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Abstract: The recently developed PSI-BLAST method for se-
quence database search and methods for motif analysis were used
to define and expand a superfamily of enzymes with an unusual
nucleotide-binding fold, referred to as palmate, or ATP-grasp fold.
In addition to D-alanine-D-alanine ligase, glutathione synthetase,
biotin carboxylase, and carbamoyl phosphate synthetase, enzymes
with known three-dimensional structures, the ATP-grasp domain is
predicted in the ribosomal protein S6 modification enzyme (RimK),
urea amidolyase, tubulin-tyrosine ligase, and three enzymes of
purine biosynthesis. All these enzymes possess ATP-dependent
carboxylate-amine ligase activity, and their catalytic mechanisms
are likely to include acylphosphate intermediates. The ATP-grasp
superfamily also includes succinate—CoA ligase (both ADP-forming
and GDP-forming variants), malate-CoA ligase, and ATP-citrate
lyase, enzymes with a carboxylate—thiol ligase activity, and several
uncharacterized proteins. These findings significantly extend the
variety of the substrates of ATP-grasp enzymes and the range of
biochemical pathways in which they are involved, and demonstrate
the complementarity between structural comparison and powerful
methods for sequence analysis.

Keywords: ATP binding site; ATP-grasp fold; biotin carboxylase;
glutathione synthetase; purine biosynthesis; succinate thiokinase;
tubuline—tyrosine ligase

With the rapid accumulation of three-dimensional (3D) protein
structures and the complementary development of structure-to-
structure comparison methods, there has been lately a remarkable
growth in the number of protein superfamilies delineated through
structural conservation alone, in the absence of detectable se-
quence similarity (Holm & Sander, 1996). One of such structural
superfamilies unites two groups of peptide synthetases, namely
D-alanine:p-alanine ligase (DD-ligase) and glutathione synthetase
(GSHase), with biotin carboxylases (BCases) and carbamoyl phos-
phate synthase (Fan et al., 1995; Artymiuk et al.,, 1996; Thoden
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et al., 1997). All these enzymes catalyze a reaction that involves an
ATP-dependent ligation of a carboxyl group carbon of one sub-
strate with an amino or imino group nitrogen of the second one and
includes, in each case, the formation of acylphosphate intermedi-
ates (Gushima et al., 1983; Ogita & Knowles, 1988; Meister, 1989;
Fan et al., 1994). Structural alignment of DD-ligase, GSHase, and
BCase revealed three conserved motifs, corresponding to the
phosphate-binding loop and the Mg2*-binding site of the ATP-
binding domain (Artymiuk et al., 1996). In each of these enzymes,
ATP binds in a cleft formed by two structural elements, each
containing two antiparallel 8-strands and a loop (Hibi et al., 1996).
A similar ATP-binding fold, referred to as GSHase fold, palmate
(B-sheet) fold (Yamaguchi et al., 1993), or ATP-grasp fold (Murzin,
1996) has been detected in succinyl-CoA synthetase (SCS)
(Wolodko et al., 1994; Matsuda et al., 1996). Sequence similarity
with BCases indicates that this superfamily additionally includes
the biotin-dependent carboxylase domains of pyruvate carboxylase
and propionyl-CoA carboxylase (Artymiuk et al., 1996). Here,
using recently developed sensitive methods for sequence database
search and sequence motif analysis, we further expand the ATP-
grasp superfamily to include the enzyme involved in ribosomal
protein S6 modification, urea amidolyase, tubulin-tyrosine ligase,
three enzymes of purine biosynthesis, and several uncharacterized
proteins. These findings significantly extend the range of the bio-
chemical pathways, in which ATP-grasp enzymes are involved, the
variety of their substrates, and emphasize the complementarity
between structural comparison and powerful methods for sequence
analysis.

In the course of detailed comparative analysis of the protein
sequences encoded in complete bacterial and archaeal genomes
(Koonin et al., 1997), we observed that the Escherichia coli RimK
protein, which is involved in post-translational modification of the
ribosomal protein S6 (Reeh & Pedersen, 1979; Kang et al., 1989),
had highly conserved homologs in all completely sequenced bac-
terial and archaeal genomes and also showed a significant simi-
larity to GSHases. When the non-redundant protein sequence
database at the National Center for Biotechnology Information was
searched using BLASTGP program, which is an extension of the
BLAST method (Altschul et al., 1990) incorporating statistical
analysis of local alignments with gaps (Altschul & Gish, 1996;
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Altschul et al., 1997), alignments of the RimK sequence with
GSHases were detected with a probability of occurring by chance,
P < 1073, We further iterated this search using the recently de-
veloped PSI-BLAST (Position-Specific Iterative BLAST) pro-
gram, which converts local alignment produced by BLASTGP into
position-specific weight matrices that are then used for iterative
database scanning (Altschul et al., 1997). This search detected the
known proteins with the ATP-grasp fold, GSHases, DD-ligases,
and BCases, with a high statistical significance (P < 10™*). It also
revealed, at the same significance level, a similar domain in urea
amidolyase, phosphoribosylamine—glycine ligase, phosphoribosylg-
lycinamide formyltransferase, and phosphoribosylaminoimidazole
carboxylase. In addition, marginal similarity was detected with the
sequences of SCS and tubulin—-tyrosine ligase (TTL). Finally, when
the alignment block containing the phosphate-binding site with a
flexible glycine-rich loop flanked by two anti-parallel B-strands
from these enzymes (residues 137-157 in DD-ligase) was used in
a motif search using MoST program (Tatusov et al., 1994), a total
of 125 different sequences were retrieved, of which 122 were
considered members of the ATP-grasp superfamily.

The extended ATP-grasp superfamily currently includes 15 groups
of enzymes, catalyzing ATP-dependent ligation of a carboxylate-
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containing molecule to an amino or thiol group-containing mol-
ecule (Table 1). The list of reactions catalyzed by these enzymes
demonstrates their flexibility with respect to both carboxyl and
amino/thiol group-containing substrates. Thus, phosphoribosylg-
lycinamide formyltransferase uses formic acid as a substrate, show-
ing that the moiety at the carboxyl group can be as simple as H
atom. On the other hand, in case of RimK and TTL, the carboxyl-
containing substrates are proteins. In carbamoyl phosphate synthe-
tase, the amino group containing substrate is simply ammonia
(derived from glutamine), while in biotin carboxylases this sub-
strate is N’ atom of enzyme-bound biotin molecule. This shows
that primary and secondary amines can both be used by enzymes
of this family. The reaction catalyzed by ATP-dependent carboxylate-
amine ligases can be summarized as follows:

R-CO-O'7-§> R-CO-0P0;% 7? R-CO-N-R"
|

ATP  ADP R’-NH-R" HOPO;% R’

In this scheme, R can be a hydrogen atom, hydroxyl group, an
organic molecule, or even a protein; R’ can be either a hydrogen
atom or a part of a biotin ring, and R” can be an amino-group

Table 1. Carboxylate—amine/thiol ligases containing ATP-grasp domains

Function or SWISS-PROT Active Carboxylate Amine or
Enzyme pathway symbol form substrate thiol substrate
Ribosomal protein S6 Ribosome biogenesis RIMK_ECOLI Monomer? Ribosomal Glutamate
modification protein® protein S6
Gilutathione synthetase Glutathione biosynthesis GSHB_ECOLI Tetramer y-Glutamyl-  Glycine
(EC 6.3.2.3) cysteine
D-Alanine-D-alanine Peptidoglycan biosynthesis ~DDLA_ECOLI Dimer D-Alanine p-Alanine
ligase (EC 6.3.2.4) DDLB_ECOLI
Phosphoribosylamineglycine Purine biosynthesis PUR2_ECOLI Monomer Glycine 5-Phosphoribosylamine
ligase* (EC 6.3.4.13)
Phosphoribosylglycinamide Purine biosynthesis PURT_ECOLLI Monomer HCOO™~ 5'-Phosphoribosylglycinamide
formyltransferase® (EC 2.1.2.-)
Phosphoribosylaminoimidazole Purine biosynthesis PURK_ECOLI Dimer HCO;™ 5'-Phosphoribosyl-
carboxylase® (EC 4.1.1.21) PUR6_YEAST 5-aminoimidazole
Acetyl-CoA carboxylase, biotin Fatty acid biosynthesis ACCC_ECOLI Heterohexamer HCO;3™ Biotin-enzyme
carboxylase subunit (EC 6.3.4.14) COAC_YEAST Tetramer
Propionyl-CoA carboxylase Amino acid catabolism PCCA_HUMAN  Heterodimer HCO;~ Biotin-enzyme
(EC 6.4.1.3) .
Pyruvate carboxylase (EC 6.4.1.1)  Gluconeogenesis PYC_HUMAN Tetramer HCO;~ Biotin-enzyme
Urea amidolyase® (EC 6.3.4.6) Urea hydrolysis DURI_YEAST Monomer HCO;~ Biotin-enzyme
Carbamoyl-phosphate synthetase, Arginine biosynthesis CARB_ECOLI Heterodimer HCO;™ NH;
large chain (EC 6.3.5.5) pyrimidine biosynthesis PYRI_HUMAN  Hexamer NH,COO~ —
Tubulin-tyrosine ligase® Microtubules assembly TTL_PIG Monomer a-Tubulin Tyrosine
(EC 6.3.2.25)
Succinyl-CoA synthetase, Citric acid cycle SUCC_ECOLI Heterotetramer ~ Succinate Coenzyme A
B subunit (EC 6.2.1.5, 6.2.1.4) SUCB_PIG Heterodimer
Malate-CoA ligase, Growth on C-1 compounds MTKB_METEX  Heterodimer Malate, Coenzyme A
B subunit® (EC 6.2.1.9) succinate
ATP-citrate lyase® (EC 4.1.3.8) Lipid biosynthesis ACLY_HUMAN  Monomer Citrate Coenzyme A

*Newly identified members of the superfamily.
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containing a molecule, or a part of a biotin ring (Table 1). In the same catalytic mechanism works in succinyl-CoA synthetase,
several cases, substrates of ATP-grasp enzymes do not have an where it is the thiol group of HS-CoA that performs the nucleo-
amino group. One of such enzymes is the enterococcal DD-ligase philic attack on the succinyl phosphate intermediate. This probably
(vancomycin-resistance protein), which ligates D-alanine with also occurs in related enzymes, such as malate—CoA ligase and

D-lactate (Fan et al., 1994; Evers et al., 1996). Another variant of ATP—citrate lyase (Wells, 1991):

RIMK_ECOLI 88 arDiLr 31 gGAPLVVﬁlveG-t iGVVLA 19 ILV@EEYIkeaqggCDI 22 rsnlhrGGaasv 20 4 PLVMY SPGleGi 30
RIMK_HAEIN 104 arDiWk 30 ISSPTIL{tlnG-SqeiGVILA 19 MLgeDFIeeagnADI 22 ranchrGGktek 20 4 LL SPGlemi 25
Y011_MYCGE 93 anDyYe 3 kdVHLV 16 WIVPFLs-igtVEY 22 kanfsqgGAevsl 20 5 VI Tj Garal 31
Y012_MYCGE 27 adNygl YyVFLC rsnlnkGAkaer 20 5 LIFQ nvqgltrs 16
MJ0620 93 asNgFl eGIVrV knnvsgGGrvek 20 4 L ist?swiGl 22
MJ1001 95 1kVFMA rtnlylGnvvek 20 4 YYVIRINSSPGtkGE 21
167 281
GSHB_ECOLI 121 K K EASIFrV rgnlaaGGrgep 23 - drLTEIfvtsptcir 25

rnnmatGGtvak 23
dtGpntGGmGAY 35
dkG1lntGGmGAY 40
dtGpntGGmGAy 38

GSHB_ANASP 129 K K AeeCILFL
PUR2_ECOLI 101 K R
PUR2_YEAST 105
PUR2_ARATH 212 P

PUR2_HUMAN 103 K R NekGVIVA

pkVL CRFGdpet 133
RFGdpet 494
LSF RFGdpec 120

VU e BB RN
<
-
]

dgGpntGGmGAY 38 pk CRFGdpec 712
PURT_ECOLI 109 kGQTFI hrgedGdyresw 27 >VspRPhdtGm 103
PURT_BACSU 102 kGgsveC hvgkdGdyiesw 27 VYF spRPhdtGl 103
PURK_ECOLI 86 GgWrL hqdgilrtsvaf 25 LLIndLapRVhnsGh 107
PURK_BACSU 104 LXLPA tcrGGydekGqFVI hhnnilfgsivp 24 LLVni2LapRPhnsGh 102
PUR6_YEAST 102 LGFPFVLIgsrt1AyderGnFVV hkdnicdlCyap 25 LLIn2IapRPhnsGh 292

144 150 180 187 215 257 270

DDLB_ECOLI 93 LGLPVIV PSre- GMSkV 19 VLIPK[?s-GPEFtV 19 ydyealjYLsdet 30 GWGIBVML 5 FYLLBATtsPGmtsh 26
DDLA_ECOLI 137 LGLPLFVIgPANg- GVSkV 12 AT IK-GRIIEC 22 yaydt)jYIdedg 31 GMARVBVFL 5 VVI t1PGftni 39
VANA_ENTFC 129 FtYP' NPAYS— fGVKkV 19 ALIIZQAVsS-GCiZVgC 27 gevepekgsena 30 GLAR FL 5 IVLnRVRtlPGftsy 28

159 165 201 209 236 241 276 288 294
ACCC_ECOLI 112 mgDLiVs 33 IGYPVIIJASGG- R

R;V:I 20 QRR;QS EAP 26 GAGTFSFLF 4
ACCC_ANASP 113 mgDijst 32 IGYPVMIGAtAG- LTSF 20 ORRYOSLLISEAP 26 GAGTIFLL 5
ACCC_METJA 112 mgsjiIn 32 IGFP! 3 mIE\I} 20 QRREQSLII EAP 26 SAGTVI2FLY 4
COAC_YEAST 182 1gDiIs 56 IGFPVMIASeG-GeekGIRQV 21‘IFImKLAgRaRiILﬁv 20 QRREQWIIZEAP 26 SAG LY 6
COAC_RAT 238 lgDiTa 58 VGYPVMINASeG-GEEekGIRKYV 21 IFanLAszRaLﬁ 20 QRREQIITZEAP 26 SAG LY 5
PCCA_HUMAN 148 mgDyle 32 IGYPVMI kGMRIA 25 LLIBKFIDNPREIZI 20 QRRIQUVVSEAP 26 SAGTVZFLV 5
PYC1_YEAST 132 vgDiVs 32 YGYPVIIj GMRVV 25 C FLnKp;%nh»v 20 QRRIOSVVESVAP 26 nAGTASFLV 5
PYC_HUMAN 148 mgDiVe 32 YGFPII rGMRVV 25 L) FIEKPROISV 20 Qm*%vﬁmp 26 NnAGTV2FLV 5
DUR1_YEAST 743 lglihs 31 LeYP iGLgkV 25 VFLERFIENaR;ViZV 20 QRRUQIVIZETP 26 CAGTVZFIY 6

129 243 285 299

CARB_ECOLI aeDirr VGFPCIISPSFt-MJESGGGIA GGSTVEFAV

GHITGDEITVAP LIVIE:;p'-’VSRss;\ 764
A NV

6
CARB_ECOLI IGYPLVViiPSYV~- rAMeIV 4 VYLISVUDIAARtVP 222
MJ1378 a tGGGIA 6 RVSRSSA 175
MJ1381 raMqglIVv 4 RASRtvP 238
CARB_YEAST R 1GSGFA 6 RLSRSSA 791
CARB_YEAST sSVV 5 LkVI iRASRSEP 247
PYR1_YEAST 1GSGFA 0 YCII RLSRSSA 1479
PYR1_YEAST TV 4 IkVIPOYWWRASRSEP 943
PYR1_HUMAN 1GSGFA TCESIVVAP 0 YYIT *aRLSRSSA 1533
PYR1_HUMAN VA 21 VVISKFIQea GLIISGDRTLVTP 4 LkVIEONvRVSRSEP 1001
TTL_PIG eGILIS 16 hVI[ RPLLLEp 23 eGVLRtASepYh 5 VWLIBVNGAPACAgk 38
TTL_BOVIN eGILIS 16 hVI| ERPLLLEp 23 eGVLRtASepYh 5 36
ZK1128.6* tGISVT 11 LVAMHYIERPLTInr 23 QGLVREASVDYs 5 156
C55A6.2* kGIFFA 10 LLVSRYLKDPYLVnn 23 eGLAR1ASrpYd 5 283
KIAAQ0173 1iGIQVI 11 LL YLHKPYLIsg 23 dGLVRfASckYs 5 283
YBU4_YEAST GIXVF 50 FIIMEYLtNPLLLas 24 rMLALfAARkpFv 5 50
D2013.9* dMTVT 14 kIVCEYIPRPLLFpr 29 rFWIRfAineFs 9 STLLIWEmPAttrA 28
KIAA0153 1dTHVT 14 kVVsSKYIESPVLFlr 28 vFWLRfSnraFa 3 pqILViyfnPdCera 29
9 46 52 99 107 197

SUCC_ECOLI 5 YQARQL 27 GAGP! cqvh- GKAGG 36 IL atDiakidLYL, 19 GVEIEKVAeetp 13 LALIT *PLVItkqg 181
SUCB_PIG 27 YQSWKL 27 nakelIVIigagil- GKGVE 44 MV 1-Dis YL 19 GVDIEEVAAsnp 13 ATq' ﬁPFGetpeg 181
MTKA_METEX 5 YQAWEL 27 GGSfWAWgaqih-AEJRGKAGG 36 tadpfe YL 19 GMDIEEIAAkep 16 GT IWPLVVtkdd 183
ACLY_HUMAN 8 qtiEL 36 1lsgnLVVigpdgl-ikrRGK1G1l 33 FLIRp-5-qaeldFYV 17 GVDVGDVdAkag 14 FT IWPLVVTKDg 894
MJ0776 123 isNgYk 29 efktCILEPiyGS ilkIeL 14 IIAMEYIrgksfsan 17 kGMyaGnltpyi PYIVBINPRi1Gtye 99
MJ0815 135 agNyYl 15 ppkk kids-cClgekfnLFA 2 FLIWEFIdgenlsvs 19 rGfvGGevninh IYIT IwPRitttiy 34
slrl616 112 csNgkr 26 iglPCIVPStGt! SVFFA 19 pIAMEYId-inEgEF 30 rGRGGiiSSGysS LMP! PRESAStyY 48
YSCL9931 309 lralgLr 28 mtkP: WPvdGed—-hnIYIY 35 YIViZQFMdtdnfeDV 24 rrnthGkevryi sYVIpvRGESfvkdn 649
Consensus <. $4u. uGuPUUU+pooo . oGG.gulUlulu UUU-$UUS. . $EU-u coooklcocon UUUUEUNUXU. . ...
Structure BRBBARRB BRRp BB BBRB BBP BBRB

Fig. 1. Multiple alignment of the conserved regions in the ATP-grasp proteins. The proteins are listed under their unique SWISS-PROT or GenBank
identifiers; proteins from Caenorhabditis elegans are marked with an asterisk. The numbers indicate distances to the ends of each protein and the sizes of
the gaps between aligned segments. The names of proteins with known 3D structures are shown in bold; the positions of the conserved residues are indicated
above such residues. Red shading indicates the amino acid residues that were shown to be involved in ATP binding by X-ray analysis; corresponding amino
acid residues in other sequences are shaded blue. Magenta shading indicates the residues identified by site-specific mutagenesis. Conserved amino acid
residues of the active center of biotin carboxylases are shaded green. Yellow shading indicates uncharged amino acid residues (A, I, L, V, M, E Y, or W)
with a propensity to form S-strands. Conserved small residues (G, A, S, or C) are shown in green, the residues conserved within a protein family are in
caps, the ones conserved among several protein families are in bold. The consensus includes amino acid residues conserved in all sequences (upper case)
and those conserved in the majority of the sequences (lower case). U stands for a bulky hydrophobic residue (I, L, V., M, E, Y, W), O stands for a small
residue (G, A, S, C), + stands for K or R, — stands for D or E, $ indicates any charged residue (D, E, K, R, N, Q), and dot stands for any residue.



2642

R-CO-0" 7? R-CO-0PO;%"

ATP ADP HS-CoA

R-CO-S-CoA

HOPO;?"

However, these exceptions appear to be the only ones where an
ATP-grasp enzyme works without an amino group-containing sub-
strate. Remarkably, SCS of E. coli can use GTP and ITP in addition
to ATP (Murakami et al., 1972; Kelly & Cha, 1977), while the
enzymes from pig hearts and Dictyostelium discoideum are GTP
specific (discussed by Nishimura, 1986; Anschutz et al., 1993).

The multiple alignment of the ATP-grasp superfamily generated
from the PSI-BLAST data using CLUSTALW (Thompson et al.,
1994) and MACAW (Schuler et al., 1991) programs (Fig. 1) shows
a clear pattern of conservation in the three motifs described by
Artymiuk et al. (1996). These motifs are also detectable in the
sequences of SCS, in accordance with the structural classification
(Murzin, 1996), and TTL, confirming that TTL contains an ATP-
grasp domain (Fig. 1). The alignment also includes several un-
characterized proteins, for which no function could be deduced
from the sequence data.

This alignment demonstrates that most of the amino acid resi-
dues that interact with ATP in DD-ligase (Fan et al., 1994, 1995)
are conserved in all ATP-grasp domains, and the few allowed
substitutions are consistent with their predicted role in ATP bind-
ing. Thus, Lys-97 and Lys-144 of DD-ligase, interacting electro-
statically with a- and B-phosphates of ATP, are conserved in a
majority of sequences and are only substituted by Arg in carbam-
oyl phosphate synthetases. Glu-180, hydrogen bonded to the amino
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group of adenine, can be substituted by Gln or Asp, while Glu-187,
hydrogen bonded to ribose OH groups, can be substituted by His,
Asp, or Asn. Amino acid residues Asp-257, Glu-270, and Asn-272,
participating in coordination of Mg2*, and Trp-182, Leu-183, and
Leu-269, providing hydrophobic interactions for adenine and ri-
bose rings, are also highly conserved. In accordance with the site
mutagenesis data (Shi & Walsh, 1995), Tyr-216 can be substituted
by other hydrophobic residues. On the other hand, most of the
amino acid residues forming the active center of BCase (Waldrop
et al., 1994), such as Tyr-82, His-236, Lys-238, Glu-241, GIn-294,
and Glu-296, are conserved only among BCases. These residues
are not conserved even in phosphoribosylaminoimidazole carbox-
ylase (Fig. 1), which also uses bicarbonate as a substrate, but is
likely biotin-independent (Mueller et al., 1994). Finally, we found
no sequence conservation around Glu-15, which in DD-ligase binds
amino groups of the substrate. This may reflect the variety of the
amine-containing substrates of the enzymes of this family.

The ATP-grasp domain is ubiquitous, with multiple representa-
tives of the superfamily encoded in each of the completely se-
quenced genomes (Table 2). It is of interest, however that, unlike
metabolic enzymes, the two groups of ATP-grasp proteins involved
in protein modification, while highly conserved, are limited in
their phylogenetic distribution to prokaryotes (RimK) or eukary-
otes (TTL) (Table 2). Conceivably, these enzymes could have
evolved from ancestral metabolic enzymes. Phylogenetic distribu-
tion of the ATP-grasp enzymes suggests some interesting func-
tional clues. Methanococcus jannaschii encodes two paralogous
proteins that are both orthologous to RimK, yet there is no gene for

Table 2. ATP-grasp domains encoded in prokaryotic and eukaryotic genomes

p-Alanine- Carbamoy! Tubulin-
Glutathione  p-alanine Biotin phosphate tyrosin
Organism RimK synthetase ligase Purine biosynthesis enzymes carboxylases  synthetase ligase Unknown
Escherichia RimK GshB DdIA PurD PurT PurK AccC CarB - —
coli DdIB
Hemophilus HI1531 — HI1140 HIOS88  — HI1616 — — — —
influenzae
Mycoplasma MGO11 — — — — _— _
genitalium MGO12
Synechocystis sp. — sir1238 sir1874 slr1159 slr0861  sll0578 s110053 s110370 — slr1616
s1r2002

Methanococcus MJ0620 — — MJ0937 MJ1486 — MIJ1229 MIJ1378 — MJO776
Jannaschit MJ1001 MJ1381 MIJO815
Saccharomyces — —b — YGL234w YOR128¢c YBR208c, YJL130c YBR094w  YSCL9931
cerevisiae YBR218c, YJR109¢

YGL0O62w,

YNRO16c,

YM8261.01c
Caenorhabditis — b — F38B6.4 — D2023.2, D2085.1 C55A6.2 F46F11.1
elegans F26D10.2, ZK1128.6

F27D9.5,

F32B6.e
Homo sapiens — b — P22102 — POS16S, P27708 KIAA0153

P11498, P31327 KIAA0173

S41121

aProteins are indicated by their original authors’ designations; E. coli proteins are from SWISS-PROT database, H. influenzae—from Fleischmann et al.
(1995), M. genitalium —from Fraser et al. (1995), Synechocystis sp.—from Kaneko et al. (1996), M. jannaschii—{rom Bult et al. (1996),_5} cerevisiae—
from the Saccharomyces genome database (Stanford University). Yeast, human, and worm proteins are listed under their GenBank identifiers.
"Eukaryotic glutathione synthetase has no detectable sequence similarity with the bacterial enzyme.
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the bacterial ribosomal protein S6 in the M. jannaschii genome. A
similar pattern can be seen in the recently sequenced genomes of
two other archaea, Methanobacterium thermoautotrophicum and
Archaeoglobus fulgidus. Thus, it seems likely that RimK actually
has another, conserved, but not yet discovered activity. Of further
interest is the finding of a group of uncharacterized eukaryotic
proteins containing an ATP-grasp domain and showing the highest,
though limited, similarity to RimK. These putative enzymes may
be involved in an as yet unknown protein modification mechanism.

A substantial number of enzymes that are similar in function to
ATP-dependent carboxylate-amine ligases do not show any detect-
able sequence similarity to the ATP-grasp superfamily. These in-
clude such peptide synthetases as y-glutamyl-cysteine synthetase,
eukaryotic GSHase, and bacterial peptidoglycan biosynthesis pro-
teins MurC, MurD, and MurE. MurD was shown recently to have
a typical Rossman fold (Bertrand et al., 1997), rather than ATP-
grasp. Pyruvate phosphate dikinase, which reportedly has the ATP-
grasp fold (Herzberg et al., 1996; Murzin, 1996), shows no apparent
sequence similarity to DD-ligase, GSHase, BCase, or SCS. Finally,
in spite of certain similarities in the reaction mechanism, there is
no indication that glutamine synthetases belong to the ATP-grasp
superfamily.

On a general note, the findings presented here show that with
refinement of sequence comparison methods their sensitivity may
match that of methods based on structure comparison. Such de-
velopments are particularly important, given the parallel rapid growth
of sequence and structure databases as sequence analysis methods
complement structure analysis by assigning subtly similar se-
quences to superfamilies with known folds.
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