Supplementary information

Developing a Cell-Free Extract Reaction (CFER) system in Clostridium thermocellum to identify metabolic limitations to ethanol production


Supplementary Figures
[image: ]
Supplementary Figure S1. Assessment of boiling, sulfuric acid and perchloric acid as quenching methods for metabolite measurements. Boiling and perchloric acid treatment reduced residual enzyme activity below 1%, which was the limit of detection of the assay.

[image: ]Supplementary Figure 2. FBP and G6P concentrations in the CFER using FBP as substrate. F6P standard was not included in the data set, so G6P concentration was used to indicate that the PFK reaction is working in the reverse direction (i.e. FBP  F6P). Error bar represent one standard deviation from 3 replicates. 


Supplementary Tables
Supplementary Table 1. Expected ethanol production based on stoichiometry 
	Substrate
	Initial concentration (mM)
	Expected ethanol production (mM)a
	Net ATP production (mM)
	Net NADH production (mM) 

	Cellobiose (CB)
	15
	60
	60
	0

	Glucose (GLC)
	30
	60
	60
	0

	Glucose 1-phosphate (G1P)
	30
	60
	90
	0

	Glucose 6-phosphate (G6P)
	30
	60
	90
	0

	Fructose 6-phosphate (F6P)
	30
	60
	90
	0

	Fructose 1,6-bisphosphate (FBP)
	30
	60
	120
	0

	Dihydroxyacetone phosphate (DHAP)
	60
	60
	120
	0

	Glyceraldehyde 3-phosphate (G3P)
	60
	60
	120
	0

	3-Phosphoglyceric acid (3PG)
	60
	30
	60
	0

	Phosphoenolpyruvate (PEP)
	60
	30
	60
	0

	Malate (MAL)
	60
	60
	0
	0

	Pyruvate (PYR)
	60
	30
	0
	0


aNote: To calculate expected ethanol production electron balance was strictly enforced, but net ATP (or GTP) production was allowed.

Supplementary Table 2. Data used in Figure 2, optimization of assay condition
	Different conditions
	Consumed Cellobiose
(mM)
	Ethanol
(mM)
	Glucose
(mM)

	
	Mean
	Std
	Mean
	Std
	Mean
	Std

	(A) Age of cell pellet (Days)
	0
	17.69
	0.09
	26.95
	2.39
	0.00
	0.00

	
	10
	18.63
	0.19
	14.43
	0.61
	0.00
	0.00

	
	12
	14.25
	1.26
	8.08
	0.73
	0.00
	0.00

	(B) Medium and substrate
	CTFUD-Glucose
	9.92
	0.70
	11.02
	0.68
	0.00
	0.00

	
	CTFUD-Cellobiose
	14.27
	0.21
	18.87
	0.48
	0.00
	0.00

	
	MTC-Glucose
	12.45
	0.63
	14.33
	0.37
	0.00
	0.00

	
	MTC-Cellobiose
	17.72
	0.09
	26.95
	2.49
	0.00
	0.00

	(C) Incubation Temperature
	37 oC
	11.32
	0.09
	15.64
	0.51
	0.00
	0.00

	
	55 oC
	11.89
	0.44
	7.90
	6.01
	0.00
	0.00

	(D) Initial cellobiose Conc. (mM)
	15 mM
	13.87
	0.19
	28.01
	1.9
	0.00
	0.00

	
	30 mM
	24.47
	0.09
	26.12
	2.78
	5.15
	3.06

	
	60 mM
	31.03
	3.87
	18.76
	5.14
	6.66
	3.57

	
	120 mM
	19.4
	3.84
	5.93
	1.49
	16.23
	3.85


Note: n = 2 for condition A-C, n = 3 for condition D. 


Supplementary Table 3. Data used in Figure 3, fermentation results of whole cells vs. CFER
	Time (h)
	Groups
	Cellobiose (mM)
	Glucose (mM)
	Ethanol (mM)
	Acetate (mM)
	Formate (mM)
	Lactate (mM)

	
	
	Mean
	Std
	Mean
	Std
	Mean
	Std
	Mean
	Std
	Mean
	Std
	Mean
	Std

	0
	Whole Cells
	13.73
	0.21
	0.03
	0.08
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	0.5
	
	7.12
	2.41
	0.34
	0.53
	5.84
	1.16
	1.01
	0.86
	2.29
	0.34
	0.25
	0.28

	1
	
	1.37
	2.12
	0.82
	1.27
	17.76
	3.12
	4.35
	1.72
	7.38
	1.07
	0.41
	0.25

	1.5
	
	0.00
	0.00
	0.92
	1.21
	21.50
	2.81
	5.43
	1.64
	7.84
	1.09
	0.50
	0.12

	2
	
	0.00
	0.00
	0.62
	0.96
	22.69
	1.05
	5.95
	1.70
	7.91
	1.11
	0.51
	0.13

	5
	
	0.00
	0.00
	0.00
	0.00
	25.64
	2.95
	7.20
	2.00
	7.87
	1.53
	0.44
	0.15

	24
	
	0.00
	0.00
	0.02
	0.05
	24.89
	2.22
	8.80
	2.48
	8.22
	1.88
	0.62
	0.16

	48
	
	0.00
	0.00
	0.01
	0.03
	23.99
	1.36
	10.63
	3.39
	8.36
	2.15
	0.50
	0.13

	0
	CFER
	16.08
	1.84
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.000

	0.5
	
	9.70
	1.76
	0.00
	0.00
	1.15
	0.26
	0.20
	0.19
	0.00
	0.00
	0.21
	0.01

	1
	
	6.68
	1.87
	0.00
	0.00
	2.11
	1.16
	0.41
	0.19
	0.00
	0.00
	0.21
	0.00

	1.5
	
	4.65
	1.04
	0.00
	0.00
	3.31
	0.76
	0.64
	0.12
	0.00
	0.00
	0.21
	0.00

	2
	
	5.83
	2.25
	0.00
	0.00
	3.59
	1.26
	1.05
	0.25
	0.00
	0.00
	0.14
	0.11

	5
	
	4.09
	1.04
	0.00
	0.00
	4.93
	1.12
	1.41
	0.53
	0.00
	0.00
	0.16
	0.13

	24
	
	1.84
	0.52
	0.00
	0.00
	14.37
	0.57
	0.44
	0.38
	0.00
	0.00
	1.05
	0.69

	48
	
	0.09
	0.08
	0.00
	0.00
	24.62
	2.16
	1.39
	1.88
	0.00
	0.00
	1.38
	0.48

	72
	
	0.00
	0.00
	0.00
	0.00
	21.28
	1.71
	5.51
	3.29
	0.00
	0.00
	1.53
	0.42




Supplementary Table 4.
Peak area data used for Supplementary Figure 1A and 1B, assessment for quenching methods. 
See the separate excel file, in ‘SupTable4’.

This table has the following columns.
sample – STD, CFE, and Mix, followed by a letter (A-F) to indicate the quenching method. STD indicates that sample contains 500 µM of 22 metabolites (see materials and methods). CFE contained only the cell-free-extract. Mix contained a 1:1 mixture of STD and CFE.
Replicate – to distinguish individual measurements
Compound – the name of the compound measured
Abbreviation – abbreviation of the compound measured
peakAreaTop - the measured quantity of the metabolite


Supplementary Table 5.
Peak area ratios used for Supplementary Figure 1A and 1B, assessment for quenching methods. 
See the separate excel file, in ‘SupTable5’

This table has the following columns.
sample – STD and Mix, followed by a letter (A-I) to indicate the quenching method. STD indicates that sample contains 500 µM of 22 metabolites (see materials and methods). Mix contained a 1:1 mixture of STD and CFE.
Replicate – to distinguish individual measurements
Compound – the name of the compound measured
Abbreviation – abbreviation of the compound measured
Ratio - the ratio of peakAreaTop to the control peakAreaTop, based on data from Supplementary Table 4.


Supplementary Table 6. Raw data for Figure 4C and 4D. 
	Group
	Residual PFK activity (%)
	Residual GAPDH activity (%)
	Residual protein concentration (%)

	
	Mean
	Std
	Mean
	Std
	Mean
	Std

	Neg Ctl
	100.00
	0.00
	100.00
	0.00
	100.00
	0.00

	B
	41.67
	36.36
	35.33
	56.08
	24.03
	24.38

	C
	51.50
	4.95
	11.67
	10.41
	20.62
	14.61

	D
	30.50
	43.13
	50.67
	41.59
	29.83
	30.10

	E
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00





Supplementary Table 7. Raw data for Figure 5, fermentation result of adding different substrates
	Substrate
	Initial concentration (mM)
	Ethanol (mM)

	
	
	Mean
	std

	Cellobiose (CB)
	15
	14.33
	2.56

	Glucose (GLC)
	30
	14.60
	2.59

	Glucose 1-phosphate (G1P)
	30
	6.20
	2.75

	Glucose 6-phosphate (G6P)
	30
	3.77
	0.91

	Fructose 6-phosphate
(F6P)
	30
	12.27
	4.30

	Fructose 1,6 -phosphate (FBP)
	30
	2.93
	0.45

	Dihydroxyacetone phosphate (DHAP)
	60
	3.90
	1.56

	Phosphoenolpyruvate (PEP)
	60
	1.37
	0.40

	Malate (MAL)
	60
	0.90
	0.87

	Pyruvate (PYR)
	60
	3.73
	1.93




Supplementary Table 8. Raw data for Figure 6, metabolites data overtime in the presence and absence of added ADH enzyme.
See the separate excel file, in ‘SupTable8’


Supplementary Table 9.
Raw data for Figure 7B and 7C, fermentation results of adding different enzymes. 
	Group
	Time (h)
	Cellobiose (mM)
	Glucose (mM)
	Ethanol (mM)
	Acetate (mM)
	Lactate (mM)

	
	
	Mean
	Std
	Mean
	Std
	Mean
	Std
	Mean
	Std
	Mean
	Std

	A: CFE
	0
	14.29
	1.41
	0.44
	1.14
	0.00
	0.00
	0.00
	0.09
	0.00
	0.00

	A: CFE
	5
	5.56
	2.31
	0.00
	0.00
	4.53
	1.91
	0.00
	0.00
	0.00
	0.00

	A: CFE
	17
	2.77
	1.64
	0.00
	0.00
	13.35
	4.62
	0.00
	0.00
	0.10
	0.21

	A: CFE
	24
	1.77
	1.37
	0.00
	0.00
	16.56
	5.04
	0.39
	0.77
	0.09
	0.22

	A: CFE
	48
	0.95
	0.97
	0.00
	0.00
	24.22
	4.79
	2.51
	3.05
	1.45
	1.18

	B: Buffer
	0
	14.45
	1.20
	1.05
	1.62
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	B: Buffer
	5
	4.95
	2.44
	0.48
	0.70
	5.24
	3.19
	0.00
	0.00
	0.00
	0.00

	B: Buffer
	17
	3.28
	1.97
	0.68
	0.60
	9.96
	5.60
	0.00
	0.00
	0.33
	0.47

	B: Buffer
	24
	3.33
	2.51
	0.30
	0.51
	13.31
	5.34
	0.20
	0.39
	0.33
	0.40

	B: Buffer
	48
	1.17
	0.95
	1.13
	1.96
	23.62
	5.64
	5.96
	5.29
	2.41
	1.20

	C: HK
	0
	15.11
	1.02
	0.00
	0.00
	0.00
	1.40
	0.00
	0.00
	0.00
	0.00

	C: HK
	5
	6.91
	2.65
	0.10
	0.22
	4.65
	2.66
	0.00
	0.00
	0.00
	0.00

	C: HK
	17
	3.13
	2.25
	0.92
	1.84
	12.77
	7.13
	0.00
	0.00
	0.22
	0.33

	C: HK
	24
	2.95
	2.09
	1.43
	2.16
	15.65
	8.80
	0.51
	0.75
	0.20
	0.31

	C: HK
	48
	2.17
	2.67
	1.67
	3.34
	23.49
	14.77
	4.17
	5.80
	0.85
	0.73

	D: PFK
	0
	15.22
	0.84
	1.01
	1.64
	0.00
	1.63
	0.00
	0.00
	0.00
	0.00

	D: PFK
	5
	11.51
	1.97
	1.35
	1.66
	4.35
	2.12
	0.00
	0.00
	0.00
	0.00

	D: PFK
	17
	5.88
	1.22
	1.66
	1.87
	10.82
	3.28
	0.56
	0.98
	0.29
	0.25

	D: PFK
	24
	4.35
	3.72
	2.10
	1.91
	12.88
	7.29
	1.99
	3.99
	0.46
	0.37

	D: PFK
	48
	1.43
	1.28
	0.23
	0.39
	21.25
	0.86
	4.56
	3.96
	1.65
	0.69

	E: PYK
	0
	13.98
	2.98
	0.74
	1.32
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	E: PYK
	5
	7.13
	2.21
	0.00
	0.00
	7.55
	2.99
	0.00
	0.00
	0.00
	0.00

	E: PYK
	17
	3.60
	1.53
	0.14
	0.25
	19.43
	6.70
	0.34
	0.69
	0.22
	0.25

	E: PYK
	24
	3.40
	4.20
	0.73
	1.76
	26.06
	9.04
	1.00
	1.78
	0.64
	0.78

	E: PYK
	48
	1.56
	1.01
	0.00
	0.00
	36.25
	8.48
	2.91
	2.74
	1.36
	1.06

	F: LDH
	0
	12.45
	3.32
	0.93
	1.65
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	F: LDH
	5
	5.71
	2.41
	0.00
	0.00
	2.42
	1.84
	0.00
	0.00
	2.17
	0.94

	F: LDH
	17
	1.80
	2.18
	0.00
	0.00
	20.78
	13.65
	3.74
	5.28
	3.08
	3.42

	F: LDH
	24
	2.86
	3.16
	1.16
	2.32
	16.71
	11.96
	2.06
	4.12
	2.13
	2.44

	F: LDH
	48
	0.85
	1.21
	0.86
	1.73
	25.72
	9.39
	5.02
	4.86
	4.34
	2.55

	G: PDC
	0
	15.34
	1.64
	0.81
	1.49
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	G: PDC
	5
	7.01
	2.10
	0.94
	1.44
	3.01
	2.18
	0.64
	1.01
	0.29
	0.65

	G: PDC
	17
	5.21
	1.69
	3.60
	1.66
	4.40
	0.99
	1.88
	2.01
	0.00
	0.00

	G: PDC
	24
	4.34
	2.46
	4.11
	2.65
	4.42
	0.64
	4.76
	5.45
	1.11
	1.80

	G: PDC
	48
	1.80
	1.46
	2.87
	2.43
	17.74
	7.63
	9.76
	3.76
	2.46
	2.11

	H: ADH
	0
	15.17
	0.78
	0.70
	1.25
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	H: ADH
	5
	1.99
	3.54
	0.97
	1.35
	9.98
	4.03
	1.29
	1.13
	0.39
	1.02

	H: ADH
	17
	0.17
	0.39
	0.00
	0.00
	23.01
	5.31
	1.30
	1.25
	0.80
	0.65

	H: ADH
	24
	0.06
	0.15
	0.00
	0.00
	23.22
	5.94
	1.93
	1.16
	1.70
	1.48

	H: ADH
	48
	0.04
	0.09
	0.00
	0.00
	31.03
	2.40
	2.02
	1.51
	2.18
	1.46

	I: PYK + ADH
	0
	14.21
	0.69
	0.26
	0.22
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	I: PYK + ADH
	5
	3.34
	4.53
	0.42
	0.45
	11.78
	4.78
	0.94
	1.13
	0.63
	1.41

	I: PYK + ADH
	17
	1.39
	1.61
	0.00
	0.00
	17.74
	10.88
	0.00
	0.00
	0.54
	0.67

	I: PYK + ADH
	24
	0.18
	0.41
	0.00
	0.00
	27.49
	11.83
	1.91
	3.06
	2.55
	2.20

	I: PYK + ADH
	48
	0.00
	0.00
	0.00
	0.00
	33.82
	4.94
	3.47
	3.26
	4.34
	3.75

	J: HK + PYK + ADH
	0
	13.06
	3.79
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	J: HK + PYK + ADH
	5
	2.99
	4.14
	1.20
	1.66
	6.37
	3.04
	0.62
	1.24
	0.00
	0.00

	J: HK + PYK + ADH
	17
	1.01
	1.75
	0.35
	0.61
	16.21
	8.94
	0.55
	0.95
	0.30
	0.52

	J: HK + PYK + ADH
	24
	0.00
	0.00
	0.00
	0.00
	24.55
	9.05
	2.70
	5.41
	2.11
	1.34

	J: HK + PYK + ADH
	48
	0.00
	0.00
	0.00
	0.00
	32.22
	3.48
	3.34
	4.55
	3.19
	2.24

	K: PDC + ADH
	0
	16.85
	1.35
	0.16
	0.28
	0.00
	0.00
	0.41
	0.71
	0.00
	0.00

	K: PDC + ADH
	5
	1.61
	1.83
	1.41
	0.67
	6.64
	2.26
	3.01
	0.81
	0.17
	0.30

	K: PDC + ADH
	17
	0.00
	0.00
	0.63
	0.89
	11.80
	2.18
	4.58
	3.25
	1.30
	1.83

	K: PDC + ADH
	24
	1.06
	1.84
	0.40
	0.39
	15.13
	0.86
	5.95
	2.32
	2.79
	2.56

	K: PDC + ADH
	48
	0.00
	0.00
	0.00
	0.00
	19.78
	3.47
	8.39
	2.73
	3.29
	2.91
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