHWTF: (1) BV =0 E M Trypsin A1 LysC,
RARAVE 2 MW VINL G (2) IRBR BN A
INT TARAEEIR; (3) [EE M 21 bt R 1 b
HeARMEME Carbamidomethyl [C]; R 24 Ay FY
it & 1R A 1k 1& Mfi  Oxidation [M]#1 Phospho
[STY]; (4) BEE§F i iR 2% (mass tolerance)
20 ppm, FEFHAARVFRZER 0.5 Da;
(5) B L AR H bR-155 15 P S g AT 1 U
JIR B R 2 1 4 e i BH 1 R (false
discovery rate, FDR) <1%**,
1.7 BUEHE LR

FiEE s Raw SUIFLL RS EZS R E 23 1
14 28 [ P9 1 26 1153 5000 7 & ) (https://www.
iprox.cn/), RSk IPX0004058000,

2 #RE 2

21 PRERIDMNEBRIBRECERRESE
MAE

g KW R /N KR B IR 2= R Eh
(ODe0o=2.26)T AL TRIA , 2 i 224 I ilE A T 4 2R
P RV B T e Al o R A A 4 R R R
FIREEZ A 20.00 pg/ul, 2 42485 43 il BL
1 pg &HEAMHTREFTREEN, 45 RLE8R,
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2 NEE A OB B A R A, R
A B L —80, H R TR 2 E a1 5
AL B 1 A5 BRSO, R B R
BT RT, v TR Seum b IR B i & 45 (1
1A). 2 5IE 2 mg ARG E, HALE
&2 YR E R, A 10% SDS-PAGE 1T
AR5 5(0.7 cm), Trypsin 1 LysC 4
HHEFVE, HEATIKBLRI, #EmaBIA Tio,.
Fe'-NTA Fl Ti*-IMAC A& &R, ST
MRAL KBB4, & EEMBIRILIKEIH Cix X
FHEFERESAT oy, Bkl (& 1B). J5i
T R 25 O A R A5 B T B B TR /M T
PR AU IR AL & S vk, RS A AN TRl it
WIIREA BRI HARESL , I A [F 50 HER 00 5
TSRS A 7 5 SRR PETEA .
2.2 TiY-IMAC REE S E &£ 2 BHER 1L
BKEZ
Ti*-IMAC. TiO, fll Fe’*-NTA 3 Fh k&
R BERR AL IR BRE A G R R, 2 DAY

M

Selection of
higher enriching strategy

TiO, Fe*-NTA Ti*-IMAC
~ _

SRR K E B RS . SRR L E M
B IRBEBCAOL S B AR, R FEA I
i A G, Wik B 9 BRI
K25 404 . Tit-IMAC BB LA 1 4
TERBRILAM 2 Mok R 7 50, T
TiO, Fl Fe''-NTA &4 )y ik B R fb A S 4%
ERAEY, 245 130 4, H5XmkhEREr
TiO, % HEiE ", BkE TiY-IMAC 7ELA
G TR R /N BRT R AR 2R 1 A% A 1 v e AR AR
BEER 1.
2.3 Ti*'-IMAC E&RBEREMELT
JpiE— AP TiY-IMAC BT RN E
M, E B 57 2 0 E0H 0 A o3 TR R /N B
il 8 BR B AR &, AR5 R4 T AH [R) 1) B R Ak ' 46
FEAR 55, FHHH Velos 1 Lumos 2 A
[7i) 43 B2 1 T A TAG I . RS R R
AN T JBE 3 ASORT A= ) 2 i 52 R A v () i 1R Ak R
Y AR E . Velos ik {35 5] 418 4
BERRALE T, 965 MMHEMRILIKEL, 711 A -BER

Log phase
Mycolicibacterium smegmatis MC?155

10% SDS-PAGE separation (0.7 cm)
In-gel digestion (LysC+Trypsin)

Enrichment of phosphorylated peptides

|
v

Evaluation of
; enriching stability

wowW W

Ti*-IMAC  Ti*-IMAC

1 SRER/NMTESRIREERREFMRRE

Orbitrap Fusion Lumos

~
LTQ-Orbitrap Orbitrap Fusion
Velos Lumos

Figure 1 Flowchart for the phosphoproteomic profiling of Mycolicibacterium smegmatis. A: protein sample
preparation from M. smegmatis; B: overview of phosphoproteomic analysis of M. smegmatis.
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Table 1 Characterization of the M. smegmatis phosphoproteome based on three enrichment methods

o This study Published"’
Enriching strategy Ti™-IMAC TiO, Fe' -NTA TiO,
Biological repetition 1 2 1 2 1 2 1
Initial protein amount/mg 2 2 2 2 2 2 5
MS/MS spectrum submitted 191929 184809 297367 323553 260964 258703 -
MS/MS spectrum identified 5297 4373 27 487 28 629 64 909 64 145 -
MS/MS spectrum identified/% 2.8 2.4 9.2 8.8 25 25 -
Identified proteins 973 908 2551 2593 3421 3433 2 462
Pho-protein groups 613 595 105 120 100 123 -
Identified peptides 1571 1389 10 266 10418 24 558 24 581 16 185
Pho-peptides 1 498 1388 712 765 584 560 -
Pho-sites 1425 1 340 156 190 174 197 185
Pho-sites (LP>0.75) 1042 988 115 145 125 149 106
Mean of Pho-sites (LP>0.75) 1015 130 137

LP, Localization probability, LP>0.75 is considered as confident phosphorylation sites

i, i 487 ANAIE BB IR Ak for
1 (localization probability , LP>0.75). Lumos
JRRHSCFH 4 3 810 MBERRILEEF, 2 170 1M
MRALIRB, 1 735 MR ALA, HPA 1 3014
S FE R B R AL AL o R AE B AR A

Lumos {4 5E 2 B IR (LS & Velos 1Y
2.6 fi5(FR 2)o 2 sk {SOR I 3 %) 8 R Ak 7
RUECH B0 T 2 HGE B SRR A R Ak 67 R B
AP H 2 WK, Lumos T (W 4% 5

TA6AT]

F8y R A PR PR A (7 R R B AR EAE 1 000 4

fifio AT AR 4 A Lumos it %Y
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Figure 2 Lumos-detecting spectra of the representative phosphopeptide consistently identified from two
technical repetitions by Ti*"-IMAC enriching. A-B: MS, spectra from two biological repetitions in first
technical repetition sample; C—D: MS, spectra from two biological repetitions in second technical repetition
sample.
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