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Construction and application of natural stable isotope
correction matrix in *C-labeled metabolic flux analysis
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Abstract: Stable isotope "°C labeling is an important tool to analyze cellular metabolic flux. The "*C
distribution in intracellular metabolites can be detected via mass spectrometry and used as a constraint in
intracellular metabolic flux calculations. Then, metabolic flux analysis algorithms can be employed to
obtain the flux distribution in the corresponding metabolic reaction network. However, in addition to
carbon, other elements such as oxygen in the nature also have natural stable isotopes (e.g., 'O, '*0). This
makes the isotopic information of elements other than the '*C marker interspersed in the isotopic
distribution measured by the mass spectrometry, especially that of the molecules containing many other
elements, which leads to large errors. Therefore, it is essential to correct the mass spectrometry data before
performing metabolic flux calculations. In this paper, we proposed a method for construction of correction
matrix based on Python language for correcting the measurement errors due to natural isotope distribution.
The method employed a basic power method for constructing the correction matrix with simple structure and
easy coding implementation, which can be directly applied to data pre-processing in *C metabolic flux
analysis. The correction method was then applied to the intracellular metabolic flux analysis of *C-labeled
Aspergillus niger. The results showed that the proposed method was accurate and effective, which can serve
as a reliable data correction method for accurate microbial intracellular metabolic flux analysis.

Keywords: metabolic flux analysis; natural isotope correction matrix; mass spectrometry; Python
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Table 1  Distribution probabilities of stable isotopes in the nature

Element Stable isotopes Corresponding abundance of each isotope

Carbon 2c, Bc 0.988 9 0.011 1

Hydrogen 'H, *H 0.999 9 0.000 1

Nitrogen “N, PN 0.996 3 0.003 7

Oxygen %0, 70, 0 0.997 6 0.000 4 0.002 0

Silicon 881, 281, *°si 0.9223 0.046 8 0.002 0

Sulfur 325, 335, Mg, s 0.949 3 0.007 6 0.0429 0.000 2
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Construction of correction matrix for carbon in glucose. O denotes '*C, ® denotes "°C, p denotes

Figure 1

K CM ™ s C JUR B IEHE

the probability of occurrence of "2C or 1°C at each carbon atomic position, and P denotes the probability of
occurrence of each possible MDYV, with the probabilities of occurrence of three combinations M+0, M+1,
M+2 shown in the figure. To be noted that M+2 combines multiple possible combinations into one set of
probabilities, which has the advantage of greatly reducing the computational effort while covering all

possible combinations, the correction matrix of C elements is denoted by CM .
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Figure 2 Flow diagram of the algorithm for
calculating the natural isotope correction matrix for
a given molecular formula.

Table 2 Command lines to be entered after running tools.py

No. Command line

crr_matrix=get_corr_matrix_of_molecule(“C6H1206”)

mdv_mol=[M+0,M+1,M+2,M+3,M+4, M+5,M+6,M+7,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]

corrected_mdv=np.dot(crr_matrix, mdv_mol)
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Table 3 The composition of media used in this study
Name

Concentration

Complete medium

Yeast extract 5¢g/lL
Casamino acid 1g/L
50% C6H1206 1 mL/L
50" Asp+N*" 1 mL/L
1 mol/L MgSO, 200 puL/L
Trace element®” 100 pL/L
Agar 1.5% (WIW)
Batch fermentation medium
C¢H,06-H,O 9.9 g/L
NH,C1 4.5 g/L
KCI 0.5 g/L
MgSO,4-7H,0 0.5 g/L
Trace element®” 1 mL/L
Antifoam 1 mL/L
Yeast extract 0.03 g/L

. components include: 297.5 g/L NaNOs, 26.1 g/L KCI, 74.8 g/L
KH,PO,, pH 5.5.5" components include: 10 g/ EDTA, 0.32 g/L.
CoCl,-6H,0, 4.40 g/l ZnSO, 7H,0, 0.315 g/L CuSO, 5H,0,
1.01 g/L MIlC124H20, 0.22 g/L (NH4)6 Mn7024'4H20, 1.11 g/L
CaCly, 1.00 g/L FeSO,4-7H,0, pH 4.0.
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Table 4 The composition of feed media

Name Concentration

Feed medium
C¢H,,04-H,O 8.5 ¢g/L
NH,C1 4.5 g/L
KCl 0.5 g/L
MgSO, - 7H,0 0.5 g/L
Trace element®” 1.0 mL/L
Antifoam 1.0 mL/L

Feed media with isotopes
CeH 206 8.5¢g/L°
NH,C1 4.5 g/L
KCl 0.5 g/L
Trace element®* 1.0 mL/L
Antifoam 1.0 mL/L

°, components include:50% (W/W) U-"2C CgH,04, 20%
(WIw) 1-3C C4H,,04, 30% (W/W) U-""C C¢H 0.
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[A 22 MID BIEIH (predict), PRSI E( (8
NS I PATREF A3, predict-measure) | il
wfH (measure) DI 3 A RHZN AL AEIE
258 (A TAE (Python), ICT, IsoCor), MK 4



HIE 2/7C FBRBIRS TR AR R D e EERR R

RT: 0.75-1.26 BT .81 -
MA: 1955 253 527 2.37E8
1 MH: 237 468 096 miz=
203.05—
90 203.06 MS
20 111
70
60
50
40
30
20 RT: 1.21
AA: 117518
101 549 AH: 181916
0 RT: 0.91 NL:
MA: 2 108 525 081 2.59E8
i MH: 258 858 608 miz=
204.05-
90 203.06 MS
20 111
g 70
2 60
=
S 50
o
Z 40
=
2 30
20 RT: 1.25
% AA:233319
0.77 0.80 _ AH: 432 {11

RT:0.91 NL:

MA: 2 121 968 754 2.57E8
MH: 257 356 880 milz=
209.07—-
209.08 MS
111

100
90
80
70
60
50
40
30
20
10

RT: 1.25

AA:257 188
AH: 245 118

0.8 0.9 1.0 1.1 1.2
Time (min)

3 3F CREMIRFCEBERRN GC-MSER M EETHRIRA Mo, M1 1 M6 B L IE1E L
Figure 3 GC-MS results for mixed labels of standard glucose. From top to bottom, the peaks are M0, M1
and M6 in order.
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Table 5 Command lines to be entered for the correction of isotope distribution of mixed glucose standards

No. Command line

crr_matrix=get _corr_matrix_of molecule (“C6H1206")

corrected mdv = np.dot(crr_matrix, mdv_mol)
corrected_mdv

W\ AW N =

mdv_mol=[0.315 984,0.344 448,0,0,0,0,0.339 568,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]

array([ 3.432 502 50e-01, 3.498 582 63e-01, -2.974 424 45¢-02, -3.263 157 34e-03,

3.142 444 05e-04, 1.878 653 18e-05, 3.688 672 45e-01, -2.612 680 81e-02,
-3.484 014 28e-03, 2.911 594 06e-04, 2.031 168 89¢-05, -1.952 732 19¢-06,
-9.326 648 78e-08, 1.016 115 36e-08, 3.692 009 21e-10, -4.513 839 51e-11,
-1.318 156 64e-12, 1.796 774 90e-13, 4.357 201 36e-15, -6.594 257 35e-16,
-1.355 791 77e-17, 2.272 733 39e-18, 4.015 739 93e-20, -7.449 519 50e-21,
-1.141 038 91e-22, 2.343 439 85e-23, 3.127 483 57e-25, -7.123 112 50e-26,
-8.301 374 61e-28, 2.102 980 57e-28, 2.139 597 65e-30])

i Python. ICT. IsoCor M6 IF 45 5] LI HY,
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Figure 4 Assessment of the calibration software with a mixture of glucose specimens of known composition.
MO0-M6 on the x-axis corresponds to seven glucose isotopes with different neutron numbers, and the grouped bars

depict the measured (measure), theoretical (predict), and theoretical measured (predict-measure) values, as well as
the results obtained by the three calibration methods (Python, ICT, IsoCor) are compared with each other.
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Table 6 Correction of the data in Lu Hongzhong’s paper by IsoCor, ICT, and Python

Amino acid fragment MDYV

Corrected results

Measured

IsoCor ICT Python

Ala85 M+0 0.669 0
M+1 0.1650
M+2 0.166 0
Ala57 M+0 0.6310
M+1 0.1850
M+2
M+3
Asp85 M+0
M+1
M+2
M+3
Asp57 M+0
M+1
M+2
M+3
M+4
Glu85 M+0
M+1
M+2
M+3
M+4
Glu57 M+0
M+1
M+2
M+3
M+4
M+5
Ser85 M+0
M+1
M+2
Ser57 M+0
M+1
M+2
M+3
Thr85 M+0
M+1
M+2
M+3
Thr57 M+0
M+1
M+2
M+3
M+4
Val57 M+0
M+1
M+2
M+3
M+4
M+5
Val85 M+0
M+1
M+2
M+3
M+4
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Flgure 5 Metabolic flow calculated by INCA after correction with the three methods. Red data are the
uncorrected metabolic flow results in Lu Hongzhong, blue data are the corrected metabolic flow result by

IsoCor, green data are the corrected metabolic flow result by ICT, black data are the corrected metabolic flow
result by Python.
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Figure 6 Confidence intervals of INCA-calculated
reversible reaction G6P—F6P fluxes after
correction with the three methods compared to the
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lines intersect are the INCA-calculated metabolic
flux values under the corresponding methods.
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&7 EUEKRERERSTHEHRASERREIF RN MDV 5SRANEFEDNNEER AR MDV
EEB

Table 7 MDYV of intracellular amino acid metabolites in the steady state of isotope metabolism versus the
MDYV of amino acid metabolites simulated by the procedure in this study

Metabolite MDV 0.1h"

Measured Corrected Simulated without correct ¢ Simulated after correct ©
MAL MO 03324 03520 0.282 4 0.2952
Ml 0.266 8 0.2659 0.287 8 0.286 3
M2 0.209 4 0.2053 0.276 6 0.272 6
M3 0.139 7 0.135 1 0.113 4 0.108 0
M4 0.0517 0.0459 0.0400 0.0379
Ala-57 MO 0.4859 0.507 1 0.619 8 0.630 6
Ml 0.192 7 0.1814 0.077 2 0.067 2
M2 0.102 4 0.097 5 0.024 1 0.0233
M3 0.2190 0.223 8 0.278 8 0.278 8
Val-57 MO 0.299 2 03194 0.399 9 0.4138
Ml 0.184 1 0.176 8 0.084 1 0.072 4
M2 0.174 6 0.173 6 0.2055 0.206 8
M3 0.186 4 0.1872 0.204 4 0.204 1
M4 0.080 0 0.072 8 0.022 6 0.0195
M5 0.0757 0.075 2 0.083 5 0.083 3
Ser-57 MO 0.4326 04526 0.619 8 0.6306
Ml 0.2319 0.2249 0.077 2 0.067 2
M2 0.144 4 0.139 1 0.024 1 0.023 3
M3 0.1911 0.1929 0.278 8 0.278 8
Glu-57 MO 0.176 0 0.188 8 0.2122 0.223 7
M1 0.203 9 0.207 0 0.258 6 0.259 8
M2 0.2518 0.2553 0.278 5 0.276 3
M3 0.1970 0.1933 0.164 6 0.158 6
M4 0.1132 0.106 8 0.067 8 0.064 4
M5 0.058 0 0.053 5 0.018 3 0.017 1

4. denotes the result obtained by substituting uncorrected raw data into the metabolic flow computational model, and
denotes the result obtained by substituting Python corrected raw data into the computational model.
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AL AT AT, NP 8 Bz, AESUN GOP <> F6P
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