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Abstract: C1 domains are compact a/8 structural units of about
50 amino acids which tightly bind two zinc ions. These domains
were first discovered as the loci of phorbol ester and diacylglycerol
binding to conventional protein kinase C isozymes, which contain
two Cl domains (C1A and C1B) in their N-terminal regulatory
regions. We present a comprehensive list of 54 C1 domains oc-
curring singly or doubly in 34 different proteins. Many C1 do-
mains and C1 domain-containing proteins bind phorbol esters, but
many others do not. By combining analysis of 54 C1 domain
sequences with information from previously reported solution and
crystal structure determinations and site-directed mutagenesis, pro-
files are derived and used to classify C1 domains. Twenty-six C1
domains fit the profile for phorbol-ester binding and are termed
“typical.” Twenty-eight other domains fit the profile for the overall
C1 domain fold but do not fit the profile for phorbol ester binding,
and are termed “atypical.” Proteins containing typical C1 domains
are predicted to be regulated by diacylglycerol, whereas those
containing only atypical domains are not.

Keywords: diacylglycerol kinase; GTPase activating protein; gua-
nine nucleotide exchange factor; kinase suppressor of Ras;
n-chimaerin; phorbol ester; Raf; unc-13; Vav

The protein kinase C family plays a central role in many signal
transduction pathways and is an intensively studied example of
enzyme regulation by Ca?* and lipids. All protein kinase Cs are
characterized by a N-terminal regulatory region and a C-terminal
catalytic domain. Protein kinase C regulatory regions have been
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further subdivided into a pseudosubstrate region, conserved re-
gions C1 and C2, and variable regions (Kikkawa et al., 1989; Bell
& Burns, 1991; Dekker & Parker, 1994; Newton, 1995). Dozens of
other proteins have sequence homology to one or both of the two
conserved regions. Subsequent to its discovery as a conserved
region of sequence, C2 has been found to correspond precisely to
a distinct structural domain. The term “C2” is widely accepted to
denote this domain whether it occurs in a protein kinase C or in
one of the dozens of other proteins in which it has been found
(Newton, 1995). Here we address the taxonomy of the other con-
served half of the protein kinase C regulatory region.

The traditional definition of the protein kinase C C1 region
included just over 120 residues, spanning two repeats of a cysteine-
rich domain (Kikkawa et al., 1989; Bell & Burns, 1991; Dekker &
Parker, 1994; Newton, 1995) in a typical protein kinase C. Most,
but not all protein kinase Cs, contain two tandemly repeated copies
of this domain. All protein kinase Cs, however, contain at least one
cysteine-rich domain. Single copies occur in atypical protein ki-
nase Cs, n-chimaerin, unc-13, the Raf and KSR kinases, and a
number of non-kinase oncoproteins, including Vav and Lfc. Some
of these single domains bind phorbol esters and diacylglycerol,
while others clearly do not (Ono et al., 1989; Ahmed et al., 1991;
Burns & Bell, 1991; Kazanietz et al., 1994). Individual domains
may have non-equivalent roles within the context of a tandem
repeat (Szallasi et al., 1996), but the properties of isolated recom-
binant first and second domains are not substantially different
(Kazanietz et al., 1994). It has become clear over the past five
years that the fundamental structural unit is the single, rather than
the double, cysteine-rich region.

Single domains of typical protein kinase Cs are capable of bind-
ing phorbol esters and other protein kinase C activators with high
affinity (Ono et al., 1989; Ahmed et al., 1991; Burns & Bell, 1991;
Kazanietz et al., 1994). The three-dimensional structures of three
different isolated single domains have been determined (Hommel
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et al., 1994; Ichikawa et al., 1995; Zhang et al., 1995; Mott et al.,
1996). Single domains of typical protein kinase Cs have been
referred to as “cys1” and “cys2” in order of their occurrence within
the C1. Single domains, regardless of position, have been called
“cysteine-rich domains” (CRD), ‘“cysteine-rich motifs” (CRM),
“zinc butterflies,” “zinc fingers,” or phorbol ester-diacylglycerol
binding (pe_dag or dag_pe) domains. All of these terms have
proved either too broad or too particular to be completely suitable.
Yet other terms have been used for conserved regions of Raf (CR1)
and diacylglycerol kinase (C3) isoforms containing these domains.
This variation of terminology is awkward for specialists and con-
fusing for non-specialists. It would be more desirable to use a
standard terminology that reflects the common structural scaffold
of all these domains yet respects their diversity of function and
context.

We believe the most straightforward solution is to modify the
meaning of a term that is already common currency in the protein
kinase C field, and whose previous definition is closely related to
the domain at issue. Specifically, we propose that “C1” (protein
kinase “C” homology “17) refer to any domain homologous to a
single cysteine-rich repeat of protein kinase C, regardless of its
function or context. By analogy with the usage for C2 domains in
synaptotagmins, we suggest that when two C1 domains occur on a
single polypeptide chain, they be designated “C1A” and “CI1B.”
This terminology leaves open the possibility for “C1C” and so on
if triple of higher multiples of C1 domains should be discovered in
a single protein in the future. The conserved region of typical
protein kinase Cs formerly known as “C1” becomes “C1A-C1B”
in the new parlance.

Taxonomic classification of C1 domains has important implica-
tions for the regulation of C1 domain-containing proteins. We
suggest the terms “typical” and “atypical” CI to refer to subtypes
which do or do not bind diacylglycerol and phorbol esters, respec-
tively, following the usage for protein kinase C activation. Some
C1 domains have been directly tested for phorbol ester binding
(Ono et al., 1989; Ahmed et al., 1991; Burns & Bell, 1991; Ka-
zanietz et al., 1994), and the rest can be tentatively classified as
typical or atypical on the basis of sequence. Consensus residues
Proll, Gly23, and GIn27 (Fig. 1) play critical roles in maintaining
the precise unzipped structure of the upper 8 sheet which forms the
diacylglycerol binding site. Consensus residues 8, 13, 20, 22, and
24 form the hydrophobic wall around the groove and are believed
to insert into the hydrophobic core of the bilayer in typical C1
domains. These second five residues are always Met, Val, Leu, Ile,
Phe, Tyr, or Trp in typical C1 domains, but are frequently polar in
atypical C1 domains. The sequence and three-dimensional struc-
ture (Mott et al., 1996) of the atypical C1 domain of Raf-1 shows
an even more dramatic variation from the typical C1 domains:
consensus positions 23-27 are entirely absent. Mutation of con-
sensus residues 11 and 27 (Kazanietz et al., 1994) abolishes or
greatly diminishes phorbol binding, although other sites have not
yet been tested.

The new classification system makes it possible to rapidly iden-
tify typical and atypical C1 sequences in newly cloned proteins,
and then to predict whether a new C1 domain-containing protein
will be regulated by diacylglycerol or not. A comprehensive census
of C1 domains was obtained by database searching. Sequences of
25 typical and 10 atypical C1 domains were aligned and used to
construct profiles (Gribskov et al., 1990) for typical and atypical
C1 domains separately, and for all C1 domains together. These
profiles were used to search the SwissProt database. Target se-

J.H. Hurley et al.

quences were ranked by Z-score. The threshold of significance was
set by the highest-scoring false positives, including a multiple
C2H2-type zinc finger protein, a LIM domain protein, and a pu-
tative multiple disulfide bonded protein. In order to survey Cl
domains discovered since the last SwissProt release, searches of
GenBank and the science citation index were carried out. Putative
C1 domain sequences from these sources were also scored against
the overall C1 domain profile. Sequences scoring at or below the
false-positive threshold were discarded. The sole exception was
diacylglycerol kinase {, where the context in which the putative C1
domains occur provided additional support for their identification.
The enumeration excludes domains found in sequences of essen-
tially the same protein in different species (orthologues), including
cases where different terms are used for the orthologues (e.g.,
PKCu/PKD and PKC«/PKCA). A total of 54 C1 domains in 34
different proteins were identified.

Mammalian diacylglycerol kinases are the second-largest class
of C1 domain containing proteins (Kanoh et al., 1993). It is not yet
resolved whether diacylglycerol has a non-substrate role in regu-
lating some or all of the isozymes, although recombinant C1-
domain containing fragments of diacylglycerol kinase @ do not
bind phorbol esters (Ahmed et al., 1991). The C1A domains, but
not the C1B domains, of human diacylglycerol kinases 8 and 7y are
typical on the basis of fitting the consensus profile. These diacyl-
glycerol kinase isozymes are therefore predicted to bind diacyl-
glycerol at their C1A domain. The diacylglycerol 3-hydroxyl is
believed to form three hydrogen bonds with protein and to be
entirely excluded from solvent (Zhang et al., 1995). This would
completely preclude access by an attacking phosphoryl group. Di-
acylglycerol binding would therefore presumably have a mem-
brane anchoring or other regulatory role, rather than a catalytic
role. Diacylglycerol kinases «, 8, and € possess unusual C1A do-
mains which lack some of the hydrophobic anchor residues (20,
22, 24) but have all of the other typical consensus residues. This
suggests that diacylglycerol-promoted membrane insertion is un-
likely to occur for the «, 8, and € isozymes, although binding to the
diacylglycerol polar backbone cannot be ruled out. The C1B do-
mains of all the diacylglycerol kinase isozymes, and both C1 do-
mains of the { isozyme, diverge at almost all typical consensus
positions. It is possible that diacylglycerol kinase { has diverged so
far from other diacylglycerol kinases that the underlying structure
of the C1 domain has not been preserved.

Of the atypical C1 domain-containing proteins, protein kinase
C: (known as A in mouse) and C{ present two of the least diver-
gent sequences. Protein kinase C{ deviates from the typical con-
sensus at only two positions, Pro-11 and hydrophobic-20. Protein
kinase C{ is not activated by diacylglycerol, but it is activated in
vitro by ceramide (Lozano et al., 1994). It is not known with which
domain of protein kinase C{ ceramide interacts. Ceramide, like
diacylglycerol, has a minimal polar moiety. It is possible that pro-
tein kinase C{ binds ceramide at its C1 domain by a mechanism
analogous to diacylglycerol binding by typical PKCs. Atypical C1
domains of protein kinase C{ and Cu have also been implicated in
protein—protein interactions ( Diaz-Meco et al., 1996a, 1996b). Hu-
man protein kinase Cu (known as protein kinase D in mouse)
contains a catalytic domain which is more similar to Dictyostelium
myosin light-chain kinase than to other protein kinase Cs, and was
initially classified as an atypical isozyme. Protein kinase D is
activated by phorbol ester, however (Valverde et al., 1994). The
C1A domain of protein kinase Cp fits perfectly into the typical Cl
consensus pattern. Its C1B domain has only one major violation of
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C1 domains 479
bPKCO Ccla 37 P04409
rPKCPIT ClAa 37 P04411
rPKCY cla 36 P0O5697
mPKCS Cla 159 P28867
mPKCE Ccla 170 P16054
mPKCO cla 160 Q02111
hPKCN cla 171 P24723
apPKC1 Cla 22 M94883
drPKC cla 46 P05130
ceTPAl Ccla 19 D14815
hPKCU Ccla 147 X75756
bPKCO ClB 102
rPKCBII Cc1B 102
rPKCY C1B 101
mPKCO C1B 231
mPKCE C1B 243
mPKCH ClB 232
hPKCN C1B 245
apPKC1 ClB 86
drPKC ClB 110
ceTPAl ClB 91
hnChim Cl 81 P15882
hfichim ext 42 Q03070
ceUnc-13 (o) 615 P27715
rDAGkP Ccla 244 P49621
hDAGkY C1lA 272 P49619
typical Cl consensus
hPKCE cl 123 005513
hPKCL c1 132 P41743
hPKCU C1B 271
yPKC1 cla 415 P05130
yPKC1 C1B 482
hvav cl 516 P15498
hLfc c1 40 U28495
drRotund Cl 87 P40809
mCitron c1l 931 P438025
hRaf cl 139 P04049
raRaf cl 99 P14056
cRmil cl 235 Q04982
drKsr Ccl 380 U43584
diMHCK ClAa 20 P34125
diMHCK ClB 88
hROCK cl 1229 U43195
hDAGkO Cla 206 P23743
hDAGkS Cla 120 D73409
hDAGke cla 60 U49379
hDAGk{ C1lA 98 U51477
hDAGk( C1B 270
rDAGkP ClB 307
hDAGk’ ClB 337
hDAGk C1B 192
hDAGke C1B 125 EKZ
hDAGK{ C1B 172 SEB3QQYEEPS
overall Cl consensus Hh C h c C hH C C

1 10 20 30 40 50

Fig. 1. Atignment of representative Cl1 domains. Numerals n within sequences indicate insertion of n amino acid residues, and periods
indicate gaps. The consensus profiles shown below the alignment include shaded residues which strictly fit the profile as well as those
in which there are not more than three violations. Uppercase letters in the profile are amino acid residues, lowercase letters and symbols
arc: h, large hydrophobic (Trp, Tyr, Phe, Leu, lle, Val, Met); a, aromatic; +, basic. Secondary structures are shown for the mouse
protein kinase C8 C 1B domain (Zhang ct al., 1995). Accession codes arc from Swissprot (P or Q) or GenBank. Source organisms are: b,
bovine; r, rat; m, murine; h, human; ap, Aplysia californica; dr, Drosophila melanogaster; ce, Caenorhabditis elegans; y, S. cerevi-
siae; ¢, chicken; di, D. discoideum. A copy of this alignment is available at http://www-mslmb.niddk.nih.gov/hurleygroup.html, where

we plan to update it periodically to reflect new developments.

the profile, a Lys at consensus position 22 which could potentially
“snorkel” out of the lipid core of the bilayer. The good fit to the
typical C1 domain profile is in accord with experiments, and sup-
ports the classification of protein kinase Cu/protein kinase D as
“typical” despite their low overall sequence similarity to other
protein kinase Cs.

The best-characterized atypical C1 domain is that of the Raf
protein kinase, which has been shown to bind Ras and phospha-

tidylserine (Ghosh et al., 1996), although Ras binding to Raf also
requires the N-terminal RBD domain of Raf. In addition to mam-
malian atypical protein kinase Cs and Rat, protein kinases with
atypical C1 domains include the yeast protein kinase C homologue
PKCI, the kinase-suppressor of Ras KSR, the R-mil oncogene,
Dictyostelium discoideuwm myosin heavy chain kinase, and the Rho-
activated coiled-coil containing kinase p160-ROCK. Saccharomy-
ces cerevisiue PKC1 is activated by the S. cerevisiae Rho homologue
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RHOI (Kamada et al., 1996), which binds to the region containing
the C1 domains (Nonaka et al., 1995). It is unknown whether the
primary Rho binding site of p160-ROCK is within the Cl domain,
since this sequence contains another putative Rho binding se-
quence outside the C1 domain (Ishizaki et al., 1996). The common
thread linking these atypical C1-domain containing kinases is their
interaction with small G-proteins.

Regulators and effectors of the small G-proteins Rho, Rac, and
Cdc42 form another major class of C1 domain containing proteins.
In addition to yeast PKC1 and p160-ROCK, these include the
typical Cl-containing chimaerins, which are Rho-specific GTPase
activating proteins (GAPs), and the atypical Cl-containing Vav,
Lfc, rotund, and citron proteins. The C1 domain of the Vav proto-
oncogene product is required for its transforming activity (Coppola
et al., 1991), while that of Lfc is not (Whitehead et al., 1995). The
oncogene proteins Vav and Lfc both contain dbl homology (DH)
domains which are characteristic of RhoA and Cdc42-specific gua-
nine nucleotide exchange factors (Hart et al., 1994), but the bio-
chemical activity of the Vav and Lfc DH domains are unknown.
Rotund is a Rac-specific GAP (Agnel et al., 1992) and citron is a
putative Racl and RhoA effector (Madaule et al., 1995). As for the
protein kinase Cs, different types of C1 domains appear to connect
quite disparate signal inputs and outputs.

In conclusion, the reclassification of C1 domains within PKC as
ClA and CIB acknowledges the potential for the independent
action of these domains. Furthermore, the functional classification
of these C1 domains as typical and atypical accounts for their
observed properties either as diacylglycerol targets or not. This
clearly has a predictive value that will guide future experimentation.

Note added in proof: Sakane et al. recently reported diacylglyc-
erol kinases a, 3, and 'y do not bind phorbol ester (Sakane F, Kai
M, Wada I, Imai S, Kanoh H. 1996. Biochem J 318:583-590).
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