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Figure S1. Comparison of the PP-loop ATP pyrophosphatase family members with those in the adenine nucleotide alpha hydrolases-like superfamily in the SCOPe database. For the family of “PAPS reductase-like” in SCOP/SCOPe, only CysD is an authentic (and founding) member, whereas the other structure (PDB ID: 1sur) is of CysH. CysH catalyses a sulfite-producing reduction reaction by using PAPS, rather than ATP, as substrate. Study of the structures listed under the Pfam family “PAPS_reduct” (PF01507) shows that CysH does not possess a conserved PP-loop motif for substrate binding. For instance, in 1SUR, an “SFGIQA” sequence replaces the PP-loop motif, whereas in 2GOY, the corresponding sequence is “SGAEDV”. The “Hypothetical protein PH1313” (PDB ID 1VBK) in the “ThiI-like” family is not included in the PP-loop family, because it lacks the conserved PP-loop motif (it is replaced by an “LDHELS” sequence) and biochemical evidence supporting ATP pyrophosphatase. 



                      24 PP-loop            52     104      123
5UDS, chain B      RVTVAFSGGIDSTLVLKM     AVVANS   .MF..   VLDGM.I           
5MK0, chain A      RILVAVSGGKDSAVTAYV     CLHINL   .TK..   IATGH.N  
5HUH, chain A      TYVLGISGGQDSTLAGKL     AVRLPY   .QR..   VIGTD.H  
4KR7, chain A      KAVLLLSGGIDSPVAG.W     SVTFV.   .SM..   FYTGE.N        
3K32, chain D      DVHVLFSGGKDSSLSAVI     LITIN.   ..V..   LADGT.R      
3SEQ, chain A      KVVIGVSGGLDSTHALIV     AFALPG   .LR..   VLGTG.D    
3FIU, chain B      GFVIGLSGGIDSAVAASL     ALILPS   .LR..   VIGTD.N           
2VXO, chain A      KVLVLLSGGVDSTVCTAL     AVHIDN   .F.VK   LAQGT.L          
3BL5, chain E      KAIVVFSGGQDSTTCLLW     TVTFHY   ..F..   IITGV.C                     
2E89, chain A      RVLIAFSGGVDSVVLTDV     LAHFNH   .LR..   IATAH.H  
2DER, chain B      KVIVGMSGGVDSSVSA.W     GLFMKN   .IK..   IATGH.Y              
1Q19, chain C      V.GIPLSGGLDSSLVTAL     TYSIG.   .GL..   MLTGYGS                
1MB9, chain B      P.LVVLSGGIDSSGVAA.     TVSMGT   ..LT.   ILTGYGA                  
1ZUN, chain A      .PVMLYSIGKDSAVMLHL     VMHVDT   .IMKT   AFGGA.R                 
1CT9, chain D      Y.GVLLSGGLDSSIISAI     S.FAV.   TPM..   VLSGEGS                
1KP2, chain A      RIGIAFSGGLDTSAALLW     AYTANL   ..T..   WGDGST. 

Figure S2. Structure-based sequence alignment of ATP-associating residues. The residues are colored based on their roles in ATP association: green – ribose; cyan – PP-loop motif; yellow – hydrogen bonding with adenine; pink – supporting adenine ring from the bottom (α3 bulky residue). The residue numbers are shown based on the LarE sequence (5UDS). Manual inspections were conducted to correct misalignment in some cases. The results are summarized in Figure 4D showing the HMM logo.
             


Table S1. ATP-associating residues identified through structure-based sequence alignment of representative PP-loop ATP pyrophosphatase family members. 
	Protein-PDB ID
	Ribose
Interaction
	PP-loop
	Adenine
recognition
	α3 bulky residue

	AsnB-1CTP
	L232, G347
	234-239
SGGLDS
	A271
	M329

	ASS-1KP2
	A16, G128
	18-24
SGGLDT
	A42
	T109

	β-LS-1MB9
	V247, G347
	249-254
SGGIDS
	M273
	L330

	CarA-1Q19
	P244, G344
	246-251
SGGLDS
	I270
	L327

	CysD-1ZUN 
	L32, G133
	34-39
SIGKDS
	V62
	M113

	GMPS-2VXO
	L242, G367
	244-249
SGGVDS
	I270
	F344

	LarE-5UDS
	A24, G123
	26-31
SGGIDS
	A52
	F104

	MnmA-2DER
	G11, G127
	13-18
SGGVDS
	M37
	I106

	NadE-5HUH 
	G54, G167
	56-61
SGGQDS
	L91
	R150

	NMNS-3FIU
	G35, G141
	37-42
SGGIDS
	L61
	R124

	Qns-3SEQ
	G366, G479
	368-373
SGGLDS
	L399
	R462

	PPase-M-3K32
	L9, G105
	11-16
SGGKDS
	I35
	V91

	PPase-P/DPH6-3RK0
	L10, G97
	12-17
SGGKDS
	M37
	L82

	QueC-3BL5
	V9, G120
	11-16
SGGQDS
	F35
	F101

	ThiI-4KR7
	L180, G286
	182-187
SGGIDS
	F206
	M267

	TilS-2E89
	A30, A132
	32-37
SGGVDS
	F61
	R113

	TtuA-5MKO
	A53, G154
	55-60
SGGKDS
	I79
	K135





Appendix 1. Percent identity matrix of representative members of the PP-loop ATP pyrophosphatase family. (Appendix 1.xlsx)


[bookmark: _GoBack]Appendix 2. The full phylogenetic tree of the PP-loop ATP pyrophosphatase family. The PP-loop ATP pyrophosphatase family members match those shown in Figure 2, with the individual members identified by their NCBI reference sequences. (Appendix2.pdf)
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