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Abstract

Phosphatidylcholine-specific phospholipase D (PLD) enzymes catalyze hydrolysis of phospholipid phosphodies-
ter bonds, and also transphosphatidylation of phospholipids to acceptor alcohols. Bacterial and plant PLD en-
zymes have not been shown previously to be homologues or to be homologous to any other protein. Here we show,
using sequence analysis methods, that bacterial and plant PLDs show significant sequence similarities both to each
other, and to two other classes of phospholipid-specific enzymes, bacterial cardiolipin synthases, and eukaryotic
and bacterial phosphatidylserine synthases, indicating that these enzymes form an homologous family. This fam-
ily is suggested also to include two Poxviridae proteins of unknown function (p37K and protein K4), a bacterial
endonuclease (nuc), an Escherichia coli putative protein (0338) containing an N-terminal domain showing simi-
larities with helicase motifs V and VI, and a Synechocystis sp. putative protein with a C-terminal domain likely
to possess a DNA-binding function. Surprisingly, four regions of sequence similarity that occur once in nuc and
0338, appear twice in all other homologues, indicating that the latter molecules are bi-lobed, having evolved from
an ancestor or ancestors that underwent a gene duplication and fusion event. It is suggested that, for each of these
enzymes, conserved histidine, lysine, aspartic acid, and/or asparagine residues may be involved in a two-step ping-
pong mechanism involving an enzyme-substrate intermediate.

Keywords: cardiolipin synthase; endonuclease; gene duplication; motif V-VI helicase; phosphatidylserine syn-
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Mammalian PLD enzymes are proposed to mediate intracellu-
lar signal transduction, particularly signals from growth factors,
via hydrolysis of phosphatidylcholine to phosphatidic acid and
choline (reviewed in Nishizuka, 1995). PA is dephosphorylated
rapidly by phosphatases to form diacylglycerol, which is a po-
tent activator of protein kinase C. Mammalian PLDs are func-
tionally heterogeneous with varieties of specificities, indicating
the presence of distinct PLD gene products. The membrane-
associated PC-specific PLD isoenzyme, whose basal activity
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is stimulated by millimolar concentrations of Ca%* or Mg>*
(Okamura & Yamashita, 1994), is a potential mammalian ortho-
logue of plant PC-specific PLDs (Wang et al., 1994; Ueki et al.,
1995). The latter enzymes possess an N-terminal domain homol-
ogous to PKC C2 domains that may mediate its association with
membranes (Ponting & Parker, 1996).

Phospholipase D enzymes catalyze two reactions: hydrolysis
of the terminal phosphodiester bond of phospholipids to release
PA and transphosphatidylation of specific phospholipids to ac-
ceptor alcohols (reviewed in Heller et al., 1976). These reactions
are essentially identical, except that, in hydrolysis, water acts as
the acceptor, whereas in transphosphatidylation, an appropri-
ate alcohol acts as the polar head-group acceptor. PLD enzymes
have been cloned and sequenced from Streptomyces species
(Iwasaki et al., 1994) and from plants (Wang et al., 1994; Dyer
et al., 1995; Ueki et al., 1995). Purification of mammalian
PLDs, although problematic in the past, has been more success-
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ful recently (Okamura & Yamashita, 1994; Vinggaard & Han-
sen, 1995), indicating that sequence information on these shall
soon be forthcoming.

The reaction mechanism for cabbage PLD has been proposed
to be a ping-pong type reaction on the basis of radiolabel ex-
change data (Stanacev & Stuhne-Sekalec, 1970). The two-stage
reaction pathway is proposed to involve formation of a covalent
enzyme-phospholipid intermediate followed either by hydrolysis
or by transphosphatidylation (Stanacev & Stuhne-Sekalec,
1970). Phosphodiesterase activity at an equivalent bond to that
hydrolyzed by PLD is displayed by several other enzymes in-
volved in lipid metabolism, including cardiolipin and phospha-
tidylserine synthases, which are both phosphatidyl transferase
enzymes. There is evidence to suggest that PLD and PS synthase
phosphatidyl transfer reactions occur by similar mechanisms,
because both PLD and PS synthase are capable of cardiolipin
synthesis (Stanacev & Stuhne-Sekalec, 1970; Nishijima et al.,
1988). This relative nonspecificity of PLD and its potential to
catalyze both hydrolysis and phosphatidyl transfer reactions
(Yang et al., 1967) has elicited comparisons with other enzymes
such as alkaline phosphatase (Morton, 1953).

Unlike bacterial and eukaryotic phospholipases C, whose se-
quence similarities have been demonstrated (Kuppe et al., 1989),
PLDs from bacteria and from plants have not previously been
shown to be homologues. Furthermore, PLD sequences have not
been demonstrated to be homologous to other phosphodiester-
ases, such as cyclic nucleotide phosphodiesterases (Charbonneau
et al., 1986), nucleases (Robins et al., 1994), or to any other pro-
teins. Here we demonstrate a common ancestry for bacterial and
eukaryotic PLDs and show that this homologous family includes
other enzymes of phospholipid biosynthesis as well as putative
endonucleases. Surprisingly, four sequence motifs that appear
once in two of these homologues appear twice in the remainder,
indicating that the latter have diverged from an ancestor or an-
cestors that underwent an internal gene duplication and fusion
event.

Results

Eight classes of candidate PLD homologues

Our interest in PLD sequences arose from the identification of
the castor bean PLD sequence as possessing an N-terminal C2
domain homologue, which is assumed to mediate an affinity
for phospholipids and/or membranes; the remainder of the se-
quence is assumed to mediate its enzymatic activity (Ponting &
Parker, 1996). A BLAST (Altschul et al., 1994) search of se-
quence databases at the National Center for Biotechnology In-
formation (NCBI) for homologues of the castor bean PLD
sequence demonstrated considerable similarity with an hypo-
thetical protein encoded by Saccharomyces cerevisiae chromo-
some XI (SwissProt [sw] accession code sw:YK11_YEAST):
the probability that four ungapped alignments were matched by
chance was calculated as p(4) = 1.6 x 1078, Yeast YK/ is iden-
tical to a gene, called SPO14, which is required for meiosis and
spore formation (Honigberg et al., 1992) and which has been
shown recently to encode a phospholipase D (Rose et al., 1995).
Additionally, a sequence similar to S. cerevisiae YK11/SPO14
is present in S. pombe (sw:YA2G_SCHPO), and other eukary-
otes also appear to possess YK11/SPO14-orthologous genes as
evidenced by YK11/SPO14-similar expressed sequence tag se-
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quences (GenBank [gb] accession codes R34925, R83570, and
745777 (human) and T76232 and T88610 (Arabidopsis thaliana)).
The yeast YK11/SPO14 sequences do not appear to contain
N-terminal C2 domains and are considerably longer than plant
PLD sequences.

The yeast YK11/SPO14 sequences were not alone in their
identification as candidate homologues of castor bean PLD.
Database searches suggested similarities (lowest p-value p(5) =
1 x 1073) of PLD and YK11/SPO14 sequences to a bacterial
family of homologues. The only member of this family whose
function has been characterized is a cardiolipin synthase from
E. coli (Hiraoka et al., 1991; Tropp et al., 1995). Each of the
remaining members (Table 1) is assumed to possess CL synthase
activity; however, it is noted that two of these sequences derive
from a single organism (Bacillus subtilis), which suggests that
their functions are distinct.

Further candidate homologues of CL synthases, and thereby
also of PLD and YK11/SPO14 sequences, were identified using
BLAST searches with CL synthases as query sequences. The CL
synthase homologues could be aligned partially with phospha-
tidylserine synthases, bacterial PLDs, viral proteins (p37K and
K4), and a bacterial endonuclease (nuc), with p-values < 0.1
(Fig. 1). To these, two further candidates were added. The first,
an open reading frame from Synechocystis sp., showed high sim-
ilarity to nuc in a BLAST search (p = 2 x 1077). The second,
an E. coli hypothetical protein (0338), was identified by scan-
ning databases against a multiple alignment of a conserved re-
gion (Motifs 3 and 4) of the previously identified sequences,
using a local similarity algorithm (Barton, 1993a).

After clustering, each of these sequences could be assigned to
one of eight classes (Table 1). Sequences within each class could
be multiply aligned and were sufficiently similar to be positively
identified as homologues ( p-values < 107%). By contrast, se-
quences taken from different classes could not be identified pos-
itively as homologues at this stage, because accurate alignments

Bacterial
PLD

Fig. 1. Representation of the degrees of sequence similarities ( p-values)
between 7 of the 8 classes of PLD homologues produced by BLAST (Alt-
schul et al., 1994) searches. 0338 is not included in this representation
because it was not identified using BLAST. Each shaded oval represents
a class of homologues; the boxed number above each oval is a typical
p-value obtained by pairwise comparisons of sequences within the class.
The lowest p-values (p < 0.1) obtained by pairwise comparisons of se-
quences from different classes are shown beside arrows connecting the
appropriate classes. For abbreviations, see text and legend to Figure 2.
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Table 1. Eight classes of phospholipase D homologues, their primary activities, and sequences

C.P. Ponting and 1.D. Kerr

Class Protein/gene Organism Primary enzymatic activity?® Accession code® References
I Phospholipase Castor bean Hydrolysis of PC to PA and choline  pir:A54850 Wang et al. (1994)
D SPO14 S. cerevisiae sw:SP14_YEAST Honigberg et al. (1992)
S. pombe sw:YA2G_SCHPO
Maize gb:MZEPHD1 Ueki et al. (1995)
Rice gb:RICPHD2 Ueki et al. (1995)
A. thaliana gb:ATU36381 Dyer et al. (1995)
11 Phospholipase D S. antibioticus Hydrolysis of PC to PA and choline  gb:STMPDP Iwasaki et al. (1994)
toxin Y. pestis gb:YPPFRATOX Cherepanov et al. (1991)
1l CL synthase E. coli Phosphatidyl transfer from one sw:CLS_ECOLI Hirschberg and
PG molecule to another. Kennedy (1972)
S. mutans* sw:YWAP_STRMU
P. putida sw:YLP2_PSEPU
B. subtilis sw:YWJE_BACSU
B. subtilis sw:YWIE _BACSU
M. capricolum* gb:Z33226
v PS synthase E. coli Phosphatidyl transfer from sw:PSS_ECOLI DeChavigny et al. (1991)
CDP-DAG to serine.
S. cerevisiae sw:PEL1_YEAST
\% p37K Vaccinia virus Unknown function sw:VENV_VACCC Hirt et al. (1988)
Fowlpox virus sw:VENV_FOWPV
K4 Vaccinia virus Unknown function sw:VK04_VACCC Boursnell et al. (1988)

C. elegans
D. discoideum*

\%! OREF (s/r0628 gene) Synechocystis sp.

Unknown function

gb:CELE0O4F6
gb:DD11093A

gb:SYCSLRD_69

Giorda et al. (1989)
Kaneko et al. (unpubl.)

VIl nuc S. typhimurium Endonuclease activity pir:S41475 Pohlman et al. (1993)
E. coli® gb:CIBSOG
VIIL Helicase homologue  E. coli Unknown function sw:YJHR_ECOLI Burland et al. (1995)

“ Activities characterized for the first mentioned sequence for each class.

® Abbreviations: sw, swissprot; gb, genbank; pir, protein identification resource.

¢ Incomplete sequences.

throughout their lengths could not be obtained. For each class,
multiple alignments of sequences were constructed. The most
conserved regions in these alignments corresponded well to the
regions identified by BLAST searches as being most similar be-
tween sequences taken from different classes of enzyme. This
feature is a common occurrence within homologous families as
a result of evolutionary pressure to preserve structural regions
that are essential for function.

Internal repeats

An unexpected finding was that eukaryotic and bacterial PLDs,
PS and CL synthases, p37Ks, K4s, and the ORF from Synecho-
cystis sp. each appeared to contain duplicated repeats. Relatively
conserved regions appeared to be present twice within each se-
quence (Motifs 1, 2, 3, and 4 in Fig. 2). Moreover, the order of
these motifs within each sequence is invariant. As shall be dem-
onstrated below, the similarities between the duplicated motif's
were sufficient to enable their identification as homologous re-
peats; it is assumed that these enzymes possess bi-lobed struc-
tures, with each lobe containing a single copy of each of the four
identified motifs. The presence of four motifs in an ordered se-
quence in these enzymes argues against the possibility that they
arose independently, on several occasions, as results of conver-

gent evolution. It is more probable that these enzymes are inter-
nally paralogous, i.e., each is a product of internal duplication
and fusion within an ancestral gene or genes. The lack of sig-
nificant sequence similarities in these enzymes away from the
four motifs did not allow accurate construction of a phylo-
genetic tree for these enzymes, therefore, it was not possible to
assess whether this duplication/fusion event occurred before or
after the emergence of separate gene products with distinct en-
zymatic activities.

Homology arguments

Multiple alignments and comparisons of sequences using the
program MACAW (Schuler et al., 1991) indicated the presence
of four motifs, present once in 0338 and nuc, and twice in the
remaining sequences. MACAW also allowed examination of two
propositions: that all or some of the sequences in Table 1 are
homologues, and that all or some of the sequences (except 0338
and nuc) contain homologous duplicated repeats. For the assess-
ment of the former case, the four motifs from the N-terminal
and the C-terminal lobes were aligned separately for two sets of
eight sequences drawn from the eight classes of enzyme (Table 1);
calculated p-values strongly support an argument that all of
these sequences are homologous (lowest p-values for N-terminal
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Fig. 2. Multiple sequence alignment of PLD homologues showing internal duplications for classes 1-VI, represented using
ALSCRIPT (Barton, 1993b). Four sequence blocks (“motifs”) of the alignment were defined using the results of BLAST (Alt-
schul et al., 1994) and MACAW (Schuler et al., 1991) algorithms. Positions are shaded if the chemical character of residues (de-
fined as hydrophobic residues [A, C, I, L, V, M, F, Y, and W], small residues [G, A, and S], and acidic, and amides of acidic,
residues [D, E, N, and Q]) is conserved in >66% of sequences within either subunit. Positions are boxed if residues are abso-
lutely conserved in all sequences of either subunit. Numbers in angled brackets represent the numbers of amino acids that in-
tervene between alignment blocks. Numbers at the end of the alignment represent the distance in amino acids to the C-terminal
ends, with the exception of the numbers for Classes I-VI (top lines only) that represent the distance to Motif 1 of the second
subunit. Secondary structure predictions were undertaken using PHD (Rost & Sander, 1993); «-helices are represented by filled
cylinders, and 3-strands by arrows. Accession codes and sequences represented are: PLD _Cb, pir:A54850 (residues 215-682);
SP14_Sc, sw:YKI11 _YEAST (698-1119); PLD_Sa, gb:STMPDP (120-512); Toxin_Yp, gb:YPPFRATOX (2-491); CLS _Ec,
sw:CLS_ECOLI (135-427); CLS_Bs, sw:YWJE_BACSU (59-339); PSS_Ec, sw:PSS_ECOLI (41-381); PSS _Sc, sw:PELI _
YEAST (49-429); p37K _ Vv, sw:VENV_VACCC (37-335); p37K_Ov, gb:OVU06671 (38-342); K4 _Vv, VK04_VACCC (32-347);
K4_Dd, gb:CELE04F6; ORF _Ssp, gb:SYCSLRD _69 (87-426); nuc_St, pir:S41475 (42-139); 0338 _Ec, sw:YJHR_ECOLI
(194-304). Abbreviations: Cb, castor bean; Sc, S. cerevisiae; Sa, S. antibioticus; Yp, Y. pestis; Ec, E. coli; Bs, B. subtilis; Vv,
vaccinia virus; Ov, orf virus; Dd, D. discoideum; Ssp, Synechocystis sp.; St, S. typhimurium; SP14, SPOI4 gene product.
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motifs 2,3, and4, p=5.4x10 %, p=4.0x 10"'°, and p =0.93,
respectively, and for C-terminal motifs, p = 4.9 x 107}, p =
8.0x 10 ', and p=5.4 x 10 7, respectively). For assessment
of the second argument, motifs from both N- and C-terminal
lobes were aligned for two sets of six sequences, taken from
classes I-VI; calculated p-values support the proposition that
class I-VI sequences are internally paralogous (lowest p-values
for motifs 2,3, and 4, p = 3.8 x 10>, p =9.2 x 10", and
p =2.6 x 10 7). Calculated p-values for motif 1 did not pro-
vide additional evidence for homology. However, it is noted that
hydrophobic residues (ILVMFYWCA) are conserved at several
positions in this motif (Fig. 2).

Secondary structure predictions

Secondary structure predictions were undertaken using PHD
(Rost & Sander, 1993) for multiply aligned sequences of classes
[-V and single sequences of classes VI-VIII. Within the expected
levels of accuracy of this algorithm, these predictions were con-
sistent with the alignment of Figure 2, including the observation
of duplicated motifs. A secondary structure prediction is shown
in Figure 2 for positions where the type of predicted secondary
structure was conserved in =6 of the 10 multiple alignments in
PLD classes I-V.

Discussion

Compared with the considerable knowledge gained recently of
the domain organization and functions of phospholipases C and
A, little is known of phospholipases D, due to considerable

difficulties in their purification and sequencing. However, sev-
eral plant PLDs have been sequenced recently (Wang et al.,
1994; Ueki et al., 1995), which has led to identification of PKC-
like C2 domains within their N-terminal regions (Ponting & Par-
ker, 1996). It is shown here that the remaining portions of their
sequences are homologous to a variety of phosphodiesterases
that can be classified into eight groups. These include CL and
PS synthases, which are enzymes with phospholipase D-like ac-
tivities, and bacterial PLDs. Other members of this homologous
family are an E. coli endonuclease (nuc), and Poxviridae viral
proteins p37K and K4, with unknown functions. The methods
used here did not indicate that eukaryotic phosphatidylinositol-
glycan-specific PLDs (Scallon et al., 1991) are homologous to
the enzymes discussed here.

Whereas the enzymes of classes [-VI are bi-lobed, it is apparent
that classes VII and VIII molecules, nuc and 0338, are mono-
lobed, because they contain single copies of four motifs. How-
ever, because one of these (nuc) appears to be multimeric in
solution (Lackey et al., 1977; Pohlman et al., 1993), a require-
ment for two or more domains, either from a single polypep-
tide chain (classes I-VI), or from several (classes VII and VIII),
for activity, remains a possibility. This proposition is analogous
to the demonstrated homology between viral mono-lobed aspar-
tic proteinases, which are active as dimers, and mammalian as-
partic proteinases, which are bi-lobed monomers (Miller et al.,
1989). The presence of internal duplications within the catalytic
domains of enzymes is not unusual. Rhodanese, aspartic pro-
teinases, methionyl aminopeptidases, creatine amidinohydro-
lases, and actin-like ATPases, among others, are thought to
contain such duplications (Tang et al., 1978; Keim et al., 1981;
Bork et al., 1992; Murzin, 1993). The active sites of these en-
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zymes are usually situated at the interface between the two lobes,
to which catalytic residues from both lobes contribute.
Identification of PLD homologues was undertaken using se-
quence information only, without recourse to molecular func-
tions. Importantly, however, the known functions of these
homologues are either identical or are similar to the phospho-
diesterase and transphosphatidylation functions of eukaryotic
PLDs and add, therefore, substantially to evidence for their
common evolutionary ancestry. These homologues are likely to
be individual PLD isoenzymes that differ in their specificities.

Phospholipases D (classes I and 11)

One of the most striking identifications of sequence similarity
demonstrated here was the identification of bacterial extra-
cellular PLDs (class II sequences; Iwasaki et al., 1994) as ho-
mologues of plant intracellular PC-specific PLDs (class 1),
indicating an origin for this homologous family prior to the di-
vergence of eukaryotes and bacteria. These PLDs catalyze iden-
tical reactions: cabbage PLD (which is an orthologue of castor
bean PLD [Wang et al., 1994]) and Streptomyces PLDs dem-
onstrate phosphodiesterase activities on PS substrates, and also
transphosphatidylation activities converting PC to PS in the
presence of L-serine (Juneja et al., 1989). Unlike plant PLDs,
however, bacterial PLDs do not possess an N-terminal C2 do-
main. Significant similarities (p = 4 x 1072') between the se-
quences of Streptomyces PLDs and a toxin encoded by the
Yersinia pestis plasmid pFra (Cherepanov et al., 1991) suggests
that these proteins are orthologues.

Cardiolipin synthases (class III)

E. coli CL synthase catalyzes the formation of CL and glycerol
from two molecules of phosphatidylglycerol. This occurs via a
transfer mechanism, similar to that of PLD, whereby a phos-
phatidyl group is transferred from one PG molecule to another
(Hirschberg & Kennedy, 1972; Tunaitus & Cronan, 1973). A sec-
ond indication that the reaction mechanisms of plant PLDs and
bacterial CL synthases are similar is that, not only is the prod-
uct CL an inhibitor of CL synthesis, but phosphatidate, the
product of PLD hydrolysis of PC, is also (Ragolia & Tropp,
1994). Furthermore, although hydrolysis reactions catalyzed
by CL synthase have not been reported, cabbage PLD has been
shown to possess a low CL synthase activity (Stanacev & Stuhne-
Sekalec, 1970).

In eukaryotes, CL synthesis occurs via an alternative pathway
involving the reaction between CDP-DAG and PG to form CL
and CMP. No enzyme that catalyzes this reaction in eukaryotes
has yet been sequenced, and hence any evolutionary relation-
ship of eukaryotic CL synthases to the enzymes discussed here
remains to be determined.

Phosphatidylserine synthases (class IV)

Synthesis of PS in S. cerevisiae occurs via two independent
mechanisms. A PS synthase encoded by the CHQO! gene, cata-
lyzes the displacement of CMP from CDP-DAG by serine, and
is a member of the CDP-alcohol phosphatidyltransferase gene
family (Nikawa et al., 1987). A second PS synthase encoded
by the PELI gene, is homologous to an E. coli PS synthase
that catalyzes hydrolysis of CDP-DAG to PA and CMP, and
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also catalyzes transphosphatidylation of CDP-DAG to serine
(DeChavigny et al., 1991). It is this second enzyme that is
homologous to PLDs. An enzyme homologous to the yeast
PEL]I gene product is present in the human genome as indi-
cated by ESTs (GenBank codes: M77859, R55725 and T12593).
E. coli PS synthase has also been suggested to catalyze cardio-
lipin synthesis via transphosphatidylation (Nishijima et al.,
1988).

P37K and K4 homologues (class V)

p37K and K4 proteins are close homologues in the Poxviridae
viral family that have not been suggested previously to possess
enzymatic activities. Vaccinia virus p37K (gene F/3L) is a palmi-
toylated protein that is a major antigenic component of the ex-
tracellular enveloped virus form (Payne, 1978). A prediction that
p37K is a transmembrane protein (Hirt et al., 1986) was not sub-
stantiated using the prediction methods of Jones et al. (1994) and
Persson and Argos (1994). The EEV form differs from its pre-
ceding form, the intracellular mature or naked virus (IMV or
INV) form, in containing an additional membrane that is ac-
quired from the trans-Golgi network prior to its release from
the cell. Deletion of the p37K gene (F13L) in vaccinia has been
shown to prevent EEV formation and cell-cell viral transmis-
sion (Blasco & Moss, 1991), whereas a mutation in the vaccinia
gene resulting in a single amino acid substitution of tyrosine for
aspartic acid 279 confers resistance to an inhibitor of virus en-
velopment and release (Schmutz et al., 1991). This has led to the
suggestion (Blasco & Moss, 1991) that p37K is involved in the
process of viral envelopment via the acquisition of cellular mem-
branes. By contrast, the finding that p37K is a PLD homologue
suggests that it may serve to process the phospholipids of the
EEV envelope acquired from the host’s frans-Golgi network.

Protein K4 is a p37K homologue, with which it shares approx-
imately 25% amino acid identity (Boursnell et al., 1988). Its
function appears to be inessential in vaccinia virus replication
because it has been shown that deletion of the K4 gene (K4L)
does not inhibit either the formation of EEVs or viral transmis-
sion (Blasco & Moss, 1991). K4 orthologues are not confined
to the Poxviridae family because it would appear that homolo-
gous molecules are present in eukaryotes. Although not recog-
nized as such previously, a fragment of an ORF 3’ to gene 3
of a developmentally regulated gene family in Dictyostelium
discoideum (Giorda et al., 1989) encodes a portion of a K4 ortho-
logue. Furthermore, a similar sequence is encoded by Caeno-
rhabditis elegans cosmid E04F6 (GenBank code: CELEO4F6_1).
Humans also possess a K4-similar gene, as evidenced by over-
lapping ESTs (GenBank: R11447, F05415, R50605, H15300,
R72685, T97936, and R69902, allowing for frame shifts), whose
translations may be aligned against almost the entire vaccinia
K4 sequence.

Synechocystis sp. ORF (class VI)

This predicted ORF from the cyanobacterium Synechocystis sp.
(strain PCC6803) (Kaneko et al., 1995) encodes a protein of
unknown function. A BLAST search with this sequence (553
amino acids) yielded strong similarity in its N-terminal region
to Salmonella typhimurium nuc. Furthermore, as shall be dem-
onstrated elsewhere (C.P. Ponting, L.C. Serpell, & A.J. Doherty,
in prep.), the C-terminal region of this sequence is homologous
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to several DNA-binding proteins and includes a “helix-hairpin-
helix” DNA-binding motif, similar to that proposed to be present
in endonuclease III (Thayer et al., 1995). The putative DNA-
binding function of the C-terminal extension of the Synecho-
cystis PLD homologue, and its similarity to the endonuclease
nuc, suggests that this ORF may also encode an endonuclease.

nuc, an endonuclease (class VII)

The only member of the seventh class of homologues whose en-
tire sequence is known is an endonuclease, termed nuc, encoded
by the bacterial drug resistance IncN plasmid pKM101 (Pohl-
man et al., 1993). This enzyme hydrolyzes single-stranded and
duplex DNA, substrates very different to those of other PLD
homologues. However, the PLD homologous enzymes discussed
here, including nuc, catalyze essentially identical reactions as
each is a phosphodiesterase. It is plausible, therefore, that the
catalytic mechanisms of PLDs, CL synthases, and PS synthases
are similar to that of nuc. The finding of significant sequence
similarities between enzymes of different specificities is not a rare
occurrence, as shown elsewhere (Murzin, 1993; Mushegian &
Koonin, 1994; and references therein).

0338, an unusual homologue of helicases (class VIII)

The only member of the eighth class of PLD homologues is a
hypothetical protein sequenced as part of the E. coli genome
project (Burland et al., 1995). ORF 0338 encodes a putative pro-
tein whose C-terminal region contains single copies of the four
PLD-characteristic motifs (Fig. 2). Its N-terminal region has
been shown elsewhere to be homologous to SEN1-like helicases
(Koonin & Rudd, 1996). Although without endonuclease activ-
ity itself, SENI is known to be required for the activity of an
endonuclease essential for tRNA splicing (DeMarini et al.,
1992). Considering this, and the endonuclease activity of nuc,
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it is possible that 0338 encodes an N-terminal helicase homo-
logue with a C-terminal endonuclease domain.

The 0338 sequence is unusual in that it contains only two mo-
tifs (V and VI) of six motifs characteristic of helicases (Gor-
balenya & Koonin, 1993). This is not the only example of a
“Motif V-VI” SEN1-like helicase homologue: we have identi-
fied an ORF, encoded near cytotoxin-associated gene A in Hel-
icobacter pylori (Covacci et al., 1993), which is homologous to
helicases, and also only contains motifs V and VI (Fig. 3).

Catalytic mechanisms and active sites

The finding that these proteins are members of a homologous
family suggests that they share similar catalytic mechanisms me-
diated by common active sites. Of all these enzymes, only the
reaction mechanism of E. coli PS synthase has been well char-
acterized (Raetz et al., 1987). This study demonstrated that the
cleavage of the P-O bond between the 3-phosphorus and the a-f3
oxygen of CPD-DAG occurs with retention of configuration at
the phosphorus atom, indicative of a two-step ping-pong reac-
tion mechanism involving a phosphatidylated enzyme intermedi-
ate. This is similar to the reaction mechanism suggested for
cabbage PLD (Stanacev & Stuhne-Sekalec, 1970).

Candidate active site residues of a family of homologous en-
zymes may usually be identified as those that are absolutely con-
served. However, this is complicated here by the presence of two
homologous subunits within the majority of PLD-homologous
enzymes: it is unknown whether these molecules harbor two ac-
tive sites, or whether a single active site is formed by residues
from within either one or both subunits. The former case, al-
though rare, is not unknown (e.g., a yeast thiolase [Mathieu
et al., 1994]), whereas the latter is the more usual (e.g., the hexo-
kinase/actin/hsp70 family [Bork et al., 1992]).

It is noted that residues at several positions in motifs 3 and 4
are present either in one or in both subunits: these are His 49,
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Fig. 3. AMPS (Barton, 1990) multiple alignment of the £. coli 0338 hypothetical gene product N-terminal sequence with regions
of SENI-like helicases and an H. pylori (Hp) hypothetical protein containing Motifs V and VI, represented using ALSCRIPT
(Barton, 1993b). Residues are shown in white on black if they are absolutely conserved across all sequences; positions are shaded
if the chemical character of residues (as Fig. 2) is conserved in >66% of sequences. Helicase motifs V and VI (Gorbalenya &
Koonin, 1993) are boxed. Secondary structure prediction was undertaken using PHD (Rost & Sander, 1993). Sequences are rep-
resented by their SwissProt accession codes (except 0338 [sw:YJHR _ECOLI] and the H. pylori ORF [gh:HPCAI 4464-4817]).
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Lys 51, Asp 56, and Asn 70 (numbering as Fig. 2), with the ex-
ception that His 49 is not present in viral p37K proteins. It is sig-
nificant, perhaps, that these residues are similar to the active site
residues that catalyze hydrolysis of phosphodiester bonds by nu-
cleases (Saenger, 1991). In these enzymes, an active site water
molecule, activated by a metal or by a histidine residue, acts as
a nucleophile by attacking the phosphate, which causes cleav-
age of the phosphodiesterase bond. [n most nucleases, residues
that are involved in this process, either directly or otherwise, are
His, Asp, Glu, and for pancreatic ribonucleases A, Lys (re-
viewed in Saenger, 1991).

His 49 or Lys 51 may be involved in the formation of cova-
lently bonded enzyme-substrate intermediates by analogy with
the histidine-phosphorous intermediates during catalyses by, in-
ter alia, nucleoside diphosphate kinase (NDP kinase) (Moréra
et al., 1995), succinyl CoA synthetase (Wolodko et al., 1994),
phosphoglycerate mutase (Campbell et al., 1974), and acid phos-
phatase (Schneider et al., 1993), and the lysine-phosphorous in-
termediates that occur for mRNA capping enzymes (Cong &
Shuman, $993) and DNA ligases (Engler & Richardson, 1982).
Phosphorylation of Asp 56 in the intermediate state remains a
possibility, by analogy with that observed elsewhere (Sanders
et al., 1089),

Of these examples, the residues of the NDP-kinase active site
are most similar to the conserved residues of the PLD homo-
logues. In NDP-kinase, the phosphohistidine intermediate is sta-
bilized by two arginine residues, and single lysine, asparagine,
glutamate, and tyrosine residues (Moréra et al., 1995). Thus, a
possible reaction scheme for the PLD homologues involves ac-
tivation of the acceptor group, water for hydrolysis or an ap-
propriate polar-head group for transphosphatidylation, by one
or both histidine residues at position 49, and formation of
histidine- or lysine- or aspartyl-phosphorous intermediates, sta-
bilized by the remaining conserved residues. Hydrolysis or trans-
phosphatidylation of this intermediate would then lead to
product formation. This mechanism may be modified for nuc,
which alone of all PLD homologues, absolutely requires diva-
lent cations for activity (Lackey et al., 1977; cf. Raetz et al.,
1987; Hiraoka et al., 1991; Vinggaard & Hansen, 1995; and
references therein), and for p37K, which lacks His 49. These hy-
potheses are appropriate for examination by site-directed mu-
tagenesis of the conserved His 49, Lys 51, Asp 56, and Asn 70
residues.

Materials and methods

Sequence comparisons were undertaken using amino acid and
nucleotide sequence databases held at the NCBI, USA, and a
subset of these at the University of Oxford, UK. Candidate ho-
mologues were detected using two algorithms: BLAST (Altschul
et al., 1954} at the NCBI, and the local similarity algorithm
(scanps) of Barton (1993a). The former enabled pairwise se-
quence comparisons and estimations of the probabilities (or p
(m)-values) that sequence similarities within 7 ungapped blocks
arose by chance. The latter allowed comparisons of gapped mul-
tiple alignments with amino acid sequence databases, resulting
in hierarchical similarity score lists.

Estimation of p-values for ungapped blocks within multiple
alignments was provided by the program MACAW (Schuler
et al., 1991). Care was taken not to underestimate p-values by
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using only one member from each class of homologous enzymes
(Table 1) in their calculation. Separate comparisons were under-
taken for motifs in each lobe using two representative sets of
domain sequences. These were: (set A) castor bean PLD, Strep-
tomyces antibioticus phosphohpase D, E. coli PS synthase, vac-
cinia p37K, ORF from Synechocystis sp., S. typhimurium nuc,
and E. coli helicase homologue, and (set B) S. cerevisiae YK11/
SPO14, Streptomyces sp. phospholipase D, S. cerevisiae PS syn-
thase, vaccinia K4, B, subtilis CL synthase, ORF from Synecho-
cystis sp., S. typhimurium nuc, and E. coli helicase homologue.
The same sequence sets were used for the comparisons of mo-
1ifs in both lobes, except for the omission of the single-lobed
molecules (nuc and 0338). The search space N (Schuler et al.,
1991) in the comparison of n sequences was set as the product
sequence lengths /,, which encompassed the four sequence mo-
tifs (Fig. 2). Sequences, judged using MACAW as homologous,
were aligned using AMPS (Barton, 1990).

For each of these computational methods, the BLOSUM®62
amino acid substitution matrix (Henikoff & Henikoff, 1992) was
used. Secondary structure predictions for all eight classes were
provided by the neural network method (PHD) of Rost and
Sander (1993). BLAST (Altschul et al., 1994) input query se-
quences were preprocessed using SEG (Wootton & Federhen,
1993) in order to mask low-complexity sequences.

Predictions of transmembrane helices were performed using
MEMSAT (Jones et al., 1994) and TMS-PRED (Persson &
Argos, 1994). TMS-PRED identifies potential membrane-
spanning helices from multiple sequence alignments, whereas
MEMSAT analyzes individual sequences. For the analysis by
TMS-PRED of viral p37K and K4 proteins, sequences were
aligned using AMPS (Barton, 1990).

Note added in proof

Following completion of this work a sequence of the human
orthologue of yeast (class 1) PLDs was reported (Hammond SM,
Altshuller YM, Sung TC, Rudge SA, Rose K, Engebrecht JA,
Morris AJ, Frohman MA. 1995. Human ADP-ribosylation
factor-activated phosphatidylcholine-specific phospholipase D
defines a new and highly conserved gene family. J Biol/ Chem
270:29640-29643).
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