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Abstract: Various membrane lipid metabolites, generated by
phospholipases C and D (PLCs, PLDs), are known to regulate
the activities of protein kinases C (PKCs) and GTP-ase activat-
ing proteins (GAPs) in a range of cellular processes. Conven-
tional Ca?* -dependent PKCs («, 81, 811, and v), PLCs, and
various GAPs are all known to contain copies of a phospholipid-
binding domain, termed C2 or CalB. Here we recognize that C2
domains are also present in “new” Ca’* -independent PKCs (5,
€, 1, and #), other kinases, a eukaryotic PLD, the breakpoint
cluster region (BCR) gene product, and two further GAPS.
Twenty-two previously unrecognized C2 domain sequences are
presented, which include a single copy in the mammalian pore-
forming proteins, perforin.

Keywords: homology; phospholipid-binding; phosphorylation;
signal transduction

Many recent studies have demonstrated the roles of various
membrane lipid metabolites in regulating intracellular signaling
networks (reviewed in Nishizuka, 1995). Metabolites, such as di-
acylglycerol (DAG) (generated by phospholipase Cs [PLCs]) and
phosphatidic acid (generated by phospholipase D [PL.D]), ac-
tivate protein kinase Cs (PKCs) (Takali et al., 1979) and inhibit
Ras GTP-ase activating proteins (GAPs) (Tsai et al., 1989), re-
spectively. Upon activation by Ca?*, phospholipid, and/or
DAG, the 12 currently known mammalian PKC isoforms par-
ticipate in a diverse range of complex cellular processes (reviewed
in Dekker & Parker, 1994). PKC specificity and auto-inhibition
is provided by a number of noncatalytic regulatory domains, in-
cluding either one or two DAG-binding domains, and, in the
case of Ca®*-dependent PKCs (PKC «, 8 and v), a domain,
termed C2, which is known to interact with phospholipids in a
Ca?*-dependent manner (Bazzi & Nelsestuen, 1990).
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C2 (or “CalB”) domains have been identified previously in a
number of other protein sequences: synaptotagmins, rabphilin-
3A, and Doc2 (two copies each), cytosolic phospholipase A,
(cPLA2), GAPs, PLCs, RSP5, and Unc-13 (Perin et al., 1990;
Sasaki et al., 1990; Maruyama & Brenner, 1991; Bork & Sudol,
1994; Maekawa et al., 1994; Nalefski et al., 1994; Orita et al.,
1995). The crystal structure of the first C2 domain of rat syn-
aptotagmin I (C2g,,) has been solved recently, revealing an
eight-stranded 8 sandwich containing four aspartic acid residues
involved in binding Ca%* (Sutton et al., 1995). Here, we iden-
tify 22 novel C2 domain sequences (all pairwise identities <55%)
in proteins with lipid-related functions (Fig. 1); several of these
sequences possess substitutions within the C2g,,, Ca?*-binding
site, indicating a potential loss of Ca?*-affinity.

An initial comparison of a region (“HR2”), common to
PRKI1, PRK2, PKC ¢, and PKC 5 Ca**-independent kinases
(Palmer et al., 1995), with sequence databases, showed these se-
quences to be representatives of an homologous family, which
also included several other Ca**-independent PKC sequences.
Some similarity of this family to C2 sequences was apparent,
yet in isolation was insufficient to propose an evolutionary di-
vergence of HR2 and C2 domains. This similarity was also noted
by Sossin and Schwartz (1993); they too were unable to provide
statistical evidence for a plausible homology argument. How-
ever, comparison of an alignment of known C2 sequences with
databases (see below), showed sufficient similarity between the
C2 alignment and 6 of the 10 HR2 sequences to positively iden-
tify these and the C2s as possessing a common evolutionary an-
cestor. It is concluded that all 10 HR2 sequences are homologous
to C2 domains, and that the HR2 branch of the C2 evolution-
ary tree contains family members distantly related to, say, that
of PKCa.

The strategy used in this analysis was as follows. The simi-
larities between the “HR2” regions of PKC ¢, PKC 5, and hu-
man PRKI1 and PRK2 kinases were sufficient to indicate a
common evolutionary ancestor for these sequences (Z-scores >
8.00). Three iterations of a sequence analysis procedure were
sufficient to show significant similarities between HR2-like se-
quences and regions of other protein kinase Cs. This analysis
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was compared with current sequence databases (PIR v45 and

PATCHX) using a local similarity algorithm (Barton, 1993a).
Subsequently, the 300 highest-scoring sequences were compared
against a flexible pattern of the most conserved positions using

synaptotagmin; rab3a, rabphilin-3A; Nedd4h, human homologue of
S. cerevisiae; b, bovine; Ce, C. elegans; ff, fruit fly (Drosophila); Dd,

other abbreviations in text.

; h, human; m, murine; Sp, S. pombe; Sc,
; At, A. thaliana; cb, castor bean; r, rat;

Fig. 1. Multiple sequence alignment of a representative set of C2 domain sequences (all pairwise identities < 55%), displayed

using ALSCRIPT (Barton, 1993b) and with relatively conserved positions shaded. This is based on automatically generated align-
that a subset of these lack strand 1 and, perhaps, strand 8. It is noted that C2 domain constructs consisting only of strands 33-

(34-f5 retain partial (Fukuda et al., 1994) and full (Gawler et al., 1995) phospholipid-binding functions in vitro, indicating that
to weak similarities between a subset of sequences, and by reference to the third repeat (residues 715-834) of T12A2 (837 resi-

dues, total). The putative RSP5 N-terminus, based on the gene sequence, may be inaccurate. A possible fourth C2 in Hyp_Sc
similar paralogue of this sequence is contained in GENBANK:SCORFSDNA (S. cerevisiae ORF N2250). PKCg, PKCx;

PKCd13, PKCé13; PKCn, PKC#»; PKCth, PKC6; Syn,

between copies 2 and 3 (residues 782-900) scored at the level of the noise in searches and is not included in the figure. A closely
murine Nedd4;

ments and was edited manually to accord with the experimentally determined structure of rat synaptotagmin I (C2s,,) (Sutton
et al., 1995). Intervening sequences between secondary structures are represented by numbers in parentheses. Accession codes
and residue numbers are shown following the alignment. Positions of the four aspartic acid residues of C2gy,, which are in-
volved in binding Ca**, are boxed. Domain limits are uncertain because strands 1 and 8 are poorly conserved; the alignments
in these regions are expected to be inaccurate. PKC413 and PKC6 do not appear to contain C2 -strand 1. Given the 3-sheet
strand order (8-1-2-5) in the C2gy, structure, and the low similarities of putative C2 sequences at their C-termini, it is possible
the presence of less than eight strands in a subset of C2 homologues is plausible. The C-terminal limit was assigned according

D. discoideum
of “noise” when compared with single-step methods. Initially,

procedure was a two-step process, similar to that used previously
(Ponting & Phillips, 1995), which substantially reduced the level
a multiple alignment of previously determined HR2 homologues
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the Barton and Sternberg (1989) algorithm. Those sequences
scoring above the noise, at levels similar to, or higher than,
scores of previously determined HR2 sequences, were incorpo-
rated within a new multiple alignment, leading to a new itera-
tion. The BLOSUMS62 amino acid substitution matrix and a gap
penalty of 8 were used throughout, and only single sequences of
pairs whose amino acid identities exceeded 55% were retained.

Those sequences found to include HR2s after three iterations
were all Ca®*-independent kinases: PKCe-isoforms, such as
those from Aplysia californica Aplll, and Caenorhabditis el-
egans PKCI1B, and other isoforms: PKC6, PKC613, Saccharo-
myces cerevisiae PKC1, and Schizosaccharomyces pombe pck1
and pck2. Surprisingly, all PKCa sequences also scored highly
(scores = 49), as did inter alia, sequences from a rabphilin-3A-
like protein (score 44), an S. cerevisiae hypothetical protein
(score 64), and castor bean phospholipase D (score 54); HR2 ho-
mologues scored between 58 and 99, and the noise plateau was
approximately 30. All of the latter sequences correspond to C2
domains, which either were previously known or were later iden-
tified as C2 domains. Although it appeared plausible at this stage
that Ca’*-independent PKCs contain C2 domains, there was
little statistical evidence to support this proposal, and a com-
plementary approach was required.

It was decided to repeat the iterative scanning procedure, not
using HR2 sequences as a basis set, but using previously estab-
lished C2 sequences, taken from Sutton et al. (1995). After four
iterations, a representative set (<55% pairwise identities) of 43
C2 domain sequences was established, containing both previ-
ously known and newly identified members (scores 54-86, top
noise 54, level of noise plateau, 42). These sequences show sim-
ilarities at several positions, and are proposed to form an ho-
mologous family. This set included the HR2 sequences of PKC
isoforms 6, €, and 5, pckl, Aplll and PKC1B, but not PRKI,
PKC 60 and pck2, which fell at or below the noise threshold.
However, having established that all of these HR2 sequence
share a common ancestor, and that a large fraction of these are
homologous to C2 domains, it is logical to conclude that all such
HR2 sequences are C2 homologues. This argument uses the de-
termination of evolutionary relationships in different, yet over-
lapping, regions of the C2 phylogenetic tree, to establish their
common ancestry. The remaining “HR2-like” C2 sequences were
appended to the representative set, making a total of 46 sequences.

Identification of C2 domains in Ca’*-independent “new”
nPKCs 6, ¢, 5, and 6, as well as in Ca®>*-dependent “conven-
tional” cPKCs «, 81, 11, and vy, shows that of the mammalian
PKCs, only the “atypical” aPKCs ¢, A\, and u do not appear to
possess this domain (Fig. 2). Yeast PKCs and SCH9 kinase
(Toda et al., 1988) and vertebrate PRKs contain one C2. A sep-
arate sequence motif (termed “HR1” by Palmer et al., 1995),
present in triplicate in PRK1 and PRK2, appears in duplicate
in the yeast PKCs (S. pombe pck1 and pck2, S. cerevisiae PKC1
and orthologues; Fig. 2).

Phospholipase C isoforms from mammals, Drosophila, yeast,
slime mold (Dictyostelium discoideum) and Arabidopsis
thaliana, each possess a C2 domain, within a region known as
the extended Y box. Phospholipases A,, from mammals, chicken,
and fish, have been shown elsewhere (Nalefski et al., 1994), to
contain C2 domains at their N-terminus. The only currently
available phosphatidylcholine-hydrolyzing phospholipase D
sequence, from castor bean (Wang et al., 1994), has been shown
here to contain a C2 domain at its N-terminus. A single C2 do-

C.P. Ponting and P.J. Parker
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Fig. 2. Domain organization of several C2-containing proteins. Do-
mains are shown approximately to scale, with respect to numbers of
amino acids. DAG, a cysteine-rich DAG/phorbol ester-binding domain
(C1); DH, Dbl-homologous domain; PH, pleckstrin homology domain;
SH2, SH3, Src-homology-2 and -3 domains; other abbreviations in text.

main in human p120GAP, and two each in rat and Drosophila
Gaplm, had previously been noted (Maekawa et al., 1994).
However, single C2 domains in three other GAPs had not:
BUD2 from S. cerevisiae, and human breakpoint cluster region
(BCR) and active BCR-related (ABR) gene products.

The remaining C2s identified here occur in a C. elegans rab-
philin-3A-like putative protein (F37A4_Ce) (two copies); three
or four copies each in C. elegans (T12A2) and S. cerevisiae
(Hyp_Sc) orthologues; a second C2 in Unc-13 (residues 1563-
1680); one C2 in a human Nedd4 homologue (Nedd4h_h),
which also contains four WW domains; and, surprisingly, a sin-
gle C2 in mammalian perforins, which are pore-forming pro-
teins. Initially, it was considered that perforin may have been
identified as a “false positive.” Of all C2-containing proteins,
only perforin contains an N-terminal leader pre-peptide, typi-
cal of secreted or cytoplasmic granule-stored proteins. More-
over, it contains an EGF-like domain (which, possessing
disulphide bonds, is unlikely to function intracellularly) imme-
diately N-terminal to the putative C2 domain sequence. How-
ever, perforin has been shown to bind to membranes in a
Ca’*-dependent, EDTA-reversible manner at 4 °C (Miiller &
Tschopp, 1994); if subsequently incubated at 37 °C, perforin “in-
serts,” i.e., becomes chelator nonextractable. It is noted that all
four aspartic acid residues, known to be involved in Ca>* liga-
tion in the C2g,, crystal structure, are conserved in the perforin
putative C2 sequence (Fig. 1). It would seem likely that the ini-
tial, reversible, Ca>*-dependent membrane-binding event is
conferred on perforin by a domain, homologous to C2s.

Several sequences, previously proposed to be C2 homologues,
showed levels of similarity to known C2 sequences at, or below,
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the “noise” level, and, therefore, were unable to be identified
positively as encoding C2 domains. These include a region en-
compassing residues 672-766 of S. cerevisiae PKC1 (Levin et al.,
1990); PKC1, however, does contain a C2 domain between res-
idues 207-363. Similarly, proposed C2s in yeast Tor2 and in the
neurofibromatosis gene product (NF-1) (Stephens et al., 1993)
could not be proven. Other proposals that yeast VPS34 and
mammalian and plant phosphatidylinositol 3-kinases (PI13Ks)
contain C2s (Stephens et al., 1993; Welters et al., 1994) also could
not be proven, although a common evolutionary origin of these
sequences was established. In this case, although these sequences
scored among the highest “noise” scores, an attempt to find
“missing link” sequences, with sufficient similarities to both es-
tablished C2 sequences and PI3K sequences, was unsuccessful.

One of the features of many of these C2 domain-containing
proteins is that they contain multiple “membrane-interacting”
domains. This is most obviously the case for proteins that have
two or more C2 domains (synaptotagmins, rabphilin-3A, etc.),
but is nevertheless no less true for PKCs, which encode
phospholipid-dependent DAG-binding domains (C1) in addition
to C2 domains and also phospholipases (PLC, PLD) that bind
their substrates (and products) through domains independent of
the C2 domains aligned here. The case for the phospholipases
is defined explicitly for cPLA2, where the C2-deleted protein re-
tains its ability to interact with and hydrolyze monomeric phos-
pholipid substrate, whereas the C2 domain alone displays
Ca?*-dependent phospholipid-binding properties (Nalefski et al.,
1994). For synaptotagmin, the presence of two C2 domains has
been shown to evoke a cooperative interaction with membranes
(Damer & Creutz, 1994). It is likely that the combination of do-
mains in these other proteins similarly confers cooperative in-
teractions with membranes. At this facile level, the identification
of the VO domains of the nPKC subclass as C2-related domains,
provides a satisfying symmetry with the better understood
“Ca’*-dependent” C2 domains of the cPKC subclass. While
Ca’* evidently regulates membrane occupancy of the cPKC
proteins (see, for example, Kiley et al., 1990) it can be surmised
that the VO/C2 domains of the nPKCs do so in a manner inde-
pendent of Ca?*. As typified by the behavior of activated, i.e.,
DAG-bound, PKC, which becomes stably associated with the
membrane (as evidenced by the translocation assay for activa-
tion; see Kraft & Anderson, 1983), perhaps these combina-
tions of domains confer a stability to the membrane-associated
state that is not adequately supported by a single contact.

The idea that combined/duplicated domains may be an im-
portant factor in stabilizing the membrane association of these
proteins might also be applied in a predictive capacity. Thus,
PRKI1 is known to be a lipid-activated protein kinase (Palmer
& Parker, 1995 and references therein). If, as shown here, the
second conserved region within the PRK1 regulatory domain
(HR2) is indeed a C2 domain that binds lipids, then one might
surmise that the first conserved region (HR1) also confers some
membrane-interacting property.

Are these membrane-binding properties of C2 domains,
whether regulated by Ca®* or not, the totality of C2 domain
function? There is evidence that C2 domains also interact with
non-phospholipid targets. For example, in several synaptotag-
mins, the first C2 domain binds syntaxin, a plasma membrane
protein, and the second C2 domain binds clathrin AP-2 (Li
et al., 1995). Similarly, synaptotagmin II binds inositol 1,3,4,5-
tetrakisphosphate (Fukuda et al., 1994). These observations sug-
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gest that C2 domains, in addition to binding phospholipids, may
also interact with other ¢{membrane-bound) targets. Whether
such additional targets control the membrane-binding or are the
raison d’étre of the C2 domains, or whether these domains sim-
ply act to recruit other functional domains from within the ho-
mologous polypeptide chain, remains an open issue.

Note added in proof: A recent study (Brose N, Hofmann K,
Hata Y, Siidhof TC. 1995. Mammalian homologues of Caenor-
habditis elegans unc-13 gene define novel family of C,-domain
proteins. J Biol Chem 270:25273-25280.) has identified indepen-
dently several of the C2 domain sequences discussed here.
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