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previously identified consensus motifs for ATP binding in DG
kinase are not critical for nucleotide binding.
The question now remains where the true ATP-binding site(s)

in 86 kDa DG kinase are located. Recently, cDNA clones ofnew
DG kinases were identified, based on homology with the con-

served C-terminal domain of 86 kDa DG kinase. These include
two mammalian DG kinases: a 90 kDa rat DG kinase [121 and
a 110 kDa human DG kinase (D. Schaap, T. Takenawa and
W. J. van Blitterswijk, unpublished work), a highly conserved
DG kinase from Caenorhabditis elegans that was identified while
sequencing its chromosome 3 [13], and two distantly related DG
kinases from Drosophila [14,15]. Since we expect that sites for
ATP binding are evolutionarily conserved, we compared the
primary structures of these DG kinases. Figure 2 shows the
alignments of the two above-described motifs of 86 kDa DG
kinase with the 90 and 110 kDa kinases and the C. elegans DG
kinase (motifs 1 and 3). The Drosophila DG kinases are not
shown because they are more distantly related, and either lack
the double cysteine repeat or have a poorly conserved cysteine
repeat. A third conserved GxGxxGx7K motif was recognized
(Figure 2, motif 2) that is also located in the conserved C-
terminal domain, roughly 30 amino acids upstream from motif 3.
Comparison of the three GxGxxGx,K motifs reveals that none

of them contains an absolutely conserved lysine residue at the
position previously found to be invariable for protein kinases. Of
note, Goto and Kondo [12] suggested different lysine residues in
the first (Lys-294) and third motif (Lys-560) of 90 kDa DG
kinase (Figure 2) to be essential for activity, but these lysines are

not conserved with other DG kinase family members. Apart
from these lysine residues and the ones that we mutated, three of
the depicted DG kinases contain other conserved lysine residues
more proximal to the GxGxxG sequence (shaded in Figure 2).
However, none of these lysines are conserved in the 110 kDa DG
kinase. We therefore conclude that DG kinase, being a lipid
kinase and not a protein kinase, does not contain an ATP-
binding site with a similar motif to that identified in protein
kinases.

Finally, we-compared the amino acid sequences ofDG kinases
with those of other nucleotide-binding proteins [16], such as

adenylate kinases, thymidine kinases, phosphoglycerate kinases,
ras proteins, elongation factors, ATP synthases and myosin
heavy chains. Such a comparison did not reveal other candidate
ATP-binding sites in DG kinases. Therefore, it seems likely that
DG kinases contain their own unique motif for ATP binding,
which remains as yet unknown.
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Identification of a new protein family which
includes bovine protein kinase C inhibitor-1
A new protein family has been proposed in diverse eukaryotic
and prokaryotic species, including mammals, plants, myco-
plasmas, eubacteria and cyanobacteria The sequences for this
family share regions which encode for a conserved novel zinc-
binding site.

Bovine PKCI (Protein Kinase C Inhibitor-1) has been studied
extensively by the group of M. P. Walsh. The bovine PKC
inhibitor has an IC50 of 2.2 ,tM (McDonald and Walsh, 1985) and
was isolated as a dimeric zinc-binding heat-stable protein
(Pearson et al., 1990). Analysis of a synthetic peptide cor-
responding to the histidine-rich region of bovine PKCI
(QSVYHVHLHVLGGRQ, in single-letter code for amino acids;
Mozier et al., 1991) identified the zinc-binding site as HVHLH.
A similar synthetic peptide (GHGHGHG) binds zinc in a 1:1
ratio (Iyer et al., 1981). The motif in this protein, where histidine
residues alternate with hydrophobic residues (except at two
positions) is distinct from any corresponding site on other known
zinc-binding proteins (see Figure 1).

In certain neurons, noradrenaline is thought to activate PKC,
causing the inhibition of voltage-dependent Ca2+ current. A
patch-clamp technique has been used to introduce PKCI into the
cell bodies of embryonic-chick sensory neurons (Rane et al.,
1989). In that study, the inhibition of Ca2+ current was abolished,
providing evidence in situ that PKCI inhibits PKC. However, in
a study of the relative contribution of endogenous heat-labile
and heat-stable proteins to the total kinase C inhibitor activity in
mammalian brain, Fraser and Walsh (1991) reached the con-
clusion that mammalian PKCI may not be a physiological
regulator of this kinase.

Using a probe for the 70 kDa protein component of the Ul
ribonucleoprotein particle (Theissen et al., 1986), Simpson and
co-workers analysed a Agtl 1 cDNA expression library of Zea
mays (maize) A619 endosperm. A maize gene was cloned,
sequenced and found to have high similarity to bovine PKCI
(Simpson et al., 1994).
We have expressed this protein in Escherichia coli and shown

that, like the bovine protein, it binds zinc. Antisera raised against
bovine PKCI by the group of M. P. Walsh recognize the maize
protein (K. Robinson and A. Aitken, unpublished work). How-
ever, it has very little activity as an inhibitor of mammalian brain
PKC, although in the presence of another kinase C inhibitor
protein, 14-3-3 (Robinson et al., 1994), the effects on PKC
appear to be synergistic (K. Robinson and A. Aitken, unpub-
lished work). The biological role for the maize protein in plant
kinase regulation is therefore unclear.

Database searches have revealed a further match between
PKCI and an open reading frame (ORFI) upstream from a gene
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Figure 1 Alignment of proteins containing the novel zinc-binding domain

Bovine PKCI has been sequenced from the protein and is N-acetylated (Pearson et al., 1990). Maize PKCI amino acid sequence was deduced from the cDNA sequence. Rice osss24621 amino
acid sequence is incomplete, and was translated from mRNA as follows: residues 15-82 use reading frame 3, residues 83-88 use reading frame 1 and residues 89-113 use reading frame 2.
This shifting reading frame was presumably due to errors in DNA sequencing. Synechococcus ORF1 is the deduced amino acid sequence for an open reading frame upstream from the psbA gene
cluster in the cyanobacterium Synechococcus sp. Azospirillum his gene cluster amino acid sequence is derived from an open reading frame downstream from a cluster of genes encoding histidine
synthesis in nitrogen-fixing bacteria. Mycoplasma pbp is translated from a DNA sequence upstream from an operon which encodes proteins involved in periplasmic binding-protein-dependent
transport. 'X' denotes a probable sequencing error. Human 46F1`01 is the amino acid sequence from an expressed sequence tag human DNA fragment. Identical residues are boxed. The zinc-
binding site is emphasized.

(psbAII) encoding an integral thylakoid protein Dl of the
photosystem II reaction centre in the cyanobacterium
Synechococcus strain PCC 7942 (Bustos et al., 1990). The psbA
genes encode two very similar forms of the DI protein; psbAl
codes for form I, and form II is the product of both psbAII and
psbAIII. Although the level of a 1.6 kb psbAII transcript is
unaffected by light intensity, 1.2 kb transcripts of the three genes
respond as follows: psbAl mRNA level increases at low light
intensity, and both psbAII and psbAIII mRNA are increased at
high light intensity (Bustos et al., 1990). Dl protein may therefore
serve a function in adaptation to varying light intensity (Schaefer
and Golden, 1989). The function(s) of the ORFI gene product is
unknown. However, Synechococcus strain AMC084 in which the
1.6 kb transcript and ORFI had been inactivated grew more
slowly than the wild-type strain (Bustos et al., 1990). Cyano-
bacteria exhibit the oxygen-evolving chloroplast type of photo-
synthesis that is found in plants, and are thought to have given
rise to chloroplasts via an endosymbiotic relationship with a
eukaryotic organism (Aitken, 1976). The cyanobacterial gene
may therefore code for a protein with a similar function to that
of the plant protein.
Our further searches of the EMBL database show recent

acquisitions of more sequences with similarity to these. This
includes rice (Oryza sativa) mRNA (accession no. D21291;
filename osss24621) coding for a protein of unknown function,
but which is very similar to the maize sequence.

In the nitrogen-fixing bacterium Azospirillum brasilense a
4.5 kb DNA fragment has been identified which encodes the
histidine-biosynthetic genes. This fragment contains an open
reading frame (ORF2) that has similarity to PKCI, and which is
downstream from hisB, hisH, ORFI, hisF and hisE genes but
upstream from the translational terminator of this gene cluster
(Fani et al., 1989). Although ORF2 is located near these histidine-
synthesizing genes, its function is as yet undetermined. Since
ORF2 contains the conserved zinc-binding site, one could

speculate that its function may be to regulate histidine (and so
zinc-binding-protein) synthesis when intracellular zinc concentra-
tions are high.
Mycoplasma hyorhinis contains a putative operon encoding

p37, p29 and p69 proteins (Dudler et al., 1988). When fibroblast
cell lines are infected with this mycoplasma, p37 is expressed on
the cell surface and may increase fibroblast invasivity
(Schmidhauser et al., 1990). Both p29 and p69 are similar to
proteins of the periplasmic binding-protein-dependent multi-
component transport systems for Gram-negative bacteria. An
open reading frame upstream from the p37 gene codes for a
protein with similarity to PKCI and which retains the zinc-
binding domain. This open reading frame could code for an as
yet unidentified protein which has a metal-transporting function
in the periplasmic binding-protein-dependent transport system.
A partial Homo sapiens cDNA from an expressed sequence tag
(accession no. HSA46F101) has similarity to the N-terminus of
PKCI. The function of this sequence in humans is unknown, but
may be the human equivalent of bovine PKCI.

Although the physiological role(s) for this diverse family is not
yet clear, the conserved zinc-binding site may provide a clue to a
common functionality.
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