Thiele et al.: ‘Genome-scale reconstruction of E. coli's transcriptional and translational machinery: A knowledge-base and its mathematical formulation’.
S17 - Template reactions for tRNA modification.

Note: The nucleotides of the tRNA that will be modified by the following reactions and their products are omitted in the reaction. (--> stand for, i.e., tRNA_U16 ( tRNA_D since it is only a conformational change of the base)

	Position
	modified nucleotide
	Name of modified nucleotide
	Formulae of modified nucleotide (charge)
	Protein
	Protein name
	Generic reaction
	Comments
	References

	8
	U ( s4U
	4-thiouridine



	C9H10N2O8S1P1 

(-1)
	ThiI_mono
	sulfurtransferase required for thiamine and 4-thiouridine biosynthesis
	1 IscS_dim_S-SH + 1 atp + 1 trdrd + 1 mg2 --> 1 amp + 1 ppi + 1 h + 1 IscS_dim_S-H + 1 mg2 + 1 trdox
	The reaction was based on the supplemental data in Ikeuchi et al [1]. ThiI is a monomer based on the measured molecular weight [2]. ThiI gets oxidized during reaction, thus the reaction a reduce reducing agent. Palenchar et al and Mueller et al proposed thioredoxin or glutaredoxin to reduce ThiI [3], 
 ADDIN EN.CITE 
[4]
. Waterman et al found a ferrodoxin-like motif in ThiI of B. subtilis 
 ADDIN EN.CITE 
[5]
. iAF1260, the most current reconstruction of the E. coli metabolism, has no ferrodoxin hence thioredoxin was choosen as reducing agent since it appears in 10 metabolic reactions in iAF1260 compared to. glutaredoxin that appears 6 times [6].
	
 ADDIN EN.CITE 
[1-11]


	13
	U ( Y
	pseudouridine
	C9H10N2O9P1 

(-1)


	TruD_mono
	tRNA pseudouridine 13 synthase
	-->
	TruD seems to be a monomer. No ions were reported in the crystal structure 
 ADDIN EN.CITE 
[12,13]
. 
	
 ADDIN EN.CITE 
[12-14]


	16
	U ( D
	dihydrouridine
	C9H12N2O9P1 

(-1)
	Dus_gen
	tRNA dihydrouridine synthase
	1 nadph + 1 h --> 1 nadp
	Dus_gen = DusA – C. These proteins are responsible for dihydrouridine formation in E.coli’s tRNA [15]. Based on blast result sequence, the dus genes have homology to genes that carry out NADPH dependent reactions. Furthermore, the reaction was reported to be NADH or NADPH dependent in yeast 
 ADDIN EN.CITE 
[16]
. However, the reaction was modeled to be NADPH-dependent. The Dus protein contain probably FMN since a FMN binding site was found in sequence [15]. Also, the Dus protein might be part of a larger, yet uncharacterized complex [15]. DusA is solely responsible for tRNA fmet2 [15], meaning, that all initiator tRNAs will be solely modified by dusA. Since no information was available, a monomer conformation was assumed. No ions were reported. 
	
 ADDIN EN.CITE 
[15-18]


	17
	U ( D
	dihydrouridine
	C9H12N2O9P1 

(-1)
	Dus_gen
	tRNA dihydrouridine synthase
	1 nadph + 1 h --> 1 nadp
	Dus_gen = DusA – C. These proteins are responsible for dihydrouridine formation in E.coli’s tRNA [15]. Based on blast result sequence, the dus genes have homology to genes that carry out NADPH dependent reactions. Furthermore, the reaction was reported to be NADH or NADPH dependent in yeast 
 ADDIN EN.CITE 
[16]
. However, the reaction was modeled to be NADPH-dependent. The Dus protein contain probably FMN since a FMN binding site was found in sequence [15]. Also, the Dus protein might be part of a larger, yet uncharacterized complex [15]. DusA is solely responsible for tRNA fmet2 [15], meaning, that all initiator tRNAs will be solely modified by dusA. Since no information was available, a monomer conformation was assumed. No ions were reported.
	
 ADDIN EN.CITE 
[15-18]


	18
	G ( Gm
	2'-O-methylguanosine
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	C11H13N5O8P1 

(-1)
	TrmH_dim
	tRNA (Gm18) 2'-O-methyltransferase
	1 amet --> 1 ahcys + 1 h
	TrmH was identified by Persson et al [19]. It has been found to be a dimer in Thermus thermophilus:
 ADDIN EN.CITE 
[20]
. Based on the proposed mechanism in this paper - it should be a dimer, which acts on one tRNA per dimer. TrmH is part of SpoU protein family, beside TrmD and RlmB - 2 other E.coli proteins of this family. This protein family has been shown to be active as dimers.
	
 ADDIN EN.CITE 
[19-22]


	20
	U ( D
	dihydrouridine
	C9H12N2O9P1 

(-1)
	Dus_gen
	tRNA dihydrouridine synthase
	1 nadph + 1 h --> 1 nadp
	Dus_gen = DusA – C. These proteins are responsible for dihydrouridine formation in E.coli’s tRNA [15]. Based on Blast results of the sequence, the dus genes have homology to genes that carry out NADPH dependent reactions. Furthermore, the reaction was reported to be NADH or NADPH dependent in yeast 
 ADDIN EN.CITE 
[16]
. However, the reaction was modeled to be NADPH-dependent. The Dus protein contain probably FMN since a FMN binding site was found in sequence [15]. Also, the Dus protein might be part of a larger, yet uncharacterized complex [15]. DusA is solely responsible for tRNA fmet2 [15], meaning, that all initiator tRNAs will be solely modified by dusA. Since no information was available, a monomer conformation was assumed. No ions were reported.
	
 ADDIN EN.CITE 
[15-17]


	20A
	U ( D
	dihydrouridine
	C9H12N2O9P1

(-1)
	Dus_gen
	tRNA dihydrouridine synthase
	1 nadph + 1 h --> 1 nadp
	Dus_gen = DusA – C. These proteins are responsible for dihydrouridine formation in E.coli’s tRNA [15]. Based on blast result sequence, the dus genes have homology to genes that carry out NADPH dependent reactions. Furthermore, the reaction was reported to be NADH or NADPH dependent in yeast 
 ADDIN EN.CITE 
[16]
. However, the reaction was modeled to be NADPH-dependent. The Dus protein contain probably FMN since a FMN binding site was found in sequence [15]. Also, the Dus protein might be part of a larger, yet uncharacterized complex [15]. DusA is solely responsible for tRNA fmet2 [15], meaning, that all initiator tRNAs will be solely modified by dusA. Since no information was available, a monomer conformation was assumed. No ions were reported.
	
 ADDIN EN.CITE 
[15-17]


	21
	U ( D
	dihydrouridine
	C9H12N2O9P1 

(-1)
	Dus_gen
	tRNA dihydrouridine synthase
	1 nadph + 1 h --> 1 nadp
	Dus_gen = DusA – C. These proteins are responsible for dihydrouridine formation in E.coli’s tRNA [15]. Based on blast result sequence, the dus genes have homology to genes that carry out NADPH dependent reactions. Furthermore, the reaction was reported to be NADH or NADPH dependent in yeast 
 ADDIN EN.CITE 
[16]
. However, the reaction was modeled to be NADPH-dependent. The Dus protein contain probably FMN since a FMN binding site was found in sequence [15]. Also, the Dus protein might be part of a larger, yet uncharacterized complex [15]. DusA is solely responsible for tRNA fmet2 [15], meaning, that all initiator tRNAs will be solely modified by dusA. Since no information was available, a monomer conformation was assumed. No ions were reported.
	
 ADDIN EN.CITE 
[15-17]


	32
	C ( Cm
	2'-O-methylcytidine
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	C10H13N3O8P1

(-1)
	MeT_tRNA_pos_32_Cm
	unknown Methyltransferase pos 32 (Cm)
	1 amet --> 1 ahcys + 1 h
	A catalytic enzyme for this reaction has not been identified. The reaction was assumed to be similar to other methylation reactions (with S-adenosyl-methionine as methyl-group donor).
	
 ADDIN EN.CITE 
[22,23]


	32
	U ( Um
	2'-O-methyluridine
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	C10H12N2O9P1

(-1)
	MeT_tRNA_pos_32_Um
	unknown Methyltransferase pos 32 (Um)
	1 amet --> 1 ahcys + 1 h
	A catalytic enzyme for this reaction has not been identified. The reaction was assumed to be similar to other methylation reactions (with S-adenosyl-methionine as methyl-group donor).
	
 ADDIN EN.CITE 
[22,24]


	32
	C ( s2C
	2-thiocytidine
	C9H11N3O7S1P1

(-1)
	YdaO_mono
	C32 tRNA thiolase
	1 IscS_dim_S-SH + 1 atp + 1 trdrd + 1 mg2 --> 1 amp + 1 ppi + 1 h + 1 IscS_dim_S-H + 1 mg2 + 1 trdox
	Apparently a gene called ttcA is responsible in Salmonella serovar for this transformation and it is widely distributed in different species. Authors concluded that ydaO is the ttcA gene in E. coli [25]. Reaction associated with ydaO and dependent on IscS_dim_S-SH/IscS_dim_S-H (as for s4U). No further information available about ydaO. Based on this evidence this is a monomer.
	
 ADDIN EN.CITE 
[7,11,25,26]


	32
	U ( Y
	pseudouridine
	C9H10N2O9P1

(-1)
	RluA_mono
	23S rRNA and tRNA pseudouridine synthase
	-->
	Pseudouridine pos 746 23S rRNA, pos 32 tRNAphe. No information, the paper [27] purified a protein of about 25kDa: 
 ADDIN EN.CITE 
[28]
. No information about associated ions. Enzyme has no dependence on Mg2+ : 
 ADDIN EN.CITE 
[28]
.
	
 ADDIN EN.CITE 
[27,28]


	34
	U ( mnm5s2U
	5-methylaminomethyl-2-thiouridine
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	C11H15N3O8S1P1

(-1)
	TrmU_mono,YhhP_mono,YheLMN_cplx,YccK_mono,TrmE_dim,GidA_mono,TrmC_mono
	tRNA (5-methylaminomethyl-2-thiouridylate)-methyltransferase - TrmU, conserved protein required for cell growth - YhhP, YheLMN_cplx, glucose-inhibited cell-division protein - TrmE, GTPase - GidA, fused 5-methylaminomethyl-2-thiouridine-forming enzyme methyltransferase -!- FAD-dependent demodification enzyme - TrmC
	Formation of cmnm5(s2)U by at least mnmE and gidA

1 gtp + 1 h2o --> 1 gdp + 1 pi + 1h

1 5fthf --> 1 thf + 1 gly + 1 fadh2 --> 1 fad + 1 h + 1 h2o

Formation of nm5(s2)U by mnmC

1 fad + 1 h2o --> 1 fadh2 + 1 glx

Formation of mnm5(s2)U by mnmC

1 amet --> 1 ahcys + 1 h

s2U formation by YhhP_mono,YheLMN_cplx,YccK_mono

1 IscS_dim_S-SH + 1 atp + 1 trdrd + 1 mg2 --> 1 amp + 1 ppi + 1 h + 1 IscS_dim_S-H + 1 mg2 + 1 trdox

Overall reaction

1 IscS_dim_S-SH + 1 atp + 1 mg2 + 1 gtp + 1 h2o + 1 5fthf + 1 gly + 1 fadh2 + 1 fad + 1 amet + 1 trdrd --> 1 amp + 1 ppi + 1 IscS_dim_S-H + 1 mg2 + 1 gdp + 1 pi + 4 h + 1 thf + 1 fad + 1 fadh2 + 1 glx + 1 ahcys + 1 trdox


	s2U formation [1]: IscS_dim interacts with tusA (tusA stimulates the desulfurase activity of iscS) tusBCD complex (2:2:2 stoichiometry) interacts with IscS/tusA; tusE mediates contact between tusBCD and mnmA, mnmA finally binds tRNA. This complicated scheme seems to be necessary for sulfur transfer. Studies until this paper showed IscS and mnmA action, however, the amount of reconstituted s2U is relatively low indicating the necessity of further proteins. tusA= yhhP=b3470. Given this information, assumed to be a monomer. (‘=’ refers to aliases). tusB=yheL=b3343, tusC=yheM=b3344, tusD=yheN=b3345, tusE=yccK=b0969 . Assumed to be a monomer. The structure of tusBCD is described by: [29]. Sulfate is the only ionic compound associated with it PDBID: 2D1P. mnmA aka TrmU: monomer based on molecular weight [30] (in the paper they carry out the characterization and purification): crystal (no structure; one crystal contained 1 mnmA-tRNA complex) [29]. The thioredoxin system had to be added to reduce trmU (oxidized by sulfur transfer reaction) [25]. Please see pos 34 (mmm5U) for mnm5 formation.
	
 ADDIN EN.CITE 
[1,7,11,22,25,29-35]


	34
	U ( mnm5se2U
	5-methylaminomethyl-2-selenouridine



	C11H15N3O8Se1P1

(-1)
	YbbB
	tRNA 2-selenouridine synthase
	1 YbbB_dim + 1 selnp + 1 h2o ( 1 pi + 1 h2s + 1 h
	First mnm5s2U is formed. About 5% of tRNA (Lys, Glu, Gln) contains mnm5se2U instead of mnm5s2U [36] at when selenium is present at about 1 µM concentration. It seems that the sulfur compound leaving this reaction is not known. Here, hydrogen sulfide is formed but there is no clear evidence for this formation. Formulae of selnp: H2O3PSe (-1). It seems that this reaction does not need atp hydrolysis.
	[36]  

	34
	U ( mnm5U
	5-methylaminomethyluridine
	C11H15N3O9P1

(-1)
	TrmE_dim, GidA_mono,TrmC_mono
	
	Formation of cmnm5(s2)U by at least mnmE and gidA

1 gtp + 1 h2o ( 1 gdp + 1 pi + 1h

1 5fthf ( 1 thf + 1 gly + 1 fadh2 ( 1 fad + 1 h + 1 h2o

Formation of nm5(s2)U by mnmC

1 fad + 1 h2o ( 1 fadh2 + 1 glx

Formation of mnm5(s2)U by mnmC

1 amet ( 1 ahcys + 1 h

Overall reaction

1 gtp + 1 h2o + 1 5fthf + 1 gly + 1 fadh2 + 1 fad + 1 amet ( 1 gdp + 1 pi + 3 h + 1 thf + 1 fad + 1 fadh2 + 1 glx + 1 ahcys


	GidA has FAD bound (data were not shown but mentioned in paper that they analyzed it) [31]. Based on this evidence, this was assumed to be a monomer. From cmnm5s2U over nm5s2U to mnm5s2U is done by mnmC [32]. Described as a monomer based on the MW [33] and their comments. 78 molecules/genome equivalent in cells growing at 1.0/h. Purification, identification and function [33]. The gene is described by 
 ADDIN EN.CITE 
[32,34,35]
. mnmE and trmE are aliases. MnmE is non-essential but grows slowly. MnmE of thermogata is a dimer [31]: identified with bioinformatics a THF-binding site in mnmE thermogata – and tested this by soaking the crystal in THF solution. The protein was found bound to THF, more specifically 2 THF per dimer (in this case 5-formyl-THF); they showed also 5-formyl-THF usage by E. coli (!) enzyme by ITC. They favor 5-formyl-THF for reaction but they are not sure about real odixative state of THF. They are relatively sure that 2 5fTHF were bound per dimer mnmE E. coli. They have been unable to reconstruct mnm5s2U (mnm5-moitie) in vitro with the given genes: mnmE and gidA, indicating that more gene products are needed
	
 ADDIN EN.CITE 
[11,22,25,29-35]


	34
	A ( I
	inosine
	C10H10N4O8P1

(-1)
	TadA_dim
	tRNA-specific adenosine deaminase
	1 h2o ( 1 nh3
	Essential and active as a homodimer [37]. The catalytic site, carrying out the deaminase function, of this protein family (ADAR) has 3 zn2+ binding sites [37]. The crystal structure of S. Aureus of tadA contained 2 Zn2+ (per homodimer). However, the authors did not specify Zn2+ in paper [38]. Given this evidence, this will be described as a homodimer associated with 2 zn2+
	
 ADDIN EN.CITE 
[37-39]
 

	34
	C ( k2C
	lysidine
	C15H23N5O9P1

(-1)
	TillS_mono
	lysidine synthetase
	1 atp + 1 lys-L ( 1 ppi + 1 amp + 2 h
	Existence: 
 ADDIN EN.CITE 
[40]
. Structure: 1NI5. The protein seems to be a monomer without ions (isolated 48.5 kDa protein 
 ADDIN EN.CITE 
[40]
). Atp-dependent (
 ADDIN EN.CITE 
[40]
) reaction.
	
 ADDIN EN.CITE 
[40,41]


	34
	C ( ac4C
	N4-acetylcytidine
	C11H13N3O9P1

(-1)
	AcT_tRNA_pos_34_ac4C
	unknown acetyltransferase
	1 accoa ( 1 coa
	An acetyl group is transferred. AcCoa was used, however no experimental evidence was available nor was there evidence for the catalytic enzyme or mechanism for the reaction. 
	[42]

	34
	G ( Q
	Queuosine
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	C17H21O10N5P1

(-1)
	Tgt_hexa,QueA_mono,EoR_tRNA_pos34_Q
	tRNA-guanine transglycosylase, 

S-adenosylmethionine:tRNA ribosyltransferase-isomerase’unknown epoxide reductase
	From pre_Q1 to pre_Q1_tRNA by Tgt

1 pre_Q1 ( 1 gua

From pre_Q1_tRNA to oQ_tRNA by QueA

1 amet ( 1 ade + 1 met-L + 2 h

From oQ_tRNA to Q_tRNA by EoR_tRNA_pos34_Q

1 nadh + 1 h + 1 adocbl ( 1 nad + 1 h2o + 1 adocbl

Overall reaction

1 pre_Q1 + 1 amet + 1 nadh + 1 h + 1 adocbl ( 1 gua + 1 ade + 1 met-L + 2 h + 1 h2o + 1 adocbl + 1 nad


	A new function of S-adenosylmethionine: the ribosyl moiety of AdoMet is the precursor of the cyclopentenediol moiety of the tRNA wobble base queuine. 
 ADDIN EN.CITE 
[43]
. Isolation and characterization of an Escherichia coli mutant lacking tRNA-guanine transglycosylase. Function and biosynthesis of queuosine in tRNA [44]. Tgt has a zinc binding site [45] (0.8 mol of zinc/mol of subunit). The active protein consists of a dimer of trimers [46]. E. coli TGT is normally expressed at very low levels (approximately 1 mg from 500 g cells). QueA: not metallo-ion dependence. Thermotoga structure was determined
 ADDIN EN.CITE 
[47]
. The E.coli protein was assumed to be a monomer. For the last step (oQ->Q) 2 mechanisms were proposed: 1) one mechanism would use NAD(P)H, the other one uses NAD(H). QueF is a homodimer [48]. QueC is identified by [49]. Step from GTP to pre_Q0 is unclear: apparently, 2 ribose units contribute to the formation of carbon 6,5, and cyano carbon in the case of toyocamycin (which is structurally related to pre_Q0) 
 ADDIN EN.CITE 
[50,51]
. Kinetic parameters for QueA measured by Van Lanen and Iwata-Reuyl in [52]
	


 ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
[22,43-60]


	34
	U ( cmo5U
	uridine-5-oxyacetic-acid
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	C11H11N2O12P1

(-2)
	YecO_mono,YecP_mono,HyL_tRNA_pos_34_ho5U
	predicted methyltransferase, 

predicted S-adenosyl-L-methionine-dependent methyltransferase, unknown hydroxylase
	ho5U formation 

1 chor ( 1 C10H8O5

mo5U formation

1 amet ( 1 ahcys + 1 h

cmo5U formation

1 chor ( 1 C9H9O4

Overall reaction

2 chor + 1 amet ( 1 ahcys + 1 h + 1 C10H8O5 + 1 C9H9O4


	It is not clear what the role of chorismate is. If chorismate is the substrate the byproducts of this reaction would have possible formula of C10H8O5 and C9H9O4. Such compounds were not found in the SimPheny or other databases nor reported in literature. If the conversion is from glutamine to glutamate and is mediated by chorismate the OH group is replaced by a NH2 group. This might be a possibility. It has at least been demonstrated hat the second chorismate is strictly necessary while the ho5U formation might slowly and with lower yield occur under chorismate absence. The ability of modified U to read all codons [61]. Nasvall et al found 2 responsible genes, yecO(b1870,comA) and yecP(b1871,comB) [24]. No further information was found, so these were assumed to be monomers. `Dummy’ compounds were created since the chorismate (or the appropriate derivative thereof) dependent reaction is still unknown (with regards to its mechanism or intermediates). 
	
 ADDIN EN.CITE 
[24,61]


	37
	G ( m1G
	1-methylguanosine
	C11H13N5O8P1

(-1)
	TrmD_dim
	tRNA (guanine-1-)-methyltransferase
	1 amet ( 1 ahcys + 1 h
	Identification of TrmD 
 ADDIN EN.CITE 
[62-64]
. tRNA- (m1G)methyltransferase at only approximately 80 molecules/genome in a glucose minimal culture 
 ADDIN EN.CITE 
[65]
 The trmD gene has a codon usage typical for a protein made in low amount in accordance with the low number of tRNA-(m1G)methyltransferase molecules found in the cell. TrmD, TrmH and RlmB, are part of SpoU protein family.
	
 ADDIN EN.CITE 
[22,62-67]


	37
	A ( m2A
	2-methyladenosine
	C11H13N5O7P1

(-1)
	MeT_tRNA_pos_37_m2A
	unknown methyltransferase pos 37 (m2A)
	1 amet ( 1 ahcys + 1 h
	A catalytic enzyme has not been identified yet. Reaction is assumed to be similar to the other methylation reactions (with S-adenosyl-methionine as methyl-group donor)
	[22]

	37
	A ( ms2i6A
	2-methylthio-N6-isopentenyladenosine[image: image7.wmf]N
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	C16H21N5O7S1P1

(-1)
	MiaA_dim,MiaB_mono
	isopentenyl-adenosine A37 tRNA methylthiolase, Δ(2)-isopentenylpyrophosphate tRNA-adenosine transferase
	A to i6A by MiaA

1 dmpp --> 1 ppi

Formation of sulfur and methyl group by MiaB (and reduction of MiaB)

1 IscS_dim_S-SH + 2 amet + 1 fldrd --> 1 ahcys + 2 h + 1 met-L + 1 fldox + 1 dad-5 + 1 IscS_dim_S-H
Overall reaction

1 dmpp + 1 IscS_dim_S-SH + 2 amet + 1 fldrd --> 1 ppi + 1 ahcys + 2 h + 1 met-L + 1 fldox + 1 dad-5 + 1 IscS_dim_S-H


	See pos. 37 (i6A) for comments on MiaA and i6A formation. [4Fe-4S] cluster 
 ADDIN EN.CITE 
[25,68,69]
. Function of TrmD was determined [70]. The reaction schema for radical S-Adenosyl-L-methionine (amet) enzymes was described in 
 ADDIN EN.CITE 
[71,72]
. Thermogota protein is monomer [70]. No further information found, so the protein was assumed to be a monomer. Pierrel et al showed that 2 S-Adenosyl-L-methionine (amet) are necessary for formation of 1 ms2i6A from i6A [70]. The sulfur source is still unknown, however, studies with labeled cysteines showed that cysteines is primary source of sulfur atom 
 ADDIN EN.CITE 
[73,74]
. However, data with selenium in this study showed that the sulfur is rather incorporated in protein prior transfer (similar to IscS). Dovhoma et al proposed a mechanism for S-Adenosyl-L-methionine (amet) radical enzymes [75]. For some enzymes it has been shown that flavodoxin is used to reduce iron-sulfur protein (see [72] for examples). It was assumed that such a reaction is catalyzed by miaB. It seems that iscS is necessary for sulfur incorporation in ms2i6A 
 ADDIN EN.CITE 
[7,26]
, similar to all 5 thio-nucleotides in Salmonella enterica serovar typhimurium [76]. IscS_dim_S- and SH/IscS_dim_S-H are used for sulfur transfer, assuming a mechanism similar to ThiI which gets the sulfur from IscS (see [1]for details).
	


 ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
[1,7,11,22,25,26,68-83]


	37
	A ( i6A
	N6-isopentenyladenosine
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	C15H19N5O7P1

(-1)
	MiaA_dim
	δ(2)-isopentenylpyrophosphate tRNA-adenosine transferase
	1 dmpp --> 1 ppi
	MiaA exists as a dimer 
 ADDIN EN.CITE 
[79,80]
. The corresponding gene was described by 
 ADDIN EN.CITE 
[81,82]

	
 ADDIN EN.CITE 
[26,77-82]


	37
	A ( m6A
	N6-methyladenosine
	C11H13N5O7P1

(-1)
	MeT_tRNA_pos_37_m6A
	unknown Methyltransferase
	1 amet --> 1 ahcys + 1 h
	A catalytic enzyme has not been identified yet. The reaction was assumed to be similar to other methylation reactions (with S-adenosyl-methionine as methyl-group donor).
	[22]

	37
	A ( m6t6A
	N6-methyl-N6-threonylcarbamoyladenosine
	C16H19N6O11P1

(-2)
	Up_tRNA_pos_37_t6A,MeT_tRNA_pos_37_m6t6A
	Unknown protein, S-adenosylmethionine:tRNA ribosyltransferase-isomerase
	t6A by unknown protein

1 hco3 + 1 thr-L + 1 atp + 1 mg2 --> 1 h2o + 1 ppi + 1 h + 1 mg2 + 1 amp

Methylation (m6) by unknown Methyltransferase

1 amet --> 1 ahcys + 1 h

Overall reaction

1 hco3 + 1 thr-L + 1 atp + 1 mg2 + 1 amet --> 1 h2o + 1 ppi + 2 h + 1 mg2 + 1 ahcys + 1 amp


	See comments to t6 formation see pos 37 (t6A). tsaA is a methyltransferase for m6t6A [84]. Apparently identical to QueA gene (ecocyc) - however, the function of QueA (ribosyl-moiety is transferred) differs from the predicted function of TsaA (methyl-group transfer). TsaA was not included in the reconstruction for the moment. A lack of m6 did not alter the growth rate.
	
 ADDIN EN.CITE 
[22,84-87]


	37
	A ( t6A
	N6-threonylcarbamoyladenosine
	C15H17N6O11P1

(-2)
	Up_tRNA_pos_37_t6A
	unknown protein
	1 hco3 + 1 thr-L + 1 atp + 1 mg2 --> 1 h2o + 1 ppi + 1 h + 1 mg2 + 1 amp
	Unknown protein carries out this reaction. Korner et al. purified an enzyme from E. coli that carries out this reaction, however, since then no further report of this enzyme or even its gene could be found [86]. Reaction based on Elkins et al 
 ADDIN EN.CITE 
[85]
.
	
 ADDIN EN.CITE 
[85-87]


	38
	U ( Y
	pseudouridine
	C9H10N2O9P1

(-1)
	TruA_dim
	tRNA pseudouridine synthase I
	-->
	TruA exists as a dimer 
 ADDIN EN.CITE 
[88]
. No ion was added. A catalytic mechanism is proposed by Gu et al [89].
	
 ADDIN EN.CITE 
[88-91]


	39
	U ( Y
	pseudouridine
	C9H10N2O9P1

(-1)
	TruA_dim
	tRNA pseudouridine synthase I
	-->
	TruA exists as a dimer 
 ADDIN EN.CITE 
[88]
. No ion was added. A catalytic mechanism is proposed by Gu et al [89].
	
 ADDIN EN.CITE 
[88-91]


	40
	U ( Y
	pseudouridine
	C9H10N2O9P1

(-1)
	TruA_dim
	tRNA pseudouridine synthase I
	-->
	TruA exists as a dimer 
 ADDIN EN.CITE 
[88]
. No ion was added. A catalytic mechanism is proposed by Gu et al [89].
	
 ADDIN EN.CITE 
[88-91]


	46
	G ( m7G
	7-methylguanosine
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	C11H13N5O8P1

(-1)
	YggH_mono
	tRNA (m7G46) methyltransferase
	1 amet --> 1 ahcys + 1 h
	TrmB aka yggH. Identification 
 ADDIN EN.CITE 
[92]
. Monomer (based on MW via gel filtration) 
 ADDIN EN.CITE 
[92]
. Kinetic data can be found in 
 ADDIN EN.CITE 
[93]
. The B. Subtilis protein forms a dimer in crystal and solution [94]:”However, unlike EcTrmB, BsTrmB is shown here to be dimeric both in the crystal and in solution. “. In light of all of the evidence, this will be described as a monomer. 
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	47
	U ( acp3U
	3-(3-amino-3-carboxypropyl)uridine
	C13H17N3O11P1

(-1)
	AcpT_tRNA_pos_47_acp3U
	unknown tRNA-uridine 3-(3-amino-3-carboxypropyl)transferase
	1 amet --> 1 5mta + 1 h
	Enzymatic synthesis of 3-(3-amino-3-carboxypropyl) uridine in Escherichia coli phenylalanine transfer RNA: transfer of the 3-amino-acid-3-carboxypropyl group from S-adenosylmethionine [95]. The paper could not be found, however the reaction was in KEGG: S-adenosyl-L-methionine + tRNA uridine = 5'-methylthioadenosine (5mta) + tRNA 3-(3-amino-3-carboxypropyl)-uridine
	
 ADDIN EN.CITE 
[22,95]



	54
	U ( m5U
	Ribosylthymine
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	C10H12N2O9P1

(-1)
	TrmA_mono
	tRNA (uracil-5-)-methyltransferase
	1 amet --> 1 ahcys + 1 h
	TrmA is essential. The protein was assumed to be a monomer based on a molecular weight of 42kDa (purified with antibodies) [96]. No FeS cluster identified [97]. m5U54 references 
 ADDIN EN.CITE 
[98-100]
; 
 ADDIN EN.CITE 
[96,101]

	
 ADDIN EN.CITE 
[22,96-104]



	55
	U ( Y
	pseudouridine
	C9H10N2O9P1

(-1)
	TruB_mono
	tRNA pseudouridine 55 synthase
	-->
	Active in monomer form. No ions were reported in the crystallized form [105].
	
 ADDIN EN.CITE 
[105-107]


	65
	U ( Y
	pseudouridine
	C9H10N2O9P1

(-1)
	YqcB_mono
	tRNA pseudouridine 65 synthase
	-->
	Active in a monomer form (based on a molecular weight of 29.7) [90].
	[90]
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