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Supplementary Tables
Table S1. Primers used in this study
	Name
	Sequence (5’ – 3’)*,†

	Primers used for genome engineering

	Ch-pykA-F
	CGCTGAAGGAATCGCGTTTTGA

	Ch-pykA-B
	AAAAAGCCTCTCGCGAGGAGA

	Ch-pykF-F
	CAGCGTATAATGCGCGCCAA

	Ch-pykF-B
	GAGAAAACAGGATGCTTCCATCGGA

	Ch-ptsG-F
	CGGTACCGCATCGAGGAAAA

	Ch-ptsG-B
	CACCGTGACACCGTATGGCA

	Ch-edd-F
	CTGCCAACACCAACCAGATG

	Ch-edd-B
	CCGGTGGTCAGGATTGATTC

	Ch-aceA-F
	TGGAACAGATCACCACTTCC

	Ch-aceA-B
	AGGCATGATAAGACGCGCAA

	Ch-icd-F
	TCTAAAGCATCCGTATCGCAGGA

	Ch-icd-B
	CAGTCAAGAGTGTCCTCCAGGA

	Ch-Picd-F
	TTTAATGTTTTGCGTCCGGC

	Ch-Picd-B
	GCTGGGGTTACATCTACACC

	Rec-pykA-F
	CTGTCACTGTCCTAATCTTATACGACATCCGAATGAGATTAATTTATCGCCCGCATGACCGCGCGATGC

	Rec-pykA-B
	TTCGCCTGATGATAAGTTCAAGTTTGCTTCAGAATATTCGAAATCTGTTGCGCGACGACAGGCACATGCG

	Rec-pykF-F
	TTTCCGGCAGTGCGCCCAGAAAGCAAGTTTCTCCCATCCTTCTCAACTTAGCATGACCGGCGCGATGC

	Rec-pykF-B
	ATGCGCAGTTTACGGTTGTCATTGTTGAACTCGAGACGGCTGTTCATCACGCTCAGCGGATCTCATGCGC

	Rec-ptsG-F
	CACGCGTGAGAACGTAAAAAAAGCACCCATACTCAGGAGCACTCTCAATTCTAGTGCTGGAGCGAACTGC

	Rec-ptsG-B
	TGCGGCAGCTGGCAGACCGTACATTTTGAACAGGAAGCCACCAGACAGTTGGAGTACTCGCGGTTGACTG

	Rec-edd-F
	TGCAGTTGCCAGGCTCTTCTTTTGTTCATCCGGATTCTCCGCTGCGCGATCTAGTGCTGGAGCGAACTGC

	Rec-edd-B
	TAAAAAGTGATACAGGTTGCGCCCTGTTCGGCACCGGACAGTTTTTCACGGGAGTACTCGCGGTTGACTG

	Rec-aceA-F
	CATACAGCGCGGAAGATGTGGTGAAATTACGCGGTTCAGTCAATCCTGAACTAGTGCTGGAGCGAACTGC

	Rec-aceA-B
	CGACGCGCCAGTTCCAGATCCGGCGTGGAGGTTTCACACCAGACCAGGTCGGAGTACTCGCGGTTGACTG

	Rec-icd-F
	AGATCACCCTGCAAAACGGCAAACTCAACGTTCCTGAAAATCCGATTATCCTAGTGCTGGAGCGAACTGC

	Rec-icd-B
	ATGATCGCATCACCAAATTCTGAACATTTCAGCAGTTTAGCGCCTTCCATGGAGTACTCGCGGTTGACTG

	Rec-Picd-F
	CTAAAAGAAGTTTTTTGCATGGTATTTTCAGAGATTATGAATTGCCGCATCTAGTGCTGGAGCGAACTGC

	Rec-Picd-B
	TGCAGGGTGATCTTCTTGCCTTGTGCCGGAACAACTACTTTACTTTCCATGCGTGATGCTCCTTTACCTTAACGATACGG

	Rec-PJ23108-B
	ACCTTAACGATACGGTACGTTTCGTATCATGCTAGCACTGTACCTAGGACTGAGCTAGCCGTCAAGGAGTACTCGCGGTTGACTG

	Rec-PJ23108-F
	CAGTCAACCGCGAGTACTCCCTGACAGCTAGCTCAGTCCTAGGTATAATGCTAGCATGATACGAAACGTACCGTATCG

	Primers used for vector construction

	Clo-pCDF-F
	GGGTCTTGAGGGGTTTTTTGCTGAAACCTCAGGCATTTGAG

	Clo-pCDF-B
	AGGACTGAGCTAGCCGTCAAAACCTTTCGCGGTATGGCAT

	Clo-gltA-F
	TTGACGGCTAGCTCAGTCCTAGGTACAGTGCTAGCCAATTTATTAAAAGGAGCATCACACATGGCTGATACAAAAGCAAAACTCACC

	Clo-gltA-B
	CTAATGCAGGAGTCGCATAAGGGAGAGCGTCAAAAAAAACCCCGCCCTGTCAGGGGCGGGGTTTTTTTTTTTAACGCTTGATATCGCTTTTAAAG

	Clo-ppc-F
	TTATGCGACTCCTGCATTAGTTGACGGCTAGCTCAGTCCTAGGTACAGTGCTAGCGGCTACGTAATAAGGAGTCTCCTAAATGAACGAACAATATTCCGCATTG

	Clo-ppc-B
	CAAAAAACCCCTCAAGACCCGTTTAGAGGCCCCAAGGGGTTATGCTAGTTATTGCTCAGCGGTTAGCCGGTATTACGCATACC

	Clo-pCAD-F
	GCCCTACCGCATCGACACGTATGCGTCCGGCGTAGAG

	Clo-pCAD-B
	TCCGGCCAGGCCGCCCGCTTGACACCATCGAATGGCGC

	Clo-PhlF-F
	AAGCGGGCGGCCTGGCCGGATTTACGGCTAGCTCAGTCCTAG

	Clo-PhlF-B
	ACGTGTCGATGCGGTAGGGCATAAAACGAAAGGCCCAGTCTTTC


*Sequences in bold indicate homologous sequence utilized for recombination 
†Underlined letters in sequence indicate promoter sequence 
[bookmark: _ocy2hg3odp4p]

Table S2. Plasmids used for this study
	Name
	Descriptiona
	Source

	pKD46
	Red recombinase expression vector, AmpR
	             [1]

	pCP20
	FLP expression vector, AmpR, CmR
	             [1]

	pMD20
	pMD1 ori, AmpR, E. coli cloning vector
	Takara

	pM_FKF
	PCR template for FRT-KmR-FRT, pMB1 ori, AmpR, KmR
	             [1]

	pM_FKF_J23108
	PCR template for FRT-KmR-FRT-PBBa_J23108-phlO, pMB1 ori, AmpR, KmR
	This study

	pCDFduet-1
	CloDF13, SmR, E. coli expression vector
	Novagen

	pCDF_PPC_GLTA
	CloDF13, SmR, PBBa_J23100-synUTRppc-ppc-PBBa_J23100-synUTRgltA-gltA
	This study

	pACYC_ACKA_PTA
	p15A ori, CmR, PBBa_J23100-synUTRackA-ackA-PBBa_J23100-synUTRpta-pta
	             [2]

	pCAD
	F1 ori, AmpR, Ptac-lacO-cad
	             [3]

	pCADP1
	F1 ori, AmpR, Ptac-lacO-cad- PBBa_J23106-synUTRphlF_variant1-phlF
	This study

	pCADP2
	F1 ori, AmpR, Ptac-lacO-cad- PBBa_J23106- synUTRphlF_variant2-phlF
	This study

	pCADP3
	F1 ori, AmpR, Ptac-lacO-cad- PBBa_J23106- synUTRphlF_variant3-phlF
	This study

	pCADP4
	F1 ori, AmpR, Ptac-lacO-cad- PBBa_J23106- synUTRphlF_variant4-phlF
	This study

	pCADP5
	F1 ori, AmpR, Ptac-lacO-cad- PBBa_J23106- synUTRphlF_variant5-phlF
	This study


aAbbreviations: Amp, ampicillin; Cm, chloramphenicol; Km, kanamycin; Sm, streptomycin; R, resistance.
[bookmark: _tkhuy7s94hec]
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Table S3. Bacterial strains used for this study
	Strains
	Descriptiona
	Source

	E. coli Mach1-T1R
	Cloning host
	Invitrogen

	E. coli W
	Acid-tolerant E. coli train, source for ackA, pta, ppc, and gltA
	ATCC 9637

	WPPEA
	W ΔpykA ΔpykF ΔptsG Δedd ΔaceA
	This study

	WPPEAI
	WPPEA Δicd
	This study

	WPPEA108i
	WPPEA (Picd::PBBa_J23108-phlO-icd)
	This study

	WPA
	W / pPCDF_PPC_GLTA / pACYC_ACKA_PTA
	This study

	HCF0
	WPPEA / pPCDF_PPC_GLTA / pACYC_ACKA_PTA
	This study

	HCF1
	WPPEAI / pPCDF_PPC_GLTA / pACYC_ACKA_PTA
	This study

	HCF2
	WPPEA108i / pPCDF_PPC_GLTA / pACYC_ACKA_PTA
	This study

	WCAD
	W / pCAD
	     [3]

	WPACAD
	W / pPCDF_PPC_GLTA / pACYC_ACKA_PTA / pCAD
	This study

	HCF0CAD
	HCF0 / pCAD
	This study

	HCF1CAD
	HCF1 / pCAD
	This study

	HCF2CAD
	HCF2 / pCAD
	This study

	HCF2CAD1
	HCF2 / pCADP1
	This study

	HCF2CAD2
	HCF2 / pCADP2
	This study

	HCF2CAD3
	HCF2 / pCADP3
	This study

	HCF2CAD4
	HCF2 / pCADP4
	This study

	HCF2CAD5
	HCF2 / pCADP5
	This study






Table S4. 5’ UTR sequences used for icd gene downregulation and phlF gene expression 
	No.
	5’ UTR sequence (5’ – 3’)*
	Relative expression level

	synUTRicd
	ATGATACGAAACGTACCGTATCGTTAAGGTAAAGGAGCATCACGC
	-

	synUTRphlF_variant1
	CGTCCCTTACAAAGGGGCATCGGAT
	1.00

	synUTRphlF_variant2
	CGTCCCTTACAAAGGGGGATCGGCT
	3.62

	synUTRphlF_variant3
	GGGGCGGTGAAAAGGAGCATCAAGC
	4.53

	synUTRphlF_variant4
	TTGGCTTTGCAAAGGAGCATCTGCA
	5.06

	synUTRphlF_variant5
	AAGTTCGAGGAAAGGAGCATCGCAG
	6.16


*Sequences in bold indicate operator sequence for PhlF















[bookmark: _Hlk196748662]Table S5. Standard information for metabolite quantification 
	Chemicals
	Vendor
	Catalog number
	Purity ( > %)
	Concentration of standard (g/L)
	Retention time (min.)
	R2

	Glucose
	Samchun Chemical Co. Ltd
	D0094
	> 98%
	0.1 - 10
	8.47
	0.99

	Acetate
	Daejung chemicals & metals
	1005-4400
	> 99.5%
	0.1 - 10
	13.85
	0.99

	Ethanol
	Samchun Chemical Co. Ltd
	E0243
	> 99.9%
	0.1 – 1.0
	21.07
	0.99

	Succinate
	Sigma Aldrich
	398055
	> 99.0%
	0.1 – 5.0
	10.69
	0.99

	Citrate
	Sigma Aldrich
	251275
	> 99.5%
	0.1 – 2.0
	7.42
	0.99

	Formate
	Sigma Aldrich
	33015
	> 98%
	0.1– 1.0
	12.73
	0.99

	Lactate
	Sigma Aldrich
	71720
	> 99.0%
	0.1 – 2.0
	11.68
	0.99

	Itaconate
	Samchun Chemical Co. Ltd
	0000I0391
	> 99.0%
	0.1 – 5.0
	11.19
	0.99





Table S6. List of enzymatic reactions described in figure S1
	Reaction
	Gene
	Enzyme
	Enzymatic reaction

	PDH
	aceEF, lpd
	Pyruvate dehydrogenase
	Pyruvate + Coenzyme A + NAD+ → acetyl-CoA + CO2 + NADH

	ICDHyr
	icd
	Isocitrate dehydrogenase (NADP)
	Isocitrate + NADP+ → 2-oxoglutarate + CO2 + NADPH

	AKGDH
	sucAB, lpd
	2-Oxogluterate dehydrogenase
	2-oxoglutarate + Coenzyme A + NAD+ → succinyl-CoA + CO2 + NADH

	GND
	gnd
	Phosphogluconate dehydrogenase
	D-gluconate 6-phosphate + NADP+ → D-ribulose 5-phosphate + CO2 + NADPH

	ACLS
	ilvIHBN
	Acetolactate synthase
	2 pyruvate + H+ → (S)-2-acetolactate + CO2

	OMCDC
	-
	Decarboxylation of 3-Carboxy-4-methyl-2-oxopentanoate
	3-Carboxy-4-methyl-2-oxopentanoate + H+ → 4-methyl-2-oxopentanoate + CO2

	DAPDC
	lysA
	Diaminopimelate decarboxylase
	Meso-diaminopimelate + H+ → L-lysine + CO2

	OMPDC
	pyrF
	Orotidine-5'-phosphate decarboxylase
	Orotidine 5'-phosphate + H+ → CO2 + UMP

	ACHBS
	ilvIHBN
	Acetohydroxybutanoate synthase
	Pyruvate + 2-oxobutanoate + H+ → (S)-2-aceto-2-hydroxybutanoate + CO2

	PPNDH
	pheA
	Prephenate dehyratase
	Prephenate + H+ → 3-phenyl-2-oxopropanoate + CO2 + H2O

	PPND
	tyrA
	Prephenate dehydrogenase
	Prephenate + NAD+ → 3-(4-hydroxyphenyl)pyruvate + CO2 + NADH

	POR5
	pfo
	Pyruvate-flavodoxin oxidoreductase
	Pyruvate + Coenzyme A + Oxidized flavodoxin + H+ → Acetyl-CoA + CO2 + Reduced flavodoxin

	3OAS140
	fabBF
	Beta-ketoacyl-ACP synthase
	Long-chain fatty acyl-[acyl-carrier protein(ACP)] + Malonyl-[ACP] + H+ → Long-chain 3-oxoacyl-[ACP] + CO2 + ACP

	PSD161
	psd
	Phosphatidylserine decarboxylase
	Phosphatidyl-L-serine → Phosphatidylethanolamine + CO2

	PSD160
	psd
	Phosphatidylserine decarboxylase
	Phosphatidyl-L-serine → Phosphatidylethanolamine + CO2
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Table S7. Summary of consumed substrates and produced metabolites
	[bookmark: _Hlk191589582]C mM
	Strain

	
	W
	WPA
	HCF0
	WCAD
	WPACAD
	HCF0CAD
	HCF2CAD
	HCF2CAD1
	HCF2CAD2
	HCF2CAD3
	HCF2CAD4
	HCF2CAD5

	Consumed
substrates
	Glucose
	308.2 ± 1.8
	309.1 ± 1.9
	298.5 ± 8.7
	304.6 ± 0.5
	304.5 ± 0.4
	291.1 ± 0.7
	294.2 ± 4.7
	93.5 ± 13.3 
	177.0 ± 11.7
	95.2 ± 2.3
	96.0 ± 2.9
	73.6 ± 4.9

	
	Acetate
	-
	-
	107.2 ± 7.5
	-
	-
	45.0 ± 9.4
	24.9 ± 47.6
	38.6 ± 9.7
	73.0 ± 10.7
	-
	-
	-

	Produced metabolites
	Carbon loss
	200.5 ± 106.6
	228.7 ± 123.1
	129.6 ± 15.7
	186.8 ± 41.8
	134.9 ± 34.5
	149.0 ± 16.5
	99.1 ± 69.3
	22.2 ± 35.4
	7.0 ± 1.8
	4.6 ± 5.3
	17.0 ± 2.8
	3.5 ± 5.2

	
	Biomass
	45.7 ± 9.0
	46.4 ± 10.4
	63.6 ± 2.1
	32.8 ± 1.3
	39.0 ± 4.7
	44.9 ± 1.6
	37.6 ± 9.3
	23.1 ± 1.8
	32.5 ± 1.0
	16.8 ± 1.4
	15.1 ± 1.4
	14.4 ± 0.2

	
	Acetate
	48.5 ± 49.5
	16.9 ± 67.0
	-
	87.5 ± 22.3
	68.2 ± 23.8
	-
	7.5 ± 12.9
	-
	-
	7.4 ± 1.8
	3.8 ± 1.6
	1.0 ± 1.6

	
	Ethanol
	13.1 ± 1.3
	10.9 ± 7.4
	15.4 ± 0.5
	4.9 ± 4.8
	16.0 ± 1.7
	64.4 ± 2.8
	65.8 ± 3.6
	15.7 ± 2.3
	16.1 ± 5.0
	20.7 ± 0.5
	22.6 ± 0.5
	22.3 ± 0.3

	
	Succinate
	24.3 ± 31.9
	35.6 ± 36.0
	238.6 ± 2.1
	17.1 ± 21.7
	61.3 ± 3.5
	39.3 ± 13.5
	71.3 ± 34.4
	0.7 ± 0.5
	0.8 ± 0.3
	0.3 ± 0.3
	0.4 ± 0.2
	0.4 ± 0.1

	
	Citrate
	0.0 ± 0.0
	0.0 ± 0.0
	4.2 ± 0.2
	0.0 ± 0.0
	0.0 ± 0.0
	1.2 ± 0.0
	1.1 ± 0.4
	9.4 ± 0.6
	6.5 ± 0.1
	6.7 ± 1.2
	6.7 ± 1.3
	5.5 ± 0.1

	
	Formate
	0.9 ± 1.5
	1.7 ± 2.9
	0.0 ± 0.0
	0.0 ± 0.0
	4.7 ± 8.1
	16.1 ± 2.2
	17.2 ± 1.4
	6.1 ± 0.9
	7.4 ± 1.1
	4.3 ± 0.1
	4.0 ± 0.4
	4.0 ± 0.2

	
	Lactate
	21.0 ± 36.4
	14.7 ± 25.5
	0.0 ± 0.0
	1.5 ± 2.7
	14.5 ± 14.7
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0

	
	Itaconate
	-
	-
	-
	19.7 ± 6.4
	11.6 ± 6.3
	66.8 ± 5.4
	72.6 ± 10.3
	100.7 ± 13.0
	225.4 ± 19.3
	79.9 ± 1.2
	72.2 ± 0.3
	68.0 ± 0.9

	Carbon yield
(C mol / C mol)
	-
	-
	-
	0.06 ± 0.02
	0.04 ± 0.02
	0.20 ± 0.01
	0.20 ± 0.05
	0.60 ± 0.15
	0.81 ± 0.01
	0.57 ± 0.01
	0.51 ± 0.01
	0.57 ± 0.02



Table S8. Comparison of itaconate titers and yields with previous studies
	Host
	Carbon sources
	Supplements
	Strategy
	Titer (g/L)
	Yield (C mol/ C mol) 
	Fermentation type
	Reference

	E. coli
	9.1 g/L glucose
	-
	Overexpression of codon-optimized cad
	0.69 
(72 h)
	0.09
	Batch
	[4]

	E. coli
	20 g/L glucose
	1 g/L yeast extract
	Deletion of icd / overexpression of cad, gltA, ppc, and acnB
	4.16 
(73 h)
	0.24
	Batch
	[5]

	E. coli
	30 g/L glucose
	10 g/L tryptone, 5 g/L yeast extract
	Deletion of icd / overexpression of cad and acnB
	4.34 
(105 h)
	0.17
	Batch
	[6]

	E. coli
	10 g/L glycerol
	0.85 g/L citrate
	Overexpression of codon-optimized cad / cultivation under nitrogen-limited condition
	0.99
 (> 72 h)
	0.12
	Batch
	[7]

	E. coli
	4 g/L glucose
	1.5 g/L glutamate
	Deletion of aceA, sucCD, pykA, pykF, and pta / down-regulation of icd / overexpression of codon-optimized cad 
	2.27 
(49 h)
	0.65
	Batch
	[8]

	E. coli
	70 g/L glycerol
	90 g/L yeast extract
	Deletion of icd / overexpression of acnB, gltA, pyc, and codon-optimized cad
	43 
(32 h)
	0.72
	Fed-batch
	[9]

	Corynebacterium glutamicum
	40 g/L glucose
	-
	Overexpression of codon-optimized cad fused with malE / mutated icd / cultivation under nitrogen-limited condition
	7.8 
(72 h)
	0.23
	Batch
	[10]

	Ustilago maydis
	250 g/L glucose
	66 g/L CaCO3
	Deletion of fuz7 / Overexpression of ria1 and mttA
	75.7
(312 h)
	0.76
	Fed-batch
	[11]

	Ustilago cynodontis
	238.8 g/L glucose, 9.35 g/L formate
	1 g/L yeast extract
	Deletion of fuz7 and cyp3 / Overexpression of ria1 and mttA
	138.2
(864 h)
	0.63
	batch
	[12]

	Ustilago maydis
	~740 g/L glucose
	1 g/L yeast extract
	Deletion of fuz7 and cyp3 / Overexpression of ria1 and mttA
	220
(480 h)
	0.46
	Fed-batch
	[13]

	E. coli
	~113 g/L glucose
	~19.6 g/L (NH4)2SO4
	Deletion of aceA, pta, pykF, pykA / Dynamic regulation of icd
	46.9
(120 h)
	0.58
	Fed-batch
	[14]

	E. coli
	9 g/L glucose, 
6 g/L acetate
	2 g/L yeast extract
	Heterotrophic CO2 fixation with minimizing the carbon loss, a synthetic metabolic valve to control icd gene expression level 
	6.27 
(96 h)
	0.81
	Batch
	This study
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Fig. S1  Metabolic flux calculated by genome-scale modeling. Predicted metabolic fluxes of the top 15 CO2-involved reactions in iML1515 [15].
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Fig. S2 The itaconate titer, itaconate yield and consumed amount of substrates of the HCF1CAD strain. (A) The bar graph depicts the itaconate tier, itaconate yield and (B) consumed amount of glucose and acetate in the HCF1CAD strain at 96h, respectively. The error bars represent the standard deviations from three biological triplicates (n=3).
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Fig. S3 Fermentation profiles of strains with controlling icd gene expression by transcription factor PhlF (HCF2CAD and HCF2CAD1-5). The culture profiles of these strains for 96 h. The left and right y-axis indicate the OD600 of strains and concentration of each chemical, respectively. The standard deviations were represented by error bars with biological triplicates (n=3) across biological experiments and the mean value was indicated with their midpoint.
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Fig S4. Comparison of the carbon fixation during the itaconate production between WCAD and HCF2CAD2 strains. (A) the total amount of itaconate of two strains depending on m/z value of itaconate. (B) the amount of itaconate labeled by 13C carbon molecules. (C) This ratio indicates the ratio of 13C carbon molecules integrated into itaconate. The WCAD strain fixed only 4.3% of 13C bicarbonate added to the medium. However, the HCF2CAD2 strain showed about nine-folds higher ratio (39%) than that of WCAD. The standard deviations were represented by error bars with triplicate trials (n=3) across biological experiments and the mean value was indicated with their midpoint.
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Fig. S5 (A) Expression changes of the engineered target genes when the WCAD and HCF2CAD2 strains were compared. The y-axis indicates Log10 Transcripts Per Million (TPM) +1. (B) COG analysis for the differentially expressed genes exhibiting the top 10% fold changes. The y-axis indicates gene numbers.
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Expression changes of the engineered target genes

il

5 -
W wcAD
B HCF2CAD2
44
T4
=
o
[
g?z_ ll
S
| I
0 Li

pykA pykF ptsG edd aceA

ppc gltA ackA pta icd

Knock-out

Overexpression Optimization

Cluster of Orthologous Groups (COG) analysis

60

Gene number

n w £ (5]
8 8 & 8
! . | |

o
L

04

CSsSJFKPEMGOHLNVYUI QDT

C] Energy production and conversion

] Function unknown

[J] Translation, ribosomal structure and biogenesis
F] Nucleotide transport and metabolism

K] Transcription

P] Inorganic ion transport and metabolism

E] Amino acid transport and metabolism

M] Cell wall/membrane/envelope biogenesis

G] Carbohydrate transport and metabolism

[H] Coenzyme transport and metabolism

[L] Replication, recombination and repair

N] Cell motility

[V] Defense mechanisms.

[U] Intracellular trafficking, secretion, and vesicular transport

[1] Lipid transport and metabolism

[Q] Secondary metabolites biosynthesis, transport and catabolism
[D] Cell cycle control, cel division, chromosome partitioning

[T] Signal transduction mechanisms

0] Posttranslational modification, protein tumover, chaperones.




