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ABSTRACT A conserved amino acid se-
quence motif was identified in four distinct
groups of enzymes that catalyze the hydrolysis
of the a—p phosphate bond of ATP, namely
GMP synthetases, argininosuccinate synthe-
tases, asparagine synthetases, and ATP sulfu-
rylases. The motif is also present in Rhodobac-
ter capsulata AdgA, Escherichia coli NtrL, and
Bacillus subtilis OutB, for which no enzymatic
activities are currently known. The observed
pattern of amino acid residue conservation and
predicted secondary structures suggest that
this motif may be a modified version of the
P-loop of nucleotide binding domains, and that
it is likely to be involved in phosphate binding.
We call it PP-motif, since it appears to be a part
of a previously uncharacterized ATP pyro-
phophatase domain. ATP sulfurylases, NtrL,
and OutB consist of this domain alone. In other
proteins, the pyrophosphatase domain is asso-
ciated with amidotransferase domains (type I
or type II), a putative citrulline-aspartate ligase
domain or a nitrilase/amidase domain. Un-
expectedly, statistically significant overall
sequence similarity was found between ATP
sulfurylase and 3'-phosphoadenosine 5'-phos-
phosulfate (PAPS) reductase, another protein
of the sulfate activation pathway. The PP-motif
is strongly modified in PAPS reductases, but
they share with ATP sulfurylases another con-
served motif which might be involved in sulfate
binding. We propose that PAPS reductases may
have evolved from ATP sulfurylases; the evolu-
tion of the new enzymatic function appears to
be accompanied by a switch of the strongest
functional constraint from the PP-motif to the
putative sulfate-binding motif.
© 1994 Wiley-Liss, Inc.
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INTRODUCTION

The concept of domains, independent structural
and often functional units in proteins, has been pro-
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moted by the seminal discovery of a conserved dinu-
cleotide-binding fold in the three-dimensional struc-
tures of otherwise very different dehydrogenases.
With the increasing amount of sequence data, a
multidomain structure is revealed for more and
more metabolic enzymes. In contrast to extracellu-
lar mosaic proteins, they mostly contain a very
small number of functional units and the respective
structures are unlikely to be the result of exon shuf-
fling (for review, see ref. 2).

Distinct types of nucleoside triphosphate (NTP)-
utilizing domains are among the most widespread
“movable” enzyme domains. The majority of NTP-
hydrolyzing enzymes cleave the B~y bond of NTP;
the best characterized and probably largest group
contains the so-called Walker NTP-binding motifs A
and B.2~® X-Ray analysis of several enzymes has
confirmed that these two motifs participate in ATP
hydrolysis (reviewed in refs. 5 and 8). The A motif
contains the glycine-rich “P-loop” preceded by a hy-
drophobic -strand and succeeded by an o-helix, and
accommodates the pyrophosphate moiety of NTP.*
The B motif contains a hydrophobic B-strand termi-
nated by a negatively charged residue and binds
NTP via Mg?*. The A motif contains the strongest
sequence signal and specific versions of this motif
can be used as signatures for the identification of
large families of NTPases (e.g., refs. 4, 6—8 and ref-
erences therein).

Several other types of nucleotide-binding domains
involved in the cleavage of the p—~y bond of ATP
have been characterized, e.g., protein kinases,” the

Abbreviations: APS, adenosine-5'-phosphosulfate; Assy,
argininosuccinate synthetases; Asn, asparagine synthetases;
GATase, glutamine amidotransferase; NTP, nucleotide
triphosphate; ORF, open reading frame; PP-motif, pyrophos-
phate-binding motif; PAPS, 3'-phosphoadenosine 5'-phospho-
sulfate.
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superfamily of actin, hsp70, and sugar kinases'® or
carbamoyl transferases and NDP kinases.!! Al-
though they all contain conserved motifs with a gly-
cine-rich loop that follows an interior p-strand, the
structural context is different and they have appar-
ently evolved independently.’?

Enzymes that cleave the a—B bond in ATP, though
less numerous, are also involved in various reac-
tions and do not have a single phylogenetic origin.
This is, for example, revealed by the two distinct
topologies found among aminoacyltRNA syn-
thetases.'®~*5 Another indication of the variety of
catalytic mechanisms among the ATP pyrophos-
phatases is the use of cofactors such as CoA (e.g.,
acyl-CoA synthetases) by some of them and the co-
valent binding of AMP (e.g., DNA and RNA ligases)
to various enzymes (for an overview of sequenced
ATP pyrophosphatases, see the enzyme database®®).

Here we describe a putative novel pyrophos-
phatase domain characterized by a highly conserved
motif. It is found in several groups of enzymes cleav-
ing the o—B phosphodiester bond in ATP and ap-
pears to be a modified version of the P-loop found in
B—y NTPases. One of these pyrophosphatases, ATP
sulfurylase, has a significant overall similarity to
3'-phosphoadenosine 5'-phosphosulfate (PAPS) re-
ductases, sulfate-binding proteins which do not have
ATPase activity. The P-loop-like motif is drastically
modified in PAPS reductases; sulfate-binding pro-
teins including ATP sulfurylase are, however, char-
acterized by another, distinct conserved motif. Thus,
evolution of a new protein function apparently can
be accompanied by a shift of the principal selection
pressure from one conserved motif to another.

METHODS

Amino acid sequences were extracted from protein
databases or obtained by translation of nucleotide
databases supported at the National Center for Bio-
technology Information (NIH) and at EMBL.

Our strategy for delineating protein families and
locating conserved motifs combines iterative data-
base screening using methods for detection of pair-
wise similarity and motif search with construction
and inspection of multiple alignments.'”

Initial database searches are performed using the
programs of the BLAST series'®'® after masking
compositionally biased segments using the SEG pro-
gram.'®2® Database searches for conserved motifs
are carried out using the programs PROPAT?! and
MoST.?2 Briefly, under the MoST procedure, multi-
ple alignment blocks are constructed by parsing con-
sistent segments from ungapped pairwise align-
ments produced by a BLAST search. These blocks
are converted into position-dependent weight matri-
ces using a mixture of nine Dirichlet distributiong?3
to approximate the probabilities of different amino
acid residues in the alignment columns. It has been
shown®? that the use of the Dirichlet distributions

results in significantly more sensitive weight matri-
ces than simple averaging of the amino acid weights
implemented in the PROFILE method.?* Using
these weight matrices, scores are computed for all
segments of corresponding length in the amino acid
sequence database, and the distribution of scores ob-
tained is compared with the theoretically expected
distribution. This procedure allows a precise evalu-
ation of the statistical significance of the alignment
between a candidate segment from the database
with the weight matrices. The ratio of the expected
to the observed number of sequence segments with a
given score is used as the cut-off in database
searches. The segments with scores exceeding the
cut-off are added to the original alignment block and
the process is iterated automatically until conver-
gence (for details see ref. 22),

All potentially related proteins identified by motif
searches are subjected to new BLAST searches as a
control and in order to identify related proteins that
might contain modified motifs. Multiple alignments
are constructed using the programs ClustalW (a new
version of ClustalV?®; D. Higgins, J. Thompson, and
T. Gibson, personal communication) and MACAW.26
The latter program allows determination of the op-
timal boundaries of conserved blocks and evaluation
of their statistical significance, i.e., the probability
of finding these blocks by chance. Protein secondary
structure elements are predicted using the PHD pro-
gram that has an average accuracy of over 71% in a
three-state prediction.?’

RESULTS AND DISCUSSION
A Widespread Motif Probably Involved in
Phosphate Binding by o—f
Bond-Cleaving Enzymes

This analysis was initiated by searching the
amino acid sequence databases for similarity to the
E. coli GMP synthetase (GuaA) using the BLASTP
program. The N-terminal part of GuaA was masked,
given its known similarity to other amidotrans-
ferases.”®?® The C-terminal portion matched not
only several GMP synthetases from other organ-
isms, but also asparagine synthetases and AdgA
proteins from Rhodobacter capsulatus and yeast
(Fig. la). Although these alignments were not
highly significant statistically, they were consis-
tent, ie., they all matched the same region of the
GMP synthetase. Thus, a single block could be con-
structed that was converted into a position-depen-
dent weight matrix and used for iterative database
search (see Methods).

The search resulted in the detection of a unique
motif that is conserved in four diverse groups of en-
zymes, namely (1) GMP synthetases, (2) asparagine
synthetases, (3) argininosuccinate synthetases, and
(4) ATP sulfurylases. It is also present in several
proteins without known enzymatic activity, such as
AdgA, NrtL, OutB, and an uncharacterized open
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a)
bbbbbb aaaaaaaaaa
Guaa_Dicdi 268 KKVLVLVSGGVDSTVCAALISKAIGPEN P32073
Guaa/Yeast 224 AEVIGAVSGGVDSTVASKLMTEAIGDRF X70397
Guaa_Ecoli 228 DKVILGLSGGVDSSVTAMLLHRATIGKNL P29727
Guaa/Mycle ? CHAICGLSGGVDSAVAAALVQORATGDRL U0o0o01s
Guaa_Bacsu 220 KQVLCGLSGGVDSSVVAVLIHKAIGDQL pP29727
AdgA/Rhoca 285 SRVVLGLSGGIDSALVAVIAADALGAGN X59399
AdgA/Yeast 354 TGFFLPLSGGIDSCATAMIVHSMCRLVT U1l0556
Outb_Bacsu 40 KCGFVLGISGGODSTLAGRLAQLAVESIR p08164
Ntrl_Ecoli 40 KSLVLGISGGQDSTLAGKLCQMAINELR p18843
p486/Bacsu 30 ATIIVGVSGGPDSMALLHALHTLCGRSA D26185
Assy__Human 5 GSVVLAYSGGLDTSCILVWLKEQGYDVI P00966
Assy_Yeast 4 GKVCLAYSGGLDTSVILAWLLDQATEVV pP22768
Assy_Metba 3 KKVALAYSGGLDTSVCIPILKEKYGYDE P13257
Assy_Metva 4 KIAVLAYSGGLDTSCCLKLLEDKYNYKV P13256
Assy_Strco 18 ERVGIAFSGGLDTSVAVAWMRDKGAVPC P24532
Assy_EColi 12 QRIGIAFSGGLDTSAALLWMRQKGAVPY P22767
Asns_Mesau 250 RRIVCLLSGGLDSSLVASSLLKQLKEAQ P17714
Asnl_Pea 226 VPFGVLLSGGLDSSLVASVTARYLAGTK P19251
Asnb_Ecoli 228 VPYGVLLSGGLDSSIISAITKKYAARRV P22106
Cysd_Ecoli 28 SNPVMLYSIGKDSSVMLHLARKAFYPGT P21156
Nodp_Rhime 25 SNPVVLYSIGKDSSVLLHLAMKAFYPAK P13441
Nodp_Azobr 27 TKPVLLYSIGKDSGVLLHLARKAFHPSP P28603
hhhhhS G Dothhhhhh t h

Cysh_Ecoli 45 GEYVLSSSFGIQAAVSLHLVNQ. IRPDI P17854

CysH/Thiro 42 PQHVLSSSFGTQSAVMLHLVSR . QMPEIL 723169

Cysh/Synsp 33 SGLVLSTSFGIQSAVMLHLATQ.VQPDI M84476

Metg_Yeast 42 PHLFQTTAFGLTGLVTIDMLSK . LSEKY pP18408

v334/Bpl86 11 TINIVSVSGGKDSLAQWILAVENDVPRT X53318

¥290_Lambd 1 MINVVSFSGGRTSAYLLWLMEQKRRAGK P03766
hho t G tthh h hh t

b)
aaaaaaaaaaaaaa
Guaa_Dicdi 424 RDSGRVVEPLKDYHKDEVRELGKSLGLSDSLVWRQPFPGP
Guaa/Yeast 367 NMKLKLIEPLRELFKDEVRHLGELLGIPHDLVWRHPFPGP
Guaa_Bacsu 356 DMQFELIEPLNTLFKDEVRALGTELGIPDEIVWRQPFPGP
Guaa/Mycle ? NLRFKLVEPLRLLFKDEVRAVGRQLDLPEEIVARQPFPGP
Guaa_Ecoli 367 EMKMGLVEPLKELFKDEVRKIGLELGLPYDMLYRHPFPGP
Adga/Rhoca 412 GDMAGGYNPLKDLYKTRVFETCRWRNATHRPWMQAPAGEI
Adga/Yeast 537 DCSSADINPIGGISKTDLKRFIAYASKQYNMPILNDFLNA
Outb_Bacsu 173 GDGGADLLPLTGLTKRQGRTLLKELGAPERLYLKEPTADL
Ntrl_ Ecoli 174 GDGGTDINPLYRLNKRQGKQLLAALACPEHLYKKAPTADL
t t h PL tL Ktth thht LthPtthhhttPhtt

Fig. 1. Alignment of motifs common to the described family of from Bacillus subtilis; Y334 and Y290, putative bacteriophage pro-
ATP pyrophosphatases. The PP-motit was delineated by scan- teins. The second column shows the position of the PP-motif in
ning the amino acid sequence database with a position-depen- the respective sequence. Top line: predicted secondary structures
dent weight matrix derived from the block of aligned segments (a, a-helix; b, B-strand); bottom line: consensus of the alignment
parsed from the BLAST output for the E. coli GuaA sequence. A (capitals, invariant amino acids; h, hydrophobic positions; o, S or
cut-off ratio of 0.02 (expected number of selected segments di- T; t, turn-like or polar positions). Bold typing shows amino acid
vided by the observed number) was used. The second conserved residues that are conserved in at least 60% of the sequences. The
motif was detected using the MACAW program. The first column Jast column contains the database accession numbers of the se-
contains the SWISSPROT codes*® if available (underscores in the quences. (a) PP-motif and its modified version in sulfate-binding
names). Protein designations: Asn, asparagine synthetase; Assy, proteins; (b) a second conserved motif in a subset of the se-
argininosuccinate synthetase; Metg, PAPS reductase encoded by quences.

the yeast Met16 gene; P486, an uncharacterized ORF product

reading frame (ORF) from Bacillus subtilis (hereaf- phosphatase activity, i.e., they hydrolyze the a—B
ter P486 because of its length; Fig. 1). The charac- bond in ATP. The energy of the phosphodiester bond
terized enzymes containing this conserved motif in ATP is, however, transferred to a distinct bond in
belong to anabolic pathways and have ATP pyro- each reaction, e.g., a C-N bond in the case of aspar-
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TABLE I. Summary of Enzymes Containing the PP-Motif

Protein EC number Reaction
NtrL/QutB* ATP = AMP + PP
GMP synthetase (GuaA) EC6.3.5.2 XMP + L-Gln + H,0 + ATP = AMP + PP +
L-Glu + GMP
AdgA* Y-NH, + Hy,O + ATP = AMP + PP + Y=0 + NH,
Argininosuccinate synthetase (Assy) EC6.34.5 L-citrullin + L-Asp + ATP = AMP + PP +
L-argininosuccinate
Asparagine synthetase (Asn) EC6.35.4 L-Gln + L-Asp + ATP = AMP + PP + L-Glu + L-Asn
ATP sulfurylase (CysD/NodP)" EC2.7.74 S0 + ATP = AMP-SO, + PP
PAPS reductase (CysH/Met16) EC28.2.- Thioredoxin + PAPS = thioredoxin-SO;~ + PAP

*Proposal based on sequence similarities. NtrL/OutB are likely to be associated with another subunit carrying the energy-requiring
function; for AdgA a more precise prediction is impossible due to the only remote similarities of the N-terminus to nitrilases and

amidases.?®

"The reaction involves hydrolysis of the o~ bond of ATP as the first step, whereas the second step is the sulfate transfer to AMP,32

agine and argininosuccinate synthetases, and a P-S
bond in the case of ATP sulfurylases; the respective
overall reaction schemes are also different (Table I).

GMP synthetase is involved in the biosynthesis of
purine nucleotides and transfers the NH, * group to
XMP as a last step in the pathway (ref. 29 and ref-
erences therein). Asparagine synthetase (glutamine
hydrolyzing) that contains the conserved motif cat-
alyzes an alternative way of asparagine biosynthe-
sis by cleaving the amide bond of glutamine and
transferring the NH, group to aspartate (Table I).
Argininosuccinate synthetase is a major enzyme of
the urea cycle, the most important ammonia detox-
ification mechanism. It attacks the amido group of
aspartate and catalyzes its condensation with citrul-
lin (Table I). ATP sulfurylase catalyses the first step
in the inorganic sulfate activation pathway (Table I)
yielding adenosine-5'-phosphosulfate (APS), one of
the forms of activated sulfate. APS serves as a sul-
fate donor in various pathways such as cysteine bio-
synthesis, but is also involved in ATP synthesis in
litotrophic bacteria.?® The conserved motif is located
in the small subunit, which is encoded by the nodP
in nitrogen-fixing bacteria®® and by cysD gene in E.
coli,®* and cleaves the a—p bond of ATP, resulting in
AMP as an intermediate.32

For the other proteins containing the conserved
motif (hereafter PP-motif for pyrophosphatase mo-
tif), no molecular details are known so far. Muta-
tions of the adgA gene (for ammonia-dependent
growth) in Rhodobacter species cause the unability
of the bacteria to use a number of amino acids as a
growth source.’® These mutations can be comple-
mented by the E. coli protein NtrL (ntr-like).34
NtrL, in turn, is very similar to the B. subtilis OutB
protein (for outgrowth spore factor), mutations of
which are temperature-sensitive and show no out-
growth of spores after germination at the nonper-
missive temperature. The gene also appears to be
essential for vegetative growth.3®

The probability of finding the PP-motif by chance
in all these proteins (Fig. 1) is below 1071° as com-

puted using the MACAW program.?® Secondary
structure predictions of the PP-motif suggest a
B—a—f organization (Fig. 1) that resembles several
phosphate-binding motifs including the classical
NAD/FAD-binding motif," the Walker type NTP-
binding motif A and its modified versions,3~8 as well
as phosphate-binding motifs in phosphoribosyl-
transferases,?®3” thymidine phosphorylases,®’ and
the so-called “firefly luciferase family.”®® Similarly
to the PP-motif, these binding sites consist of a gly-
cine-rich loop preceded by an interior hydrophobic
B-strand and succeeded by an a-helix. Furthermore,
all these motifs occur at the N-terminus of the re-
spective domains. Since the PP-motif is the only con-
served region among different groups of o—B bond-
hydrolyzing ATPases, we predict that it is involved
in the binding of the phosphate moiety of ATP. The
conservation of this motif in GuaA, AdgA, NtrL, and
OutB and its similarity to the Walker A motif has
previously been noticed by Willison.33

A Movable ATP Pyrophosphatase Domain?

A conserved sequence motif usually corresponds
to a functional site within a larger domain with a
conserved topology. The existence of a defined ATP
pyrophosphatase domain including the PP-motif is
supported by the presence of a second motif that is
conserved among GMP synthetases, NtrL, OutB,
and AdgA (Fig. 1b). This motif is located about 130
amino acids from the PP-motif towards the C-termi-
nus (Fig. 2). It has a probability of occurrence in all
these proteins by chance of about 1078, ie., it is
also significant.

The proposal that the PP-motif resides in a dis-
tinct domain is consistent with the location of this
motif and its surrounding regions within the pro-
teins (Fig. 3). The motif is either located near the
N-terminus (OutB, NtrL, ATP sulfurylase, argini-
nosuccinate synthetase) or is immediately down-
stream from a functionally well-characterized do-
main. A glutamine amidotransferase (GATase) type
I domain and a GATase type II domain precede the
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(i GATase |l

Asn 585

GuaA

525
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%
nitrilase-like AdgA 7 552
< n Z
2
QutB/NtrL 273
%
486
P486
412
Assy
CysD/NodP 302
| 100a | CysH/Met16 250

Fig. 2. Modular architecture of enzymes containing the PP-
motif. Distinct enzymatic activities are denoted by different sym-
bols. The location of the motifs in the ATP pyrophosphatase do-
main (rectangle) is indicated by small boxes (PP-motif, dotted,;
second motif, lined; DT motif, hatched). The modified PP-motif in

PP-motif in asparagine synthetases and GMP syn-
thetases, respectively (Fig. 2). Thus, the same type
of ATP pyrophosphatase domain is combined with
two apparently unrelated types of GATases. AdgA
has a large, functionally uncharacterized N-termi-
nal segment that precedes the PP-motif. Compara-
tive sequence analysis of this region revealed that it
is a well-defined, C—N bond hydrolyzing domain re-
lated to nitrilases and amidases.?® Both the two
GATase domains and the N-terminal domain of
AdgA act as individual proteins in other pathways
and they can catalyze similar reactions without the
need for the energy provided by the ATP pyrophos-

sulfate-binding proteins is indicated by fewer dots. The approxi-
mate length (in amino acids) of the proteins is given. Note that
single domain proteins exist which are related to the GATase and
nitrilase domains shown here.

phatase domain. In argininosuccinate synthetases
the domains appear to have the opposite order, with
the putative ligase activity located downstream
from the ATP pyrophosphatase domain (Fig. 2). Fi-
nally, the uncharacterized putative protein P486
from B. subtilis contains the PP-motif in the typical,
N-terminal position, and judging from its size, may
have a unique domain in its C-terminal portion (Fig.
2).

Thus in the majority of the proteins discussed
here, the ATP pyrophosphatase domain apparently
contains about 250-300 amino acids, with the PP-
motif near its N-terminus, and is covalently linked
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to other enzymatic domains that catalyze the reac-
tions, which may be coupled to ATP hydrolysis (Fig.
2). NtrL and OutB appear to be stand-alone versions
of the ATP pyrophosphatase domain. We propose
that they may be subunits of larger, noncovalent
heterooligomeric enzyme complexes, in which the
other subunits catalyze reaction(s) requiring the en-
ergy of the ATP hydrolysis. ATP sulfurylase, which
does not contain additional domains either, utilizes
ATP as the substrate for sulfurylation. In E. coli,
this enzyme (CysD) is found as a tetramer composed
of two heterodimers; the other, larger subunit
(CysN) carries a regulatory GTPase activity.®?

A Bridge Between Two Enzyme Classes

Database searches with the ATP sulfurylase se-
quences (CysD and NodP) revealed statistically sig-
nificant similarity (probability of occurrence by
chance below 10~7, computed using BLAST) with
3’-phosphoadenosine-s'-phosphosulfate (PAPS) re-
ductases (CysH in prokaryotes and Met16 in yeast).
PAPS reductases catalyse the reduction of activated
sulfate to sulfite, for example, in the context of cys-
teine and methionine biosynthesis. During the reac-
tion, the sulfate is transferred to thioredoxin which
probably serves as a thiol carrier.*® As PAPS is
formed by adenosine-5'-phosphosulfate (APS) ki-
nase, PAPS reductase belongs to the same pathway
with ATP sulfurylase (Table I).

Database searches with the sequences of ATP sul-
furylases and PAPS reductases also detected mod-
erate similarity with two uncharacterized bacte-
riophage proteins. This relationship is strongly
supported by the multiple alignment of all these se-
quences (Fig. 3). Surprisingly, the most conserved
feature of this rather diverse protein group is not the
PP-motif, but another characteristic region (Fig. 3)
around the invariant DT dipeptide (hereafter, DT-
motif). The DT-motif follows an internal B-strand
(predicted with an expected accuracy higher than
82%2"; Fig. 3) and is located in a position analogous
to the Mg? * -binding motif (Walker B box) in classi-
cal ATP-binding sites (e.g., ref. 5). Whereas the
DT-motif seems to be the hallmark of the sulfate-
transferring proteins (Fig. 3), the PP-motif is
dramatically modified in PAPS reductases and in
the bacteriophage \ protein (Fig. 1). It was not
detected by MoST and PROPAT motif searches
based on alignments of the ATP pyrophosphatases
described above, but was only identified after the
multiple alignment of the sulfate-transferring pro-
teins (Fig. 3).

These observations suggest the following evolu-
tionary scenario. One of the widespread ATP pyro-
phosphatase domains (ATP sulfurylase) could have
acquired the ability to bind APS at the PP-site as
the result of the emergence of the DT-motif that may
be spatially juxtaposed with the PP-motif. PAPS re-
ductases could have then evolved from ATP sulfuryl-

ases using the ability to bind APS for developing a
new enzymatic activity. This was accompanied by
the loss of the ATP pyrophosphatase reaction. The
PP-motif in PAPS reductases may now function as
the PAPS-binding site whereas the DT-motif is
likely to be involved in sulfate binding and transfer.
The latter appears to be the principal functional
site, with the strongest functional constraints re-
stricting its diversification.

The two bacteriophage proteins belonging to the
family are too divergent for a precise prediction of
function, but the overall similarity and the conser-
vation of the DT-motif suggest that bacteriophages
186 and \ encode enzymes involved in sulfate trans-
fer. Thus, 12 years after the complete sequence of
the bacteriophage A DNA was determined*! and
with the bacteriophage biology known in great de-
tail 2 new protein functions are still predicted as
the result of sequence comparison.

Motif Evolution and Evolution of
Enzymatic Activity

The pattern of motif conservation in the ATP py-
rophosphatases and PAPS reductases exposes sev-
eral general aspects of enzyme evolution.

1. Convergence of different protein folds toward a
similar function. There are several other families of
ATP pyrophosphatases which do not contain the PP-
motif and it is likely that they are not homologous to
the family described here. Some of these enzyme
families appear to contain other versions of the
P-loop®2¢-38 that despite the predicted structural
analogy, do not overlap with the PP-motif described
here in any database searches. While it is difficult to
rule out divergence at a very early stage of evolu-
tion, functional convergence due to certain struc-
tural requirements appears to be a plausible expla-
nation for the evolution of at least some of the
distinct versions of the P-loop.*'# Even within the
functionally very similar aminoacyl-tRNA syn-
thetases which also cleave the o—@ bond in ATP, the
two structurally distinct families clearly indicate
functional convergence.**°

In the same vein, neither yeast MET3 ATP sul-
furylase nor AsnA asparagine synthetase from
E. coli have sequence similarity to the proteins
described here. This suggests that identical or sim-
ilar activity has independently evolved in several
evolutionarily unrelated enzymes families. Such
functional convergence appears to be a frequent
event rather than an exception in enzyme evolu-
tion.12’37’43

2. Evolutionary mobility of functional units. Once
a functional unit is established, gene duplication,
subsequent mutational modifications, and gene fu-
sions provide a basis for the spread of such a domain.
Thus, homologous domains are found in very differ-
ent settings and, in particular, energy-providing
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ATPase domains are coupled with the catalysis of
different reactions that have to overcome an energy
barrier. So far, the ATP pyrophosphatase domain
described here has been found to be coupled to at
least five chemically distinct reactions (Fig. 3; Ta-
ble D).

3. Sequence conservation only in functional sites.
Significant sequence conservation in the PP-motif
contrasts the lack of similarity in other portions of
the ATP pyrophosphatase sequences (apart from the
second motif in GuaA, NtrL, OutB, and AdgA) al-
though they may have an overall structural similar-
ity. Whereas the common topology does not neces-
sarily require conservation at the sequence level,
functional sites such as the PP-motif are under
much stronger constraints and are often the only
discernable common features.

4. Different functions of the same fold and motif
evolution. The sequence conservation between ATP
sulfurylase and PAPS reductase, two different en-
zymes in the sulfate activation pathway, highlights
the relationship between evolution of sequence mo-
tifs and evolution of the enzymatic activity. In the
PAPS reductases, the PP-motif is significantly mod-
ified, perhaps because of the switch to a related but
distinct substrate (PAPS instead of ATP/APS). The
major functional constraints are apparently trans-
ferred to another site (DT motif) which may have a
common function in both types of enzymes, e.g., sul-
fate-binding. One may speculate that proteins may
exist which contain the DT-motif but not the PP-
motif as they might have developed another binding
site for a sulfate donor.

5. Pathway extension by duplication and modifi-
cation. The probable evolution of PAPS reductase
from ATP sulfurylase is an example of how meta-
bolic pathways could have extended. Gene duplica-
tion and subsequent acquisition of the ability to bind
different substrates by fine tuning sites that are al-
ready “approved” by evolution may be the starting
point in the evolution of many new protein func-
tions.

Sequence comparison studies are frequently im-
peded by the lack of intermediates and by rapid ev-
olution of protein sequences upon functional
changes. Here, we may have found a scenario in
which the switch from a specific enzymatic activity
to a new one can be traced. Support for our hypoth-
eses could be provided by the determination of the
three-dimensional structures of the respective en-
zymes; X-ray analysis of the GMP synthetase is al-
ready underway.**
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