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Computer Analysis of Bacterial Haloacid Dehalogenases
Defines a Large Superfamily of Hydrolases with Diverse

Specificity
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Using an iterative approach to sequence database search that combines scanning with
individual amino acid sequences and with alignment blocks, we show that bacterial haloacid
dehalogenases {HADs) belong to a large superfamily of hydrolases with diverse substrate
specificity. The superfamily also includes epoxide hydrolases, different types of phosphatases,
and numerous uncharacterized proteins from eubacteria, eukaryotes, and Archaea. Nine
putative proteins of the HAD superfamily with functions unknown, in addition to two known
enzymes, were found in Escherichia coli alone, making it one of the largest groups of enzymes
and indicating that a variety of hydrolytic enzyme activities remain to be described. Many of
the proteins with known enzymatic activities in the HAD superfamily are involved in
detoxification of xenobiotics or metabolie by-products. All the proteins in the superfamily
contain three conserved sequence motifs. Along with the conservation of the predicted
secondary structure, motifs 1, 11, and I11 include a conserved aspartic acid residue, a lysine,
and a nucleophile, namely aspartic acid or serine, respectively. A specific role in the catalysis
of the hydrolysis of carbon—halogen and other bonds is assigned to each of these residues.

Keywords: vonserved sequence motifs; protein superfamilies; dehalogenases; epoxide
hydrolases; phosphatases; enzyme evolution

Bacterial hydrolytic dehalogenases are a group of
enzymes that inactivate halogenated aliphatic
hydrocarbons by hydrolysis of carbon-halogen bonds
and are essential for detoxification of many
chlorinated compounds {(Weightman et ol., 1982;
Hardman, 1991). They are divided into haloalkane
dehalogenases  and  haloacid  dehalogenases.
Nucleotide sequences of genes coding for both types
of enzymes have been reported (Janssen ef al., 1989;
Schneider et al., 1991; Van der Ploeg et al., 1991;
Murdivatmo ef aof., 1992; Jones et al., 1992;
Kawagaki et af., 1992; Barth ef af., 1992) and the
tertiary structure of a halovalkane dehalogenase
(HALO+) has been determined (Franken et al., 1991).
Recently, the structure of HALO enzyme-substrate
complex has been studied in great detail and it has
been shown that the reaction proceeds vie the
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formation of a covalent ester intermediate (Ver-
schueren ef al., 1993a.b).

Enzymes that are involved in the detoxification of
xenobiotics are likely to be a relatively recent
evolutionary invention(s) and it is of interest to find
out from what "normal” metabolic enzymes they
might have evolved. Initial amino acid sequence
comparisons have suggested that the hydrolytic
dehalogenases are polyphyletic. The haloalkane
dehalogenase from Xanthobacter showed surprising
sequence similarity to eukaryotic epoxide hydrolases
(Janssen et af., 1989) and, subsequently, sequence
motifs that are conserved in these proteins have been
identified in several other hydrolases {Arand et al.,
1994). In addition, structural similarities have been
reported to exist between haloalkane dehalogenase
and several very different hydrolytic enzymes
including dienelactone hydrolase, acetylcholine es-
terase, carboxypeptidase and triacylglycerol lipase,
all of which appear to adopt the so-called o«—f
hydrolase structural fold {Ollis et al., 1992).

Haloacid dehalogenases have not been studied in
comparable detail. Several L-2-haloalkanoic acid
dehalogenases from Psendomonas and related bac-
teria have been found to comprise a highly conserved
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family, which has been reported to be unrelated to
haloalkane dehalogenases or any other proteins { Van
der Ploeg ef af.. 1991; Murdiyatmo et al.. 1992; Jones
et al., 1992), D-2-halcalkanoic acid and D,L-haloalka-
noic acid dehalogenases appeared to be unique among
known proteins (Kawasaki ef af., 1992, Barth «f «l.,
1992).

We concentrate here on the analysis of the amino
acid sequence of the haloacid dehalogenases (HADs)
using an iterative approach to database search that
combines screening with individual sequences and
multiple alignment blocks. We show that HADs
belong to a large and ubiquitous superfamily of
hydrolases with widely different substrate specific-
ites, of which only a few have been functionally
characterized, The putative catalytic amino acid
residues are identified and their roles in catalysis are
predicted.

Amino acid and nucleotide sequences were from the
SWISS-PROT, PIR and GenBank databases that are
combined in the Non-Redundant sequence DataBase
(NRDB) at the National Center for Biotechnology
Information {NIH).

Amino acid sequences were compared with the
NRDB using programs based on the BLAST
algorithm (Altschul et «al., 1990). The BLASTP
program was used to screen the amino acid sequence
database and the TBLASTN program was used to
screen the conceptual translation of the nucleotide
sequence database in the six reading frames (Altschul
et al., 1994). The BLAST algorithm computes the
probability of the observed alignments being
obtained by chance (£ value) using the statistical
theory for high-scoring sequence segments {Karlin &
Altschul, 1990, 1993). Compositionally biased regions
of query sequences that tend to produce spurious hits
in database searches were excluded from the analysis
using the SEG program (Wootton & Federhen, 1993;
Altschul ef af., 1994),

Database search for conserved segments similar
to multiple alignment blocks was performed using
a recently developed iterative procedure, called
MoST (Motif Search Tool), a full description of
which appears elsewhere (Tatusov et al., 1994).
Briefly, the multiple alignment biocks are initially
construeted by parsing consistent segments from
the ungapped pairwise alignments produced by a
BLAST search using the CAP (Consistent Alignment
Parser) program. These blocks are converted
into position-dependent weight matrices using a
method that combines the observed amino acid
residue frequencies for each column with a priori
knowledge of amino acid relationships {Brown
et al., 1993). Using these matrices, scores are
computed for all segments of the corresponding
length in the amino acid sequence database, and the
observed distribution of scores is compared with the
theoretical distribution. The ratio (R value) of the
expected number of sequence segments with a given
score to the observed number is then used as a cut-off
in database searches,

Multiple alignments were generated using the
MACAW program (Schuler ef af., 1991).

For the cluster analysis of related sequences, a
program called CLUS was written that divides a
sequence set into subsets of sequences connected by
BLASTP scores above a chosen cut-off,

Protein secondary structure was predicted using
the PHD program that has been reported to yield an
accuracy of over 70% (Rost & Sander, 1993).

Figure 1 schematically depicts our approach to
delineating protein superfamilies that includes
multiple, alternate rounds of database search with
individual sequences using the BLASTP or
TBLASTN programs and block search using the
MoST program. The BLAST and MoST searches
complement one another. It has been shown that
the block search using MoST frequently selects a
number of sequences that are not detectable by
BLAST at a significant level (Tatusov et of,,
1994; RKoonin et al., 1994). Conversely, some
sequences that contain a deviant version of the
conserved motif may be recognized by BLAST but
not. by MoST.

When the HAD sequences were compared with the
NRDB using BLASTE varying levels of sequence
similarity were revealed with two other groups of
hydrolases, namely epoxide hydrolases and phospho-
glycolate phosphatases. For example, with the
Pseudomonas sp. DehCl sequence, the I* values of
42x10°% and 1.6 x10°* were observed for the
Alcaligenes eutrophus phosphoglycolate phosphatase
and the rat cytosolic epoxide hydrolase, respectively.
Further analysis by repeated cveles of database
search using BLAST and MoST as outlined above,
resulted in a set of about 50 proteins with three
distinet conserved motifs; we designate this set of
proteinsg the HAD superfamily (Figure 2}. The
inclusion of each sequence in the superfamily was
supported by either statistically significant
(F<0.001) similarity with at least one other member
{detected by BLAST) or a significant (r<0.02) score
in the MoST search (with either motif I or motif IT),
or both. Sequence conservation in a subset of this
superfamily including phosphoglycolate phospha-
tases from Alcaligenes eutrophus and several putative
proteing  with unknown functions but not the
dehalogenases has been recently described (Schafer-
johann et al., 1993).

The reactions catalyzed by the known enzymes in
the HAD superfamily include hydrolysis of very
different molecules {Table 1). Despite this variability
in substrate specificity, the presence of three similarly
loeated, highly conserved motifs strongly suggested a
functional and evolutionary relationship between all
of the proteins. Motifs 11 and 111 were closely spaced
together whereas the upstream motif T was separated
from motif 11 by a non-conserved spacer widely
varying in length. Only two amino acid residues,
namely aspartic acid in motif I and lysine in motif 11,
were strictly conserved in all of the aligned sequences.
Necondary structure prediction taking into account
multiple alignment of closely related sequences {Rost
& Sander. 1993) indicated that motif 1 and motif 11
each comprised a f-strand-loop-o-helix unit, with
the conserved aspartic acid and lysine located in
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the respective loops. Motif Ill consisted of a
hydrophobic fi-strand terminating at an aspartic acid
{repiaced in one sequence by a glutamic acid) or a
serine (Figure 2).

The observed pattern of amino acid residue
conservation allowed a specific interpretation in
terms of the catalytic mechanism. Two different
reactions mechanisms with inversion of configuration
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Figure 1. Tterative strategy for identification of protein superfamilies. The MoST search was run iteratively, until
convergence, Broken lines indicate optional steps. aa, amino acid,
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at the o-carbon have heen postulated for haloacid
dehalogenases. The first mechanism involves
generalized base catalysis, with a nucleophilic group
in the enzyme (supposedly a histidine) activating a
water molecule, which has been proposed to act as the
actual hydrolytic agent {Little & Williams, 1971). A
positively charged amino acid residue in the enzyme
has bheen thought to interact with the earboxylic
group of the substrate. The second mechanism
includes the formation of a covalent acyl-substrate
intermediate, involving an acidic amino acid residue,
which is subsequently hydrolyzed by an activated
water molecule, a process predicted to be facilitated
by a nucleophilic residue in the enzyme {(Goldman
et ul., 1968). Similarly to the first mechanism, this
scheme includes an essential positively charged
residue. Recent site-directed mutagenesis exper-
iments have shown that Aspl0 of Preudomonas sp.
2-haloalkanoic acid dehalogenase T (the conserved
aspartic acid in motif 1 of DehCl in Figure 2} is
essential for the enzymatic activity, thus providing
evidence for the second mechanism (Schneider ef al.,
1993}, Our finding of the three conserved motifs
(Figure 2), containing, respectively, an invariant
aspartic acid, a lysine and either an aspartic acid or
a serine, i.e. a nucleophile, is compatible with this
mechanism. We propose that these conserved residues
may be directly involved in the catalysis of the
hydrolysis of the respective chemical bonds in all the
members of the HAD superfamily (Figure 3). This
mechanism is supported also by studies of the
catalytic mechanism of phosphoglycolate phospha-
tase that have detected a covalent intermediate,
probably involving an acidic amino acid regidue (Seal
& Rose, 1987). While the function of the conserved
Asp in ester intermediate formation has already been

predicted (Schneider et al., 1993}, the positively
charged residue and the nucleophile so far remain
unidentified; these residues are plausible targets for
further site-divected mutagenesis studies. The
formation of the covalent acyl-substrate intermediate
relates this mechanism to the mechanism recently
described for the haloalkane dehalogenase (Ver
schueren ef al., 1993a. b). but the participation of a
positively charged residue is unique for the HAD
superfamily. The negatively charged group of the
substrate interacting with this residue is predicted
to be the carboxylic group in haloalkanoic acids
{Figure 3) and the phosphate in the numerous com-
pounds hydrolyzed by the phosphatases belonging
to the HAD superfamily (Table 1).

Chluster analysis based on BLAST scores revealed
several distinct families within the HAD superfamily
(Figure 2). The haloacid dehalogenases, together
with epoxide hydrolases, phosphoglycolate phospha-
tases, histidinol phosphate phosphatases, and
several uncharacterized ORF products comprised one
large family; another family included nitrophenyl
phosphatases and related putative proteins; three
more families contained only funetionally uncharac-
terized {putative) proteins. Phosphoserine phospha-
tases, trehalose phosphatases and several unknown
ORF products did not show significant pairwise
similarity to other proteins in the HAD superfamily
and were included on the basis of motif conservation
alone.

The HAD superfamily is represented by numerous
proteins in a single organism, especially in eubacteria.
For example, it includes 11 (putative) proteins from
E. coli (Figure 2), and extrapolating from the
currently available fraction of the chromosome
sequence (about 60% ) to the complete genome, £. coli

Figure 2. The three conserved motifs in the HAD superfamily. The alignment was generated by the iterative process
depicted in Figure 1. Several related partial sequences encoded by Expressed Sequence Tags (ESTs) from different
organisms are not shown, Distinct groups of protein sequences revealed by clustering based on BLASTP probabilities arc
separated by blanks. Each group ingludes sequences that could be represented as a connected graph, with each edge
associated with a BLAST score greater than 83, which approximately corresponds to P<(.001 when the entire NRDB is
searched. The consensus is shown as a frequency profile (the frequencies are indicated in the rightmost column) and includes
all amino acid residues thut were conserved in at least 50% of the aligned sequences; residues that conform to the consensus
are indicated by bold type; U designates a bulky aliphatic residue (T, I, V or M) and & designates a bulky hydrophobic
residue, either aliphatic or aromatic (I, L, V. M, E Y or W). NUCLEOQ designates a nucleophilic residue. Exclamation marks
show residues that are predicted to form the hydrolase catalytic triad. Distances from the protein ends and distances between
blocks [ and [1 are indicated by numbers; for incomplete sequences, the numbers are shown in parentheses. The indicated
secondary structure is the consensus of predictions for individual sequences (a indicates an a-helix; b indicates a §-strand;
andlindieates a loop; in positions where the prediction was uncertain, no symbol is indicated). The rightmest field includes
the sequence accession numbers in the SWI1SS-PROT, PIR(p) or GenBank databases. For those OR Fs that were extracted
from (GenBank and are included in the feature tables, the number of the ORF in the respective entry is indicated. Several
of the included ORFs are not in the feature tables {indicated by a prime). They have been initially detected by using the
TBLASTN program and were subsequently conceptually translated. Some of these ORFs contained apparent frameshift
errors and were reconstructed so as to maximize the sequence similarity. Complete information on the location of these ORFs
in the respective nucleotide sequences and on the changes that have been made for reconstruction is available from the
authors upon request. Abbreviations of organism names: Psp, Pseudomonas sp.; Pe, F cepacea; Pp, B putida; Msp, Moraxella
spy Xa, Xanthomonas authotrophicus; Ae, Alcaligenes eutrophus, Ee. Escherichia coli: Dm, Deswulfurococcus mobilis;
L, Lactobucillus  casei; Sc, Saccharomyces cerevisine; Ce, Caenorhabditis elegans; M, Mycobacterium leprae;
Sp, Schizesaecharomyces pombe; At, Arabidopsis thaliana; Bst, Bacillus stearothermophilus; Mh, Myecoplasma hominis;
Me, Mycoplasma capricolum; Bb, Borrelia burgdorferi: Lh, Lactobacillus helveticus: Bs, Bacillus subtilis. Lp,
Lactobaciltus plantarum; St, Streptomyces fradiae; Ko, Klebsiella oxytoca; AcNPV, Aulographa californica nuclear
polyhedrosis virus.
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sec. structure
DehCI Ps 3
DehCII Ps 3
HAlIVa Pc 4
HadlL Pp 3
HadH2 Msp 3
DhlB ia 1
CbbZ he 7
YhfE Ec 6
CRF Pp (O}
CRF Dm (82}
CbbY Ae 1]
YieH Ec 3
P23 Le 1
YihX Be 6
cEH rat 2
YaeD Ec 4
LmbK 81 10
HisB Ec 2
HIS3 Pp 4
ORF Sc ?
G351 hum {4)
R151.8 Ce 4
ORPF S¢ 4
ORF M1 21
YigB Ec 9
Y336 Bc ()
ORF 81 { 75)
PNPP Sc 23
PNPP Sp {180)
ORF Ce 14
NagD Ec 2
CRF At (25)
Yida jofsl 2
YpdA Bst ?
ORF Mh 10
ORF Mg 1
ORF Bb 4]
YigL Ec 40
ORF Lh (20)
ORF Bs (10)
ORF Lp (35)
ORF M1 21
CRF sf 16
SerB Ec 109
SerB M1 99
Masa Ko 1
¥G20 S5¢ 18

Yubl AcNPV 20

H8179.21 Sc¢ 5

ORF2 Sc 5
OtsB BEc 13
OtsP M1 174
TPS2 Sc 568
consensus

I
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bbbblllllaaaa bbllll1111illiaaaaaaaaaalllll bbbb 1
TRACVFDAYGTLLDV 122 CISVDEIKIYKPDPRVYQFACDRLDVRPS---EVCEVSS
IRGVVFDLYGTLCDV 122 LISADEVSVSKPSPAAYELAEKRLKVVRS---KLLFVSS
LRACVFDAYGTLLDV 122 CLSADDLEKIYKPDPRIYQFACDRLGVNPN---EVCFVSS
TIOGIVFDLYGTLYDV 122 LISVEDVQVFKPDSRVYSLAEKRMGFPKE---NILFVSS
TEATAFDMYGTLYDV 122 LISVDSARAYKPHPLAYELGEEAFGISRE---5ILFVSS
IKAVVFDAYGTLFDY 120 VISVDAKRVFKPHPDSYALVEEVLGVTPA---EVLFVSS
CTAVLIDLDGTLVDC 117 LVAGDSIAQMKPDPEPLQHACNLILDVDAA- - -QGVLVGD
IRGVAFDLDGTLVDS 135 VIGGDDVQNKKPHPDPLLLVAERMGIAPQ- - «-QMLFVGD
GTLIDS 11% MIGGDTLPQKKPDPAALLFVMOMAGVTPQ- - -QSLFVGD
VSGLEPGVXGKPEPDVIVNALKAAGVPRS - - ~EALYVGD
MOALIFDVDGTLADT 129 ICDAGTTAIKKPAPDVYLAVLERLGLEAG---DCLAIED
IEAVFFDCDGTLVDS 113 LFSGYDIQRWKPDPALMFHAAKAMNVNVE- - -NCILVDD
TAYVIFDLDGTLVNT 114 ILTGSDVTAHKFDPEIYHVMEKTKLPETPA----- IVVED
KMLYIFDLGNVIVDI 1i6 IYLSQDLGMRRKPEARIYQHVLOAEGFSPS---DIVFFDD
LRGAVFDLBGVLALF 132 LIESCOVGMVKPEPQIYRFLLDTLKASPS---EVVFLDD
VPAIFLDRDGTINVD 81 EEFRQVCDCRKPHPGMLLSARDYLHIDMA- --ASYMVGD
VPAVFFDRDGVLIEA 77 HDDADGCSCRKPGPGLVLRAARHCGADLS--«RSFVVGD
QKYLFIDRDGTLISE 77 HLPADECDCRKPKVKLVERYLAEQMMDRA---NSYVIGD
VQALLLDMDGVMAEV 126 VQIWLEDCPPKPSPEPILLALKALGVEAC - - - HAAMVGD
IKAVVFDMDGTLCLP 99 YIVTREFRAYKTQPDPLLHIASKLNIRPL- -- EMIMVGD
VTHLIFDMDGLLLDT 116 LGDDPEVQHGKPDPDIFLACARKRFSPPPA-MEKCLVEED
VTHVIFDFDGLLVDT 119 SGDDPEVKHGKPHPDPFLVTMKRFPQVPESADKVLVFED
VKACLFDMDGLLINT 119 DDPRIAKGRGKPFPDIWQLGLKELNEKFH 6 ECIVFED
VRACLFDLDGVLTDT 144 ITLREEHIAGKPAPDSYLRGRQLLDVAPD---AAAVFED
ISAVTFDLDDTLYDN 128 VLRAGPHGRSKPFSDMYFPLAAEKLNVPIG- - -EILHVGD
LORMLFDYSVSVIFT 104 LVISEEVGVAKPNKKIFDYALEQAGNPDRS - -RVLMVGD
JTLCAAELGVSKPEAGAFLAACDALGLGPA- - ~EVAYVGD
YDTFLFDCDGVIWNLG 180 SSHRRPSYCGKPNQNMLNSIISAFNLDES---KCCMVGD
STGRQPKILGKPYDEMMEATIANVNFDRK - - - KACFVGD
YDTFLEDADGVLWTG 182 VIGRDPKVFGKPHKPMADFLLRRAHVDPK- - -RTVMEGD
IKNVICDIDGVLMHD 1489 ISGRKPFYVGKPSPWIIRAALNEMOAHSE---ETVIVGD
STEREPIVVGKESTFMMDFLLOKYVHK------ KACLSS
IKLIATDMDGTLLEP 169 FLEILDKRVNKGTGVKSLADVLGIKPE----- EIMAIGD
STDVLPAGGSKAEGIRLMIEKLGIDKG=~="" DVYAFGD
RFLFAIDLDGTLLAD 180 VFDITSIGIDKGKVISLIMRYYNIDID--~--- DTVAMGD
TKYLFSDFDNTLRNS 177 FNEIHAFKVSEGQAIKGLOQEKLDISSD----- DIIVAGD
MLAFDLDGTLLNN 180 LLEVININANEKEYNAIKNIAFLESIPLC----- DVLAFGD
YOVVASDLDGTLLSP 158 CLEVMAGGVSKAMRWKAG----ELATA----- EGLIALD
TIDLVHEGINKAKCGVADMLEHYGIAQK-- -~ DLIAFGD
STDVLPAGGSKAEGIRLMIEKLGIDEG== "~~~ DVYAFGD
YYEANANGYSKGNALQVLCKSRVXTAA----- NVMAIGE
VRACLFDLEBGVLTDT 142 ITLREEHIAGKPAPDSYLRGAQLLDVAPD---AARAVFED

ARAVVFDTDGVLTDS 7
PGLLVMDMDSTAIOT 114 VIGDIVDAGYKAKTLTRLAOEYEIPLA----- QTVAIGD
TARAFFDVDNTLVQC 133 LVDELLHGVGRAHAVRSLAIREGLNLEK----- RCTAYSD
IRAIVTDIEGTTSDI 132 NGYFDTLVGAKREAQSYRNIAEQLGQPPA---AILFLSD
YSTYLLDIEGTVCPI 131 GYFDINTSGKKTETQSYANILRDIGAKAS---EVLFLSD
TKIAAFDLDGTLISS 68 YVSPNKDEHRKPTREMWREMAKQFTHIDK--EQSFYVGD
VDLCLEDLDGTIVST 120 FITGFDVENGEPDPEGYSRARDLIRQD 9 KYVVFED
VNAALFDVDGTIIIS 110 FITANDVKQGKFHPEPYLKGRNGLGYP 9 KVVVFED
KYAWFFDLDGTLAEI 136 VVEIKPRGTSKGEAIAAFMOEAPFIGR----- TPVFLGD
QPAVFFDFDGTLSDI 137 VIELRPDIDDKGKTLHWVIDRLHHAGT 7 MPICLGD
RRLFLFDYDGTLTPI 159 VKRLVWHQHGRKPQDMLKGISEK-LPKDE-MPDFVLCLGD
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Figure 3. Proposed reaction mechanism for the

hydrolases of the HAD superfamily. The scheme is an
adaptation of the HAD reaction mechanism B discussed by
Van der Ploeg e al. (1991). (DD, (dDK* and D{S:(111)
indicate the predicted catalytic residues that arve located in
the respective conserved motifs.

probably encodes about 20 enzymes of this
superfamily. For only two of them, namely serine
phosphatase {SerB) and trehalose phosphatase
(OtsB), the actual enzymatic activity has been
reported. Thus, while widespread, the enzymes of the
HAD superfamily seem to be under-represented in the
current catalogue of biochemical reactions. In
addition to the general prediction that all the proteins
in this superfamily are hydrolases, specific activity
could be predicted for some of the uncharacterized
ORF products from sequence similarity { Figure 2). In
particular, YhfE, NagD, and other putative proteins
in the nitrophenyl phosphatase family are likely to
have phosphatase. activity, whereas YihX may be an
epoxide hydrolase. Remarkably, many of the proteing
in the HAD superfamily are "defense” enzymes
involved in detoxification of xenobiotics {dehaloge-
nases) or metabolic by-products (phosphoglycolate
phosphatase, trehalose phosphatase and epoxide
hydrolase). The biological substrates of nitrophenyl
phosphatases are not known and these enzymes also
may be involved in detoxification reactions. Study of
the uncharacterized putative proteins belonging to

the HAD superfamily may reveal new biochemical
pathways.

Most of the proteins in the HAD superfamily are
relatively small, with the characteristic size of 200 to
250 amino acid residues, and appear to consist of the
hydrolase domain alone. On the other hand, epoxide
hydrolases. histidinol phosphate phosphatases, the
yeast trehalose phosphatase and several uncharacter-
ized proteins contain additional domains. Remark-
ably, in the epoxide hydrolases, the C-terminal domain
is another type of hvdrolase belonging to the
superfamily that also includes the haloalkane
dehalogenase (Janssen ef af., 1989; Ollis ef al., 1992;
Arand ef af.. 1994).

In delineating the HAD superfamily, we applied an
iterative computer-assisted strategy combining data-
base screening for pairwise sequence similarity and
forsimilarity to alignment blocks. We believe that this
approach will have general application in the analysis
of protein sequence databages.

We are grateful to Drs &, Altschul, P Bork, and D. Lipman
for helpful discussions, to Bobby Baum for useful
suggestions, and to P2 Bork for critical reading of the initial
draft of this manuscript.
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