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(100 mm x 2.1 mm 1.7 pm Waters ) Xselect' " HSS T3 (150 mm x 2.1 mm 3.5 pm
Waters ) Xselect™HSS T3 (100 mm X 2.1 mm 1.8 pm) ; ( Thermo Fisher )
( GILSON ) ; SHZ-D( 1) ( ) ( Millipore
);pH  ( Mettler Toledo ) 5
N N N . ( Sigma ) N N
N ( Fisher Chemical ). U”C ( Cambridge Isotope Laboratories ) o
2.2
- GHL. 20 /L. MgS0, * TH,0 14.9 g/L.
K,S0, 18.2 ¢/L. 85% H,PO, 26.8 mL/L Ca,S0,0.93 ¢/I. KOH 4.13 ¢/L (1:1000 V/V) o
(12: 1000 V/V) © KI 0.08 g/I. CuSO, * SH,0 6.0 /L. MnSO, * H,0 3.0 g/L,
FeSO, * TH,0 65.0 g/L H,S0,(1:200 V/V) NaMoO, * 2H,0 0.2 g/L. CoCl, 0.5 g/L. ZnCl, 20.0 g/L. H,BO,
0.02 g/L 0.2 g/Ls : 10% 30C pH 5.5 1 L/min,
e utc 1% CO, NaOH
o uc 2e

23 “cC
100 mL -20°C 500 mL 60%
30 20 mI. 4°C 12000 r/min 10 min o 70C
20 mL 75% 95C 10 min, 4°C. 12000 r/min 10 min
30 o
2.4
27°C 3 mL 60% 10 1 mL, 0.8 pm
; 70°C 30 mL 75% 95C
10 min 100 plL o 4C
12000 r/min 10 min o -80°C o
2.5
2.5.1 Acquity T3 (150 mmx2.1 mm 1.8 pm) . A: 5 mmol/L
15 mmol /L 5% ; B: o 1 40C, : 0~5min 100% A; 5
~16 min 100%~91% A; 16~19 min 91%~50% A; 19~25 min 50% A; 25~26 min 50% ~100% A.
0.2 mL/min,
2.5.2 Xselect ™M HSS T3 (100 mmx2.1 mm 1.8 wm) . A: 5 mmol /L
pH 4.95; B: 5 mmol/L 100% ACN 0.5% o 1 40°C
: 0~30 min 100% ~50% A. 0.2 mL/min.
253 ACQUITY UPLCR BEH Amide (100 mmx2.1 mm 1.7 pm) A:
5 mmol /L pH 3.0; B: 5 mmol/L 85% ACN 0.5% o
40C . : 0~30 min 100% ~75% B 0.2 mL/min.
2.6
: 3.5kV 300C 15 psi 0
psi 10 psi 300°C .
N ; -3.0 kV 200°C
15 psi 0 psi 10 psi 200°C »
2.7
IDMS o
o IDMS (
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Fig.1 Total ion chromatograms of sugar phosphates and carboxylic acids
1 Glyoxylic acid; 2 Pyruvate( PYR); 3 Lactic acid( LAC) ; 4 Fumarate ( FUM); 5 Succinate ( SUC); 6 Malate
(MAL); 7 «a-Oxoglutarate ( AKG); 8 Citrate ( CIT); 9 2-Phosphoglycerate ( 2PG); 10 Erythrose-4-phosphate
(E4P); 11 Ribulose-5-phosphate ( RL5P); 12 Ribose-5-phosphate ( R5P); 13 Glucose-6-phosphate ( G6P) ;
14 Fructose-6-phosphate ( F6P) ; 15 6-Phosphogluconate ( 6PG) ; 16 Sedoheptulose-7-phosphate ( S7P); 17 Fruc—
tose-1 6-diphosphate ( FBP) .
3.2
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Fig.2  Total ion chromatograms of nucleosides

1 Cytidine monophosphate( CMP) ; 2 Uridine monophosphate ( UMP) ; 3 Adenosine monophosphate ( AMP) ; 4 Ino—

sine monophosphate ( IMP) ; 5 Guanosine monophosphate ( GMP) ; 6 Cytidine diphosphate ( CDP); 7 Adenosine
diphosphate ( ADP) ; 8 Inosine diphosphate ( IDP) ; 9 Adenosine triphosphate ( ATP) ; 10 Nicotinamide adenine dinu-
cleotide nad ( NAD) ; 11 Nicotinamide adenine dinucleotide reduced ( NADPH) ; 12 Guanosine triphosphate( GTP) .
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Fig.3 Total ion chromatograms of 20 amino acids
1 Glycine( Gly) ; 2 Alanine( Ala) ; 3 Serine( Ser) ; 4 Proline( Pro); 5 Val; 6 Proline( Thr) 7 Isoleucine
(ILE) Leucine ( Leu); 8 Asparagine( Asn); 9 Ornithine ( Om); 10 Asparate( Asp); 11 Glutamine( Gln) ;
12 Lysine( Lys) ; 13 Glutamate( Glu) ; 14 Methionine( Met) ; 15 Histidine( His) ; 16 Aminoadipicacid ( AAA) ;
17 Phenylalanine ( Phe) ; 18 Arginine ( Arg) ; 19 Tyrosine ( Tyr); 20 Tyrptophan( Trp) .
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1 SIM
Table 1  Ion pair of SIM

Number Compound Mf(o)lf::lllfr ( rﬁ;) E?:L-e/rzl;s D(a l:ngl;zt)e s (‘%Ill;\%‘;n V;E;);e Polarity ~ Fragments  De-fragments
1 Gly C,H50,N 1.76 76.134 59.14 11 38 - C,H,0, NH;
2 Ala C;H,0,N 2.29 90.117 73.03 15 35 + C,H,0, NH,
3 Ser C;H,0;N 2.30 106.140  60.18 11 37 + C,HsON CO,H,
4 Pro CsHyO,N 2.13 116.149  70.19 15 47 + C,H,ON CO,H,
5 Thr C,HyO3N 2.18 118.136  74.24 14 42 - C;HyON o,
6 Val CsH; 0,N 2.48 118.155 722 10 42 + C,HyN CO,H,
7 Asn C4HgO3N 2.19 131139 113.28 13 48 - C4Hs0;N H,0
8 Asp C,H,0,N 2.62 132.123  88.18 13 31 - C;H,0,N o0,
9 Tle/Leu C¢Hy30,N 2.56 132.165 86.2 9 36 + CsH) N CO,H,
10 O CsH,N,0, 2.14 133.170  70.19 17 40 + C,H,N  COOH NH,
11 Gln CsHy 05N, 2.11 145.151  127.32 16 57 - CsHgO,N, H,0
12 Glu CsHyO,N 2.62 146.124  128.17 13 36 - CsH,0;N H,0
13 Lys C¢H O,N, 2.15 147.154  84.17 16 37 + CsHyN COOH NH,
14 Met CsH,,0,NS 2.57 150.125  133.12 8 40 + CsH0,S NH,
15 His CeH1N;0, 2.32 156.129  110.15 13 49 + CsHyN; CO,H,
16 AAA C¢HyNO, 2.63 160.138  116.22 16 27 - CsH,,NO, o,
17 Phe CoH{NO, 6.57 166.141  120.16 13 49 + CgHyN CO,H,
18 Arg Ce¢H4N,0, 2.16 175.173  70.18 27 57 + - _
19 Tyr CoHy; NO, 2.59 182.144  91.16 29 50 + C;HgNO, CH,0
20 Trp C; HI,N,0, 8.75 203.169  116.15 21 64 - CgH,;N C;3H50,N
21 Trp €, H;,N,0, 8.71 205.159  188.19 8 76 + €y, HyNO, NH;
22 Cystine  CeH;3N,0,8,  2.68 241112 152.05 12 57 +  C3HgNO,S,  C3H,0,N
23 Glyoxylic C,H,0, 11.28 73.119 45.17 6 58 - CH,0, co
24 PYR C3H,0, 11.70 87.125 43.16 6 33 - C,H,0 o,
25 LAC C3Hg04 10.20 89.138 43.16 12 50 - C,H,0 CH,0,
26 FUM C,H,0, 13.96 115.093  71.19 7 44 - C;H,0, o0,
27 sucC C4Hg0, 13.80 117.114  73.15 12 44 - C;H,0, o,
28 OXA C4H,0; 13.97 131.060  87.03 9 12 - C,H,0, o,
29 MAL C,Hg 05 14.14 133.101  115.06 12 40 - C,H,0, H,0
30 AKG CsHg 05 14.31 145.104  101.11 10 33 - C,H0, o0,
31 PEP C3HgOgP 14.82 167.060 79.11 38 35 - C3HgO5 PO,
32 G3P C3H,04P 10.98 169.083  79.15 38 32 - PO, C,H,0,
33 SEM C,Hy,05 8.06 173.094  93.07 16 67 - - -
34 2PG C;H,0,P 10.15 185.044  79.04 39 49 - PO, C4H,0,
35 CIT CeHy0, 14.58 191.10  111.105 14 38 - CsH;0, €0, 2H,0
36 E4P C,H,0,P 10.66 199.081 79.14 39 50 - PO, C,H,0,
37 R5P CsH;, 04P 10.33 229.077 79.03 50 57 - PO, CsH,, 05
38 RL5P CsH) 0P 1033 229.087  79.05 38 49 - PO, CsH,, 04
39 G6P CgHy304P 9.33 259.079  79.03 43 60 - PO, CeH 30,
40 F6P CeH30,P 9.42 259.089  79.04 18 67 - PO, C¢H 30,
41 GIP CgHy300P 9.34 259.106  79.12 45 60 - PO, CeH 304
42 M6P CgH, ;04P 9.34 259.122  79.12 43 64 - PO, CeH 30,
43 6PG C¢Hp30,0P 8.34 275.076  79.038 38 65 - PO, CgH 30,
44 S7pP C,H;50,,P 9.77 289.103  79.053 49 63 - PO; C;H,50,P
45 FBP C¢Hy,0,,P, 9.02 339.051  79.034 54 65 - PO, CeH4N; 04
46 CMP CoH,N;04P 2.09 322,133 79.108 49 95 - PO, CoH 4 N,0,P
47 UMP CoH3N,0,P 2.09 323.115 79.11 43 69 - PO, CoH 3N, 04
48 cAMP  C,H,N;OP 569 328.137  134.19 26 84 - CsNsH, CsHgOGP
49 AMP  C,oHNs0,P  4.94 346.153  79.13 45 84 - PO, CioH,N50,
50 IMP CioHi3N, 0P 2,19 347.123  79.07 58 89 - PO, CoH 5N, 05
51 GMP  C, H,NsOgP  4.45 362.136  79.11 38 90 - PO, CoH 4 N5 05
52 CDP  CoH;sN;0,P, 2,12 402.114  79.11 45 166 - PO, CoH sN;0,P
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1( Continued to Table 1)

Molecular R Parents  Daughters Collision Lens
Number Compound T : SN energy voltage  Polarity ~ Fragments  De-fragments
formula ( min) (m/z) (m/z) (eV) (V)
53 ubp CoH 4N,0,P, 2.04 403.094 241.07 22 174 - - -
54 ADP  C,H;sNsO0,0P,  5.14 426.119 79.17 49 71 - PO; CypH;5N50,P
55 IDP  C,yH,N,0,P, 514 427.118 135.14 25 98 - CsN,OH; CsHy;040P,
56 GDP CioH;sNsO,, P, 4.48 442.12 159.04 25 108 - P,04H CioH14N5O5
57 ATP  CHNsOPy 507 506.105  159.04 25 109 - P,0H  CoH;sNs0,P
58 GTP  C,HNsO,P; 507 522122 159.04 40 180 - P,0H  C,oH;sNsO4P
59 NAD  C, HyN,0.,P, 458 662.191 540.293 18 63 Cy5Hy NsO3P, CeHgN, O
60 NADPH Gy H3N,0,P; 5.08 744.159 159.10 45 157 - P,04H Cy HyN,0, P
61 FAD C,;H33NgO 5P, 9.85 784.191 437.24 27 154 - - -
62 3PG C;H,0,P 10.15 185.025 97.19 18 44 — H,PO, C3;H;50,4
63 isCIT CsHy0, 18.96 191.027 173.09 12 34 - CeH,0¢ H,0
64 TP CpH,0,P 1752 421.067  241.16 29 118 - CeH, 03P CoH,,0,
2 (R )
Table 2 Correlation coefficients ( R values) of calibration lines
3@ g 1BG e
Metabolite 13 Chased 12 pased Internal standard Metabolite 13 Chased 12 pased Internal standard
CDP 0.9945 0.9971 CDP FUM 0.9963 0.9972 FUM
ADP 0.9979 0.9973 ADP SuC 0.9915 0.9933 SuC
IDP 0.9991 0.9916 IDP OXA 0.9977 0.9996 OXA
PYR 0.9979 0.9975 PYR G6pP 0.9996 0.9991 Gop
LAC nd 0.9931 - T6P 0.9976 0.9970 S7P
lZC
4 ( 3). 3 B e
3 4 95%
Table 3 Slopes and their 95% confidences intervals in four LCESI-MS/MS runs
Run 1 Run 2 Run 3 Run 4
120 120 12 12
13 C 13 C 13 C 13 C
Metabolites C 12 hased C 12 hased C 12 hased C 12 pased
13 Dased 13 Dased 13 Dased 13 Dased
C-based (x10°) C-based (x10%) C-based (x10%) C-based (x10°)
CMP 5.90+0.17 1.31+0.15 5.20+0.16 1.21+0.11 5.91+0.23 1.51+£0.23 5.41+0.08 1.32+0.19
UMP 2.19+0.04  0.53+0.014 2.16+0.04 0.50+0.01 2.52+0.10 0.747+0.017 2.14+0.05 1.31+£0.02
PYR 43317 33.3£1.0 457+10 35.8+1.3 432.0£4.0 33.8+1.0 397+13 37.4+0.9
MAL 24.4+0.30 1.09+0.05 27.2+0.43 0.61+0.03 26.6+£0.4 1.77+£0.03 24.4+0.3 3.39+0.03
R5P 5.17+0.10 7.46+0.04 4.66+0.05 7.33+0.03 4.58+0.04 6.91+£0.04 4.79+0.06 8.11+£0.04
G6P 1.68+£0.04  5.17+0.02 1.35£0.02  4.20+0.02 1.78+0.04  4.64+0.02 1.55+0.03  12.53+0.07
6PGA 1.76£0.10  3.15+0.03 1.30£0.02  2.64+0.07 1.41£0.02 3.96+0.05 1.52+0.03 4.03+0.02
S7P 19.4+0.30 5.59+0.90 18.2+0.05 9.40+0.90 18.8+0.05 24.3+2.7 16.4+0.4 56.7+£3.10
T6P 1.41+0.03 1.67+0.10 1.41+0.05 1.26+0.09 1.41+0.05 2.73+0.13 1.53+0.03 5.56+0.11
34
4 IDMS
e .
3.5

. IDMS C(Lac Asp )
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4
Table 4 The recovery deviation for some compounds
B¢ BChased C_ Cbased
Compound ~ Concentration  Theoretical Actual Deviation Fofn Cemfﬁgon Theoretical Actual Deviation
before adding  concentration  concentration  of recovery hetore la/ "8 concentration  concentration  of recovery
((mol/g) * (pmol/g) ©  (‘wmol/g) " (%) (- pmol/g) (pmol/g) ©  (‘wmol/g) " (%)
Glyo 1.56 3.28 3.24 -1.15 1.34 3.17 3.56 12.27
PYR 1.02 3.01 2.93 -2.54 1.22 3.11 3.42 9.84
Lac 2.17 3.59 3.40 -5.03 3.21 4.11 5.10 24.36
oKG 0.35 2.68 2.48 -7.40 0.33 2.67 3.30 23.98
PEP 0.10 2.55 2.49 -2.20 0.2 2.60 3.82 46.88
CMP 0.38 2.69 2.64 -1.86 0.32 2.66 2.86 7.66
CAMP 0.20 2.60 2.49 —4.40 0.11 2.56 2.64 3.22
MP 0.82 2.91 2.66 -8.57 0.63 2.82 3.32 17.95
ADP 1.19 3.10 2.64 -14.83 2.74 3.87 5.24 35.47
Met 0.55 2.78 2.41 —-13.00 1.03 3.02 3.38 12.22
* 1 umol/g ( wmol/g dry cell weight DCW) o
o 4
. (0.01 ~50 pmol/g ( DCW)) .
(0.01~10 wmol/g DCW) (0.1 ~100 pmol/g DCW)
(378.02 pmol /g DCW) 12 15 16
12.5 >
A B
S 100F at
= st 3
< soF £ 2t
S 25 S 1t
247322 288 A8 4/ANLER 8 O L 0P 0 2 &4 82 & &4 &8 & & &
& ”‘\e‘:‘. FES -3_\"\""_:3 T {-"‘-.‘__:"‘:? ol \."Q\"\-:"_Q“_. r\‘\\ \?\‘i\ & \':':“ \_"} X & \:::‘ & o S
s
4
4 GHL ( wmol/g )

Fig.4 Intracellular metabolites concentration in Pichia pastoris GHL. Intracellular concentration of metabolites
pools are given in pwmol/g DCW
A: . B: o Ce o

A: Sugar phosphates and carboxylic acids; B: Nucleosides; C: Amino acids
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BC-assisted Ultra-high Performance Liquid Chromatography Triple
Quadrupole Mass Spectrometry Method for Precise Determination
of Intracellular Metabolites in Pichia pastoris

GUO Mengdei LIU Xiao-Yun HUANG MingZhi" LI Min-Chao CHU Ju ZHUANG Ying-Ping ZHANG Si-Liang
( National Engineering Research Center for Biotechnology ( Shangha)
East China University of Science and Technology Shanghai 200237 China)

Abstract  The yeast Pichia pastoris is an effective host for recombinant protein production and the
recombinant protein production level is tightly related to the concentrations of intracellular metabolites. The
intracellular metabolites have the features of wide range of types distinct variation in physical and chemical
properties rapid turning-over and low concentration so it is difficult to quantify their concentrations precisely.

In this experiment we tried to make it possible by combining ultra-high performance liquid chromatography
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( UPLC) 4riple quadrupole mass spectrometry and “C isotope labeling techniques. 64 metabolites including
organic acids sugar phosphate nucleoside substance amino acid were successfully separated by UPLC with
three kinds of chromatography column. The appropriate and unique ion pairs and collision voltages were found
after the mass spectrometry condition optimization. By using the U" C metabolites as internal standards
collected from the cells growing on U" C-glucose as sole carbon source the standard curves of 53 metabolites
were established. The results showed that the method presented here had a high accuracy. The correlation
coefficients were above 0.99. The method also had a good reproducibility and the influence of experimental
and equipment operating condition was very small. Reliable and accurate determination of the concentrations of
intracellular metabolites in Pichia pastoris was obtained. The works lays the foundation for comprehensive
regulation mechanism research and efficient recombinant protein production in Pichia pastoris.

Keywords Ulira-high performance liquid chromatography-iriple quadrupole mass spectrometry; Carbon-13

isotope labeling; Absolute quantification of intermediate metabolites concentration; Pichia pastoris
( Received 10 August 2015; accepted 29 October 2015)
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