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Supplementary Fig. 1. Comparison of culture profiles of CgCS+CitS and KpCS+CitS strains of K. pasteurii in ϕ25 test tubes and ϕ90 plates.
(a) Nitrogenase activity. (b) Extracellular L-Glu production. 
K. pasteurii strain (CgCS+CitS strain, black lines) overproducing CgCS and citrate transporter CitS or K. pasteurii strain (KpCS+CitS strain, red lines) overproducing KpCS and CitS was cultured statically under air in ϕ25 test tubes containing 5 mL of KDC medium (solid lines) or ϕ90 plates containing 25 mL of KDC medium (dotted lines). The height of the medium was set to 0.6 cm from the bottom of the vessel in both conditions. Nitrogenase activity and extracellular L-Glu production were measured at each time point using independent triple biological replicates. Data are shown as the mean of three biological replicates with standard deviation.
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Supplementary Fig. 2. Extracellular L-glutamate production using KpCS variants modified at both of His227 and Val362.
Extracellular L-Glu production of KpCS* strains with the double replacements at His227 and Val362 at day 4 (a) and KpCS*+CitS strains with the same double replacements at His227 and Val362 at day 6 (b). These strains were cultured in KDC medium was measured using independent triple biological replicates. Data are shown as the mean of three biological replicates with standard deviation.
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Supplementary Fig. 3. SDS-PAGE for purified KpCS. 
The production of the wild-type KpCS and KpCS variants (47.9 kDa) was confirmed.
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Supplementary Fig. 4. Fitting the Michaelis-Menten equation. 
 Increase in absorbance at 412 nm in 1 min. of each purified KpCSs was measured and plotted (a, b, c, d). For analysis of the apparent Km and kcat values of wild-type KpCS, KpCS*(H227Q), KpCS*(H227L), and KpCS*(V362L) for acetyl-CoA, OAA was constant at 300, 2000, 500, 1000 µM, respectively (a, c). For analysis of the apparent Km and kcat values of wild-type KpCS, KpCS*(H227Q), KpCS*(H227L), and KpCS*(V362L) for OAA, acetyl-CoA was constant at 300, 2000, 1000, 1000 µM, respectively (b, d). Fitting the Michaelis-Menten equation was conducted by the methods of Huitema and Horsman (2018) using the statistical program R.
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Supplementary Fig. 5. Determining IC50 of 2-OG.
 Increase in absorbance at 412 nm in 1 min. of each purified KpCSs was measured and plotted (a~d). OAA and acetyl-CoA were constant at 300 µM and various concentration of 2-OG was added to the reaction culture. Calculation of IC50 of 2-OG was conducted by the methods of Huitema and Horsman (2018) using the statistical program R.


Supplementary Table 1. Plasmids used in this study.
	Name
	Description
	Primers (Template)

	pKCT 
	Expression of CitS gene under the trc promoter, pCDF ori, SpcR
	Yoshidome et al. 2024
	-

	pCCS 
	Expression of CgCS gene under the trc promoter, pSC101 ori, TetR 
	Yoshidome et al. 2024
	-

	pKCS 
	Expression of wild-type KpCS gene under the trc promoter, pSC101 ori, TetR 
	Yoshidome et al. 2024
	-

	pKCS(H227K)
	Expression of KpCS(H227K) gene under the trc promoter, pSC101 ori, TetR
	this study
	1-2 (pKCS)

	pKCS(H227R)
	Expression of KpCS(H227R) gene under the trc promoter, pSC101 ori, TetR
	this study
	3-4 (pKCS)

	pKCS(H227E)
	Expression of KpCS(H227E) gene under the trc promoter, pSC101 ori, TetR
	this study
	5-6 (pKCS)

	pKCS(H227D)
	Expression of KpCS(H227D) gene under the trc promoter, pSC101 ori, TetR
	this study
	7-8 (pKCS)

	pKCS(H227Q)
	Expression of KpCS(H227Q) gene under the trc promoter, pSC101 ori, TetR
	this study
	9-10 (pKCS)

	pKCS(H227N)
	Expression of KpCS(H227N) gene under the trc promoter, pSC101 ori, TetR
	this study
	11-12 (pKCS)

	pKCS(H227L)
	Expression of KpCS(H227L) gene under the trc promoter, pSC101 ori, TetR
	this study
	13-14 (pKCS)

	pKCS(H227W)
	Expression of KpCS(H227W) gene under the trc promoter, pSC101 ori, TetR
	this study
	15-16 (pKCS)

	pKCS(V362K)
	Expression of KpCS(V362K) gene under the trc promoter, pSC101 ori, TetR
	this study
	17-18 (pKCS)

	pKCS(V362R)
	Expression of KpCS(V362R) gene under the trc promoter, pSC101 ori, TetR
	this study
	19-20 (pKCS)

	pKCS(V362E)
	Expression of KpCS(V362E) gene under the trc promoter, pSC101 ori, TetR
	this study
	21-22 (pKCS)

	pKCS(V362D)
	Expression of KpCS(V362D) gene under the trc promoter, pSC101 ori, TetR
	this study
	23-24 (pKCS)

	pKCS(V362Q)
	Expression of KpCS(V362Q) gene under the trc promoter, pSC101 ori, TetR
	this study
	25-26 (pKCS)

	pKCS(V362N)
	Expression of KpCS(V362N) gene under the trc promoter, pSC101 ori, TetR
	this study
	27-28 (pKCS)

	pKCS(V362L)
	Expression of KpCS(V362L) gene under the trc promoter, pSC101 ori, TetR
	this study
	29-30 (pKCS)

	pKCS(V362W)
	Expression of KpCS(V362W) gene under the trc promoter, pSC101 ori, TetR
	this study
	31-32 (pKCS)

	pKCS(H227Q-Cstrep)
	Expression of KpCS(H227Q-Cstrep) gene under the trc promoter, pSC101 ori, TetR
	this study
	33-34 (pKCS(H227Q))

	pKCS(H227L-Cstrep)
	Expression of KpCS(H227L-Cstrep) gene under the trc promoter, pSC101 ori, TetR
	this study
	33-34 (pKCS(H227L))

	pKCS(V362L-Cstrep)
	Expression of KpCS(V362L-Cstrep) gene under the trc promoter, pSC101 ori, TetR
	this study
	33-34 (pKCS(V362L))





Supplementary Table 2. Oligonucleotide primers used in this study.
	No.
	Name
	Sequence (5’ to 3’)

	1
	KpCS(H227K)-F
	ATCCTGAAAGCCGACCACGAACAAAACG

	2
	KpCS(H227K)-R
	GTCGGCTTTCAGGATCAGGATACGGTC

	3
	KpCS(H227R)-F
	ATCCTGCGCGCCGACCACGAACAAAACG

	4
	KpCS(H227R)-R
	GTCGGCGCGCAGGATCAGGATACGGTC

	5
	KpCS(H227E)-F
	ATCCTGGAAGCCGACCACGAACAAAACG

	6
	KpCS(H227E)-R
	GTCGGCTTCCAGGATCAGGATACGGTC

	7
	KpCS(H227D)-F
	ATCCTGGATGCCGACCACGAACAAAACG

	8
	KpCS(H227D)-R
	GTCGGCATCCAGGATCAGGATACGGTC

	9
	KpCS(H227Q)-F
	TCCTGCAAGCCGACCACGAACAAAACGCTTCGACC

	10
	KpCS(H227Q)-R
	GGTCGGCTTGCAGGATCAGGATACGGTCCATCG

	11
	KpCS(H227N)-F
	ATCCTGAACGCCGACCACGAACAAAACG

	12
	KpCS(H227N)-R
	GTCGGCGTTCAGGATCAGGATACGGTC

	13
	KpCS(H227L)-F
	ATCCTGCTGGCCGACCACGAACAAAACG

	14
	KpCS(H227L)-R
	GTCGGCCAGCAGGATCAGGATACGGTC

	15
	KpCS(H227W)-F
	ATCCTGTGGGCCGACCACGAACAAAACG

	16
	KpCS(H227W)-R
	GTCGGCCCACAGGATCAGGATACGGTC

	17
	KpCS(V362K)-F
	CCTAACAAAGATTTCTACTCCGGTATC

	18
	KpCS(V362K)-R
	GAAATCTTTGTTAGGGTAAAGTTTCTTC

	19
	KpCS(V362R)-F
	CCTAACCGCGATTTCTACTCCGGTATC

	20
	KpCS(V362R)-R
	GAAATCGCGGTTAGGGTAAAGTTTCTTC

	21
	KpCS(V362E)-F
	CCTAACGAAGATTTCTACTCCGGTATC

	22
	KpCS(V362E)-R
	GAAATCTTCGTTAGGGTAAAGTTTCTTC

	23
	KpCS(V362D)-F
	CCTAACGATGATTTCTACTCCGGTATC

	24
	KpCS(V362D)-R
	GAAATCATCGTTAGGGTAAAGTTTCTTC

	25
	KpCS(V362Q)-F
	CCTAACCAGGATTTCTACTCCGGTATC

	26
	KpCS(V362Q)-F
	GAAATCCTGGTTAGGGTAAAGTTTCTTC

	27
	KpCS(V362N)-F
	CCTAACAACGATTTCTACTCCGGTATC

	28
	KpCS(V362N)-R
	GAAATCGTTGTTAGGGTAAAGTTTCTTC

	29
	KpCS(V362L)-F
	CCTAACCTGGATTTCTACTCCGGTATC

	30
	KpCS(V362L)-R
	GAAATCCAGGTTAGGGTAAAGTTTCTTC

	31
	KpCS(V362W)-F
	CCTAACTGGGATTTCTACTCCGGTATC

	32
	KpCS(V362W)-R
	GAAATCCCAGTTAGGGTAAAGTTTCTTC

	33
	KpCS-Cstrep-F
	GAGCCATCCGCAGTTTGAAAAGTAAGAATTCGAGCTCGGTACC

	34
	KpCS-Cstrep-R
	CTTTTCAAACTGCGGATGGCTCCAACCACCGCGGGCGATATCGTTTTTGAAATCG
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Nitrogenase activity (μmol 4-h-1 tube-1)


K1-t	4.4189872522704173E-3	3.779518130057803E-3	1.2994541159125777E-2	1.8033712106085353E-2	0	0	4.4189872522704173E-3	3.779518130057803E-3	1.2994541159125777E-2	1.8033712106085353E-2	0	0	0	73.066666666666677	148.86666666666665	243.56666666666666	340.7166666666667	0	0.14054656428810977	0.48868063720833627	0.4176253199441895	0.31942897919216423	C1-t	2.8563664856137111E-3	8.8409745321497146E-3	2.7050495108735487E-2	8.3303847136957182E-2	0	0	2.8563664856137111E-3	8.8409745321497146E-3	2.7050495108735487E-2	8.3303847136957182E-2	0	0	0	73.066666666666677	148.86666666666665	243.56666666666666	340.7166666666667	0	8.6870648713543178E-2	0.33129450048869885	2.8758614169179506E-2	0.16784834992082251	K1-p	3.2551515862724659E-2	7.7598019127975343E-2	5.9822384490104574E-2	9.144281680151356E-2	0	0	3.2551515862724659E-2	7.7598019127975343E-2	5.9822384490104574E-2	9.144281680151356E-2	0	0	0	73.066666666666677	148.86666666666665	243.56666666666666	340.7166666666667	0	5.7819559871971821E-2	0.38246166914005397	0.49371448085846142	0.25978576773651718	C1-p	6.4987080406544474E-3	1.0915385081507153E-2	2.8615551830962826E-2	1.239420937176569E-3	0	0	6.4987080406544474E-3	1.0915385081507153E-2	2.8615551830962826E-2	1.239420937176569E-3	0	0	0	73.066666666666677	148.86666666666665	243.56666666666666	340.7166666666667	0	7.3482803237204922E-2	0.30947287400516466	6.8727738125320334E-2	2.400834634122849E-3	K2-t	1.5230073736986901E-2	2.2458028944918749E-2	1.388223023626917E-2	2.2382484725748712E-2	0	0	1.5230073736986901E-2	2.2458028944918749E-2	1.388223023626917E-2	2.2382484725748712E-2	0	0	0	73.066666666666677	148.86666666666665	243.56666666666666	340.7166666666667	0	0.11383747813084444	0.50615942962847804	0.79635137889489271	0.85321944665705141	C2-t	9.1875312452713645E-3	3.2634099627319085E-2	1.8864907237196145E-2	0.11760469017551306	0	0	9.1875312452713645E-3	3.2634099627319085E-2	1.8864907237196145E-2	0.11760469017551306	0	0	0	73.066666666666677	148.86666666666665	243.56666666666666	340.7166666666667	0	8.0104100331736663E-2	0.35972039430709063	0.54368896405582168	0.15452288735783712	K2-p	5.3689306136071591E-3	1.190982395358982E-2	1.8495993901238302E-2	9.9422738100693082E-3	0	0	5.3689306136071591E-3	1.190982395358982E-2	1.8495993901238302E-2	9.9422738100693082E-3	0	0	0	73.066666666666677	148.86666666666665	243.56666666666666	340.7166666666667	0	1.314171480998591E-2	0.38800210979713795	0.79480699978260327	0.82241473381401597	C2-p	1.8790322746308802E-3	8.2945018251816896E-3	2.2053577234477437E-4	8.9672117927168605E-5	0	0	1.8790322746308802E-3	8.2945018251816896E-3	2.2053577234477437E-4	8.9672117927168605E-5	0	0	0	73.066666666666677	148.86666666666665	243.56666666666666	340.7166666666667	0	5.8973202666176379E-3	6.3314250386508272E-2	-1.0934369046065234E-2	1.0982546653812153E-4	Culture time (h)


L-Glu production (g L-1)



1.283583353182338E-2	1.3991520527823417E-2	2.2522215246858525E-2	9.9713092859227432E-3	2.9224581129369373E-3	1.3930381077860393E-3	1.2649292612869994E-2	3.0776707585249553E-3	8.820968880340993E-3	9.7831227200574754E-3	2.9960879846347033E-2	3.4486434116459135E-3	3.6769372073889384E-3	9.4067596156232507E-4	6.8411643984579102E-3	3.3897803229799482E-4	1.1427063623547397E-5	3.983668828477907E-3	3.472723717054791E-2	4.6319057368435545E-3	8.0621754544663457E-2	1.9798958652737193E-2	3.6355137618133672E-2	9.3134748099904172E-2	2.5736461815850972E-2	6.1727477628169625E-3	2.817374070604944E-2	2.3541166228731689E-2	1.3512261249302713E-2	9.3485032569775722E-3	1.6694908581529233E-3	9.5634796314608304E-4	4.8666130316602826E-3	1.2805472360575077E-3	3.6618858953443606E-4	1.0094597828647466E-3	7.0290759693898133E-4	1.283583353182338E-2	1.3991520527823417E-2	2.2522215246858525E-2	9.9713092859227432E-3	2.9224581129369373E-3	1.3930381077860393E-3	1.2649292612869994E-2	3.0776707585249553E-3	8.820968880340993E-3	9.7831227200574754E-3	2.9960879846347033E-2	3.4486434116459135E-3	3.6769372073889384E-3	9.4067596156232507E-4	6.8411643984579102E-3	3.3897803229799482E-4	1.1427063623547397E-5	3.983668828477907E-3	3.472723717054791E-2	4.6319057368435545E-3	8.0621754544663457E-2	1.9798958652737193E-2	3.6355137618133672E-2	9.3134748099904172E-2	2.5736461815850972E-2	6.1727477628169625E-3	2.817374070604944E-2	2.3541166228731689E-2	1.3512261249302713E-2	9.3485032569775722E-3	1.6694908581529233E-3	9.5634796314608304E-4	4.8666130316602826E-3	1.2805472360575077E-3	3.6618858953443606E-4	1.0094597828647466E-3	7.0290759693898133E-4	KpCS	H227Q	H227L	V362L	H227Q V362L	H227L V362L	6.1872322267843742E-3	0.40300512071804279	0.44509864296082496	0.36833331460800217	0.14244259970163642	-8.8865736928194494E-3	
L-Glu production (g L-1)



6.9835455346198812E-3	2.7503619949943801E-3	1.8671448665767088E-2	2.5299817239202198E-2	8.0405322798371565E-3	7.1092004978333114E-3	6.3955798871309704E-3	1.5795483920239561E-2	1.0596356629797172E-2	2.5268197865048147E-2	2.7280314885654603E-3	2.6620847755943644E-2	5.7446397527664769E-2	1.1502158668433437E-2	1.2313466709877029E-2	1.3500240704758805E-2	1.4034300708442533E-2	5.6333640214738731E-2	4.9732510320796286E-2	7.2226983431289957E-2	4.0197517611401973E-2	0.16972969755848427	0.12798997204057916	3.5580060277351756E-2	4.9626499117486816E-2	1.4120610831932761E-2	4.7790718358945848E-2	0.10082261829403839	0.14430588668113939	1.0387219335272372E-2	7.5526634140429399E-3	3.2159696901961909E-2	2.4840144076694503E-2	9.5263989047811356E-3	1.3618322179936929E-2	1.5017033662151954E-2	1.5405805680621163E-2	6.9835455346198812E-3	2.7503619949943801E-3	1.8671448665767088E-2	2.5299817239202198E-2	8.0405322798371565E-3	7.1092004978333114E-3	6.3955798871309704E-3	1.5795483920239561E-2	1.0596356629797172E-2	2.5268197865048147E-2	2.7280314885654603E-3	2.6620847755943644E-2	5.7446397527664769E-2	1.1502158668433437E-2	1.2313466709877029E-2	1.3500240704758805E-2	1.4034300708442533E-2	5.6333640214738731E-2	4.9732510320796286E-2	7.2226983431289957E-2	4.0197517611401973E-2	0.16972969755848427	0.12798997204057916	3.5580060277351756E-2	4.9626499117486816E-2	1.4120610831932761E-2	4.7790718358945848E-2	0.10082261829403839	0.14430588668113939	1.0387219335272372E-2	7.5526634140429399E-3	3.2159696901961909E-2	2.4840144076694503E-2	9.5263989047811356E-3	1.3618322179936929E-2	1.5017033662151954E-2	1.5405805680621163E-2	KpCS	H227Q	H227L	V362L	H227Q V362L	H227L V362L	0.50243264785542241	0.73568964376263846	0.71190463782417668	0.52752422870259152	0.59266339911971466	0.5486601618082706	2.199618657077736E-2	1.4872455349728335E-2	2.4755846753786611E-2	9.9682082190552281E-3	9.6658378219558177E-3	1.2096805049412295E-3	1.9102304385342768E-3	3.3299240094073696E-3	1.0084087989055799E-2	2.3364710265244847E-2	1.6600444241472025E-2	1.2258821547268402E-2	1.9348736035994546E-2	3.5235271016941221E-3	4.7792163574820155E-2	1.1159034630100734E-2	4.1164537600699255E-2	8.4160130097319374E-3	3.1320864353488249E-2	6.1541340207683599E-2	1.9226342631616142E-2	7.3731195364497723E-2	6.6661674616144806E-2	3.8548135546300231E-2	2.4443697719808227E-2	1.9591539485042889E-2	6.1862829539400064E-3	1.3249806271716206E-2	3.8299141292264388E-2	9.2145763518103052E-3	1.8333365271297709E-3	9.8674319571991406E-3	1.131058618931808E-2	4.9775913885875362E-3	1.1052268017291691E-2	7.1615650282432714E-3	5.6296399998582124E-3	2.199618657077736E-2	1.4872455349728335E-2	2.4755846753786611E-2	9.9682082190552281E-3	9.6658378219558177E-3	1.2096805049412295E-3	1.9102304385342768E-3	3.3299240094073696E-3	1.0084087989055799E-2	2.3364710265244847E-2	1.6600444241472025E-2	1.2258821547268402E-2	1.9348736035994546E-2	3.5235271016941221E-3	4.7792163574820155E-2	1.1159034630100734E-2	4.1164537600699255E-2	8.4160130097319374E-3	3.1320864353488249E-2	6.1541340207683599E-2	1.9226342631616142E-2	7.3731195364497723E-2	6.6661674616144806E-2	3.8548135546300231E-2	2.4443697719808227E-2	1.9591539485042889E-2	6.1862829539400064E-3	1.3249806271716206E-2	3.8299141292264388E-2	9.2145763518103052E-3	1.8333365271297709E-3	9.8674319571991406E-3	1.131058618931808E-2	4.9775913885875362E-3	1.1052268017291691E-2	7.1615650282432714E-3	5.6296399998582124E-3	KpCS	H227Q	H227L	V362L	H227Q V362L	H227L V362L	0.18414942015668764	0.25879949234614402	0.28379456900420541	0.21373129745029784	0.25489151352004608	0.23863039304161851	
L-Glu production (g L-1)
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