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ABSTRACT The atypical protein kinase C (PKC) member
PKC-¢ has been implicated in several signal transduction path-
ways regulating differentiation, proliferation or apoptosis of
mammalian cells. We report here the identification of a cyto-
plasmic and membrane-associated protein that we name zeta-
interacting protein (ZIP) and that interacts with the regulatory
domain of PKC-{ but not classic PKCs. The structural motifs in
ZIP include a recently defined ZZ zinc finger as a potential
protein binding module, two PEST sequences and a novel puta-
tive protein binding motif with the consensus sequence
YXDEDX;SDEE/D. ZIP binds to the pseudosubstrate region in
the regulatory domain of PKC-{ and is phosphorylated by PKC-¢
in vitro. ZIP dimerizes via the same region that promotes binding
to PKC-{ suggesting a competitive situation between ZIP:ZIP
and ZIP:PKC-{ complexes. In the absence of PKC-{ proper
subcellular localization of ZIP is impaired and we show that
intracellular targeting of ZIP is dependent on a balanced inter-
action with PKC-{. Taking into account the recent isolation of
ZIP by others in different contexts we propose that ZIP may
function as a scaffold protein linking PKC-{ to protein tyrosine
kinases and cytokine receptors.

The intracellular propagation of pleiotropic signals is the major
field of activity of the protein kinase C (PKC) family. Besides the
classic (o, BL BIL, y) and the novel (8, &, 1, ) members the PKC
family comprises two atypical members (£, A/t) that are distin-
guished structurally by the presence of only a single PKC zinc
finger module in their regulatory domain and biochemically by
their inability to bind and to respond to phorbol esters and
diacylglycerol (1-3). Most cells and tissues express several PKC
enzymes suggesting that the members of this family do not have
overlapping functions (4). While the classic and novel members
are expected to participate in signal transduction from cell surface
receptors that trigger the generation of diacylgycerol by activating
phospholipases C the mode of activation and the function of the
atypical members is much less clear (5, 6). The search for a
function has connected PKC-¢ with two distinct signaling path-
ways as the most attractive sites of action of this enzyme. First, the
finding that phosphatidylinositol-3,4,5-trisphosphate can activate
PKC-{ in vitro pointed to the possibility that PKC-¢ participates
in phosphorylation events downstream of phosphatidylinositol
3-kinase activation by receptor tyrosine kinases (7). Secondly,
PKC-{ has been proposed as a mediator of the growth inhibitory
and apoptotic actions of ceramide, an intracellular messenger
generated by hydrolysis of sphingolipids (8). Evidence for effects
of the sphingomyelin cycle on PKC-{ activity, specifically in tumor
necrosis factor « signaling, has been presented recently (9-11).

In addition, overexpression of PKC-{ has been shown to be
necessary and sufficient to deregulate growth control in mouse
fibroblasts supporting a crucial role for PKC-{ in ras-induced
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mitogenic signaling (12), albeit conflicting data have been
reported on this property of the enzyme (13-17).

In this report we describe a novel protein, ZIP for PKC-{
interacting protein, with unusual features that specifically binds to
the regulatory domain of PKC-{ comprising the pseudosubstrate
site and is phosphorylated by PKC-{ in vitro. Although the
function of ZIP is not clear the presence of distinct protein
binding motifs in its sequence, its association with other proteins
(18, 19) and its mode of interaction with PKC-{ suggest that ZIP
may mediate complexes between PKC-{ and other proteins.

MATERIALS AND METHODS

Plasmid Constructions. The bait plasmid for the two-hybrid
screen contained the full-length rat PKC-{ cDNA (20) in
pGBT9 (CLONTECH). To construct a glutathione S-
transferase (GST)-ZIP fusion vector the ZIP c¢cDNA was
inserted in frame into the EcoR1I site of pGEX-1 (Pharmacia).
For expression in COS cells the complete ZIP cDNA was
inserted as an EcoRI fragment into the vector pMT2 (21). The
expression plasmids pMT2-PKC-{ and pMT2-extracellular sig-
nal-regulated kinase (ERK)2 have been described earlier (20,
22). A myc-epitope-tagged version of ZIP was generated using
the vector pEFmPLINK (23) generously provided by R. Ma-
rais (Institute of Cancer Research, London). The ZIP cDNA
was excised from pGAD10-ZIP with EcoRI, the ends were
filled in with Klenow polymerase and the fragment was
inserted into the blunt-ended Ncol site of pEFmPLINK.

To construct a kinase-negative mutant of PKC-{ aspartate
in position 376 was changed to alanine using the Transformer
kit (CLONTECH) and the oligonucleotide 5'-GATCATC-
TACCGAGCTCTAAAACTGG-3' on the template pSP73-
PKC-¢. Deletion mutants of PKC-¢ in pGBT9 or of ZIP in
pGBT9 and in pGAD424 were constructed by appropriate
restriction digests and religation where possible or by PCR
amplification.

Two-Hybrid and ¢cDNA Screening. Competent yeast cells
(strain HF7c) were simultaneously transformed with 200 g of
the bait plasmid pGBT9-PKC-{ and 200 pg of a rat brain
Matchmaker cDNA library (CLONTECH). Transformants
(4 X 10%) were analyzed according to the manufacturer’s
instructions. Blue colonies were cured of the bait plasmid by
segregation and the remaining plasmid was rescued by trans-
formation into XL1-Blue cells (Stratagene). Following re-
transformation of yeast strains HF7c or SFY526 appropriate
specificity controls were carried out according to the manu-
facturer’s manual. True positives were analyzed by restriction
digest and by DNA sequencing (TIB MOLBIOL, Berlin). A
full-length ZIP cDNA was isolated from a AZAPII rat brain

Abbreviations: PKC, protein kinase C; GST, glutathione S-
transferase; ZIP, PKC-{-interacting protein; ERK, extracellular sig-
nal-regulated kinase; MEK, MAPK kinase ERK kinase.

Data deposition: The sequence reported in this paper has been
deposited in the GenBank database (accession no. Y08355).
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cDNA library (Stratagene) by hybridization with the yeast
clone. Positive plasmids were rescued by excision cloning
according to the manufacturer’s instructions and sequenced.

Antibodies, Immunoprecipitation, and Western Blot Analysis.
ZIP was detected with a polyclonal rabbit antiserum (Charles
River Breeding Laboratories) raised against the synthetic peptide
KLDTIQYSKHPPPL (TIB MOLBIOL) coupled to keyhole
limpet hemocyanine (Calbiochem). The myc-tagged ZIP protein
was identified with the monclonal antibody 9E10 (24) generously
provided by G. Evan (Imperial Cancer Research Fund, London).
Polyclonal rabbit antisera against classic PKCs (0442), against
PKC-¢ and ERK2 have been described (20, 22, 25). For immu-
noprecipitation cells were lysed in 50 mM Tris'HCI (pH 7.5), 2nM
EDTA, 10 mM EGTA, 2 mM DTT, and 0.1% Triton X-100.
Proteins were immunoprecipitated from the high-speed super-
natant with a 1:100 dilution of PKC-{ or ZIP antiserum as
described (26). Immunocomplexes were washed with PBS con-
taining 0.5 M NaCl and analyzed by Western blot analysis as
described (26).

Binding Assays and Phosphorylation in Vitro. In vitro binding
assays with GST-ZIP were essentially carried out according to
Takayamaet al. (27). In brief, GST or GST-ZIP were immobilized
on glutathione-Sepharose-4B (Pharmacia) as described (28) and
were tumbled for 1 hr at 4°C with 2 ug of PKC proteins purified
from insect cells (29) in 400 wl 20 mM Tris-HCI (pH 7.5), 100 mM
NaCl, 2 mM EDTA, 0.1% Nonidet P-40, 2 mM DTT, 0.05%
BSA, 5% glycerol in the presence or absence of 50 pg/ml
phosphatidylserine, and 125 mM CaCl,. The beads were washed
three times with 2.5 mM Tris (pH 7.4), 2.5 mM EDTA, 250 mM
NaCl, 1% Nonidet P-40, 2.5% sucrose and analyzed by Western
blot. In a total volume of 40 ul, 100 ng purified PKC-{ were
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incubated for 10 min at 30°C with 2 ug GST-ZIP or GST-MAPK
kinase-ERK kinase (22) in 50 mM TrissHCl (pH 7.5), 12.5 mM
MgCly, 2mM EGTA, and 125 uM [y-*?P]ATP (1 nCi; 1 Ci = 37
GBq). The reaction was stopped with SDS sample buffer, pro-
teins were separated by SDS/PAGE and identified by Western
blot analysis.

Transfection of Cells and Indirect Immunofluorescence.
Cells (2 X 10%) on 10 X 10-mm glass coverslips in 60-mm dishes
were transfected with 5 ug DNA using Lipofectin (Life
Technologies, Grand Island, NY) according to the manufac-
turer’s instructions. At 24-72 hr posttransfection cells were
washed twice with prewarmed PBS and fixed with 4% para-
formaldehyde in PBS for 1 to 24 hr at room temperature. Fixed
cells were permeabilized with 0.1% Triton X-100 in PBS for 10
min at room temperature. and incubated with antibody for 30
min at 37°C followed by three washes with PBS and incubation
with the secondary antibody. Primary antibodies were used at
1:100 dilutions for ZIP, PKC-¢{, and ERK2 and at 1:50 dilution
for 9E10. As secondary antibodies were used sheep anti-rabbit
IgG coupled to fluorescein or Texas Red (Amersham) and
donkey anti-rabbit coupled to horseradish peroxidase (Amer-
sham). Horseradish peroxidase was detected with 3,3'-
diaminobenzidine tetrahydrochloride (Fast DAB, Sigma). All
secondary antibodies were used at a 1:100 dilution. Following
incubation with the secondary antibody cells were washed
three times with PBS, mounted in Mowiol (Hoechst) and
photographed in a Zeiss Axiophot fluorescence microscope.

Electron Microscopic Analysis. Cells on 10 X 10 mm coverslips
were fixed for 24 hr with 2% paraformaldehyde in PBS, washed
and stained with 2% osmium tetroxide and 2% uranyl acetate.
Upon dehydration and incubation with propylenoxide and
Araldit (Serva) gelatine capsules filled with Araldit were placed
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FiG. 1. Cloning of a ZIP ¢cDNA. (4) Align-
ment of ZIP with murine sequence A170 (30) and
human protein p62 (19). The Cdc24 homology
(see Fig. 2) is marked by a solid line, the ZZ
finger by a broken line and the PEST sequences
by boxes. Dots represent identities, dashes mark
gaps in the alignment. (B) Expression of ZIP was
demonstrated by Western blot analysis in five cell
lines as indicated. As a control for immunostain-
ing a GST-ZIP fusion protein (93 kDa) is shown
in lane 1 and marked with an asterisk.
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F1G. 2. A putative protein binding module in ZIP. Homologies
were identified with the BLAST program (32) and sequences were
extracted from the following references: S. pombe scdl (33), S.
cerevisiae Cdc24 (34), rat MEKS (35), human TRK-T3 (36), and human
P40phox (37).

on the coverslips and were polymerized at 65°C for 48 h.
Following immersion in liquid nitrogen coverslips were snapped
off and sections were cut with a Reichert Ultramicrotome, stained
with uranyl acetate and lead citrate for 5 min each and photo-
graphed in a Zeiss EM 900 electron microscope.

Staining of Mitochondria. Cells on grided coverslips were
washed twice with warm PBS and incubated for 10 min at 37°C
with 10 pg/ml rhodamine-123 (Sigma) in complete medium,
washed with medium and photographed alive. To detect ZIP
expression coverslips were washed with PBS and processed for
indirect immuofluorescence as above.

RESULTS

Cloning of a ¢cDNA Encoding ZIP. Full-length rat PKC-¢
cDNA (20) was used as a bait in the yeast two-hybrid system
to screen a rat brain cDNA library. Clones were selected and
tested by standard procedures. Upon retransformation five
clones showed specific interaction with the bait construct only
and were shown to be related by restriction and partial
sequence analysis. In the following this cDNA is called ZIP for
PKC-{ interacting protein. A full-length cDNA of ZIP was
isolated from a A-phage rat brain cDNA library by hybridiza-
tion and revealed an open reading frame of 1317 nucleotides
encoding a polypeptide of 439 amino acids with a calculated
molecular mass of 47.7 kDa. A search of the database revealed
that human and mouse ZIP-homologs have been isolated
recently in three different contexts: (i) as p62, a phosphoty-
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rosine-independent ligand of the SH2 domain of the tyrosine
kinase p56'* (19), (ii) as EBIAP, a protein associated with a
novel hematopoietin receptor induced in B-lymphocytes by
Epstein—-Barr virus infection (18), and (iii) as A170, a gene
induced in macrophages upon oxidative stress (30). Fig. 14
shows an alignment of the ZIP homologs known to date. The
mouse sequence A170 is 97%, the human sequence p62 is 91%
identical to ZIP. Northern blot analysis of mRNA from rat
tissues revealed that ZIP was expressed as a 2.1-kb message in
all tissues examined (data not shown). In contrast to its
predicted molecular weight ZIP migrated as a 65-kDa protein
in SDS/polyacrylamide gels (Fig. 1B). Upon cell fractionation
its distribution was mainly cytosolic with some protein also
detectable in the detergent-soluble fraction (data not shown).

Two distinct protein sequence motifs in ZIP were readily
identified by database searching: the recently described ZZ
zinc finger (31) and a short sequence shared with four different
proteins as shown in Fig. 2, some of which from multiprotein
complexes (Fig. 2). The possible significance of this sequence
is discussed below. The relative positions of these sequence
motifs and two PEST regions in ZIP are indicated in Fig. 14.

Specific Interaction of ZIP with PKC-{ and Phosphorylation
by PKC-¢. The interaction between PKC-¢ and ZIP was recon-
stituted in vitro using a GST-ZIP fusion protein immobilized on
glutathione-Sepharose beads and incubation with recombinant
PKC-¢, PKC-a, PKC-, or PKC-y proteins purified from insect
cells. The bound proteins were identified by Western blot analysis
using antisera against the individual PKC isoforms. GST-ZIP
only interacted with PKC-{ in vitro, but not with the classic PKC
members PKC-q, 3, or vy (Fig. 34 and data not shown). Binding
of the classic PKC members was not promoted by inclusion of
phosphatidylserine and calcium in the binding assay. Incubation
of GST-ZIP with purified recombinant PKC-{ and Mg?*/ATP
resulted in phosphorylation of ZIP (Fig. 3B). Phosphorylation of
ZIP was poor compared with PKC-{ autophosphorylation pos-
sibly reflecting the ill-defined assay conditions for PKC-¢ in vitro
that only support partial activity of the enzyme. However, a
GST-MEK control protein was not phosphorylated under the
same conditions (Fig. 3B). The interaction between ZIP and
PKC-{ in vivo was examined in COS cells expressing both
proteins. Immunoprecipitates of PKC-{ coprecipitated ZIP (Fig.
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Specific interaction between ZIP and PKC-{. (4) GST control protein or a GST-ZIP fusion protein (as indicated) was immobilized on

glutathione-Sepharose beads and incubated with purified PKC-¢ (lane 2), with purified PKC-« (lane 3) or purified PKC-I (lane 4). After washing the
complexes were resolved by SDS/PAGE and the same immunoblot was sequentially incubated with antiserum against PKC-{ (top) or PKC-« and -
(bottom). Lanes 5-7 show the amounts of purified PKC proteins used in the binding assays. (B) PKC-{ purified from insect cells was incubated in a
phosphorylation reaction with [32P]-labeled ATP either alone (lane 1), with purified GST-ZIP (lane 3) or with an unrelated control protein GST-MEK
(lane 2). Shown is an autoradiograph of the phosphorylation reaction. (C) PKC-¢ was immunoprecipitated from extracts of COS cells expressing ZIP (lane
1), PKC-{ (lane 2), or both ZIP and PKC-{ (lane 3). The immunoprecipitates were analyzed for the presence of PKC-{ (Left) or ZIP (Right) by sequential

Western blot analysis.
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FiG. 4. Binding sites on ZIP and PKC-{. (4) Deletion mutants of ZIP as shown were coexpressed in HF7c yeast cells together with full-length PKC-Z.
Staining in the B-galactosidase assay is indicated on the right (lacZ). Numbers on the left give amino acid positions. (B) Deletion mutants of PKC-{ as
shown were analyzed together with full-length ZIP as in 4. (C) ZIP mutants fused to the GAL4 activation domain (Left) were coexpressed in HF7c yeast
cells with mutants of ZIP fused to the GAL4 DNA-binding domain (Right). B-Galactosidase activity of the interaction of the respective pair (Left and
Right) is indicated on the right (lacZ). The black box in ZIP represents the Cdc24 homology (see Fig. 2), the relative position of the ZZ zinc finger is
indicated by ZZ. The stippled box in PKC-¢ denotes the PKC-{ zinc finger that is preceded by the pseudosubstrate sequence marked by an asterisk.

3C) and vice versa (data not shown). In these experiments ~50%
of the total soluble ZIP was coimmunoprecipitated with PKC-{.
To map the binding sites on ZIP and PKC-{ deletion mutants of
both proteins were analyzed in the two-hybrid system. Expression
of ZIP deletion mutants with full-length PKC-¢ showed that

PKC-zeta

amino acids 41-105 of ZIP contained the binding site for PKC-¢
(Fig. 44). Likewise, expression of deletion mutants of PKC-¢ with
full-length ZIP demonstrated that amino acids 79 to 145 of PKC-¢
that include the pseudosubstrate sequence were sufficient to
mediate binding of ZIP (Fig. 4B). Interaction between ZIP
molecules was also investigated in the two-hybrid assay. ZIP
showed strong binding to itself and interaction between ZIP and
ZIP was mapped to the same region of ZIP that interacted with
PKC-{ (Fig. 4C). This suggested that in vivo PKC-{ may compete
for binding of ZIP to ZIP that appears to be the case as shown
below.

Aggregation of ZIP upon Ectopic Expression. To investigate
its subcellular localization ZIP was expressed in COS cells and
analyzed by indirect immunofluorescence. At 24-30 hr post-
transfection ZIP was detected in small vesicles throughout the
cell with vesicles of increasing size around the nucleus (Fig.
5A4). By 40-50 hr posttransfection large ZIP aggregates had
formed finally enclosing the nucleus (Fig. 5 B and C). For
comparison, expression of PKC-¢ led to the predicted uniform
cytoplasmic/membrane distribution of PKC-{ that has also
been described by others (e.g., ref. 16) (Fig. 5D). Aggregation
of ZIP was independent of the cell line and the vector used
since expression of ZIP with an N-terminal myc epitope-tag
gave the same results in COS cells, NIH 3T3, HepG2, and
PC12 cells indicating that aggregation is an inherent property
of the protein (see below). Uptake experiments and immuno-
logical analyses aimed at identifying organelle contribution to
the vesicles failed to detect endosomal or lysosomal compo-

Fi6.5. Ectopic expression of ZIP or PKC-{. COS cells transfected
with an expression vector pMT2-ZIP were fixed after 24 hr (4) or 48
hr (B and C). ZIP was detected by indirect inmmunochemistry using
a horseradish peroxidase-coupled (4 and B) or Texas Red-labeled (C)
secondary antibody. N marks the nucleus in 4 and B and nuclei in C
were stained with 4',6-diamidino-2'-phenylindole. (D) COS cells
transfected with a pMT2-PKC-{ expression vector were stained for
PKC-{ at 48 hr posttransfection with a Texas Red-labeled secondary
antibody. (E and F) COS cells expressing ZIP were incubated with
rhodamine-123 at 40 hr to stain mitochondria (E), then they were fixed
and ZIP expression was detected by indirect immunofluorescence (F).
The cell expressing ZIP is marked by an arrowhead.
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F1G. 6. Intracellular targeting of ZIP by PKC-{ but not by ERK. COS cells were cotransfected with expression vectors encoding myc-tagged ZIP and
PKC-{ (4-D) or myc-ZIP and ERK2 (E and F). After 40 hr cells were fixed and proteins were visualized by indirect immunofluorescence. ZIP was detected
by fluoresceine (green), PKC-¢, and ERK by rhodamine (red). Double exposures (C and D) (yellow) show the overlapping fluorescence of ZIP and PKC-¢.
(A-C) The left cell only expresses ZIP and shows punctate staining, the right cell coexpresses ZIP and PKC-{ and shows diffuse staining of ZIP. (D) In
the two yellow cells ZIP and PKC-{ colocalize, the cell at the top right only expresses ZIP. (E and F) Despite coexpression of the unrelated protein kinase
ERK (red) ZIP (green) does not show even distribution but is still aggregated. Nuclei are stained with 4’,6-diamidino-2’-phenylindole.

nents in these structures (data not shown). On the contrary,
organelles appeared to be quite unaffected by the expression
of ZIP as shown for mitochondria (Fig. 5 E and F). Electron
microscopic analysis of ZIP-expressing COS cells confirmed
that ZIP existed in amorphous aggregates in the cell that were
not confined by membranes (data not shown).

Intracellular Targeting of ZIP by PKC-{. The finding that in
the two-hybrid assay the ZIP:ZIP interaction was of similar
strength as the ZIP:PKC-{ interaction prompted us to investigate
whether PKC-{ could compete for ZIP:ZIP aggregation in COS
cells. To this end COS cells were cotransfected with expression
vectors encoding a myc-tagged ZIP and PKC-{ or ERK2 as an
unrelated protein kinase. With the help of differentially labeled
secondary antibodies cells were screened by indirect immunoflu-
orescence for coexpression of both proteins in the same cell. Fig.
6 shows that in COS cells expressing only ZIP (green) the protein
aggregated while ZIP assumed a diffuse cytoplasmic distribution
when PKC-{ (red) was present in the same cell (Fig. 6 A—C). This
diffuse distribution corresponded to the distribution of endoge-
nous ZIP as revealed by indirect immunofluorescence of PC12
and HepG?2 cells (data not shown). Double photographic expo-
sures (yellow) confirmed that the fluorescent signals for ZIP and
PKC-¢ overlapped (Fig. 6 C and D). The ability to alter the
subcellular localization of ZIP was specific for PKC-¢. It was not
shared by the unrelated protein kinase ERK (red) that upon
coexpression did not prevent aggregation of ZIP (green) (Fig. 6
E and F). These findings are consistent with the interpretation
that PKC-{ competes with auto-association of ZIP and targets
ZIP to its own cytoplasmic location. The targeting function of
PKC-¢ was independent of an intact kinase domain in PKC-{.
Coexpression of a kinase-inactive mutant of PKC-¢ (Asp-376—
Ala) also prevented aggregation and caused cytoplasmic distri-
bution of ZIP (data not shown) suggesting that the subcellular
localization of ZIP was not governed by potential phosphoryla-

tion by PKC-£. In contrast, the distribution of PKC-{ was not
affected by the absence or presence of ZIP.

DISCUSSION

Proteins interacting with mammalian PKC enzymes have been
identified before by different approaches. These proteins have
been found to bind to the pseudosubstrate sequence within the
regulatory domain of classic PKCs (38), to the so-called C2 region
in the regulatory domain of classic PKCs (39), to the PKC zinc
finger (40) or to the catalytic region of PKC (41). Some of these
proteins are related to cytoskeletal proteins, some are phospho-
lipid binding proteins and some are of unknown function. Asso-
ciation of PKCs with distinct known proteins has also been shown:
The pleckstrin homology domain of Bruton tyrosine kinase
interacts with classic PKCs (42, 43), the pleckstrin homology-
domain of the RAC kinase (related to A and C kinase) binds to
the regulatory domain of PKC-{ (44) and the product of par-4, a
gene induced during apoptosis binds to the zinc fingers of PKC-A
and PKC-{ (45). Using the two-hybrid sytem we have isolated a
novel protein, ZIP, which binds to a region of PKC-{ containing
the pseudosubstrate sequence. ZIP has no homology to previ-
ously described PKC-binding proteins.

The most prominent motif in ZIP is the ZZ motif, which has
only recently been defined as a novel zinc finger found in several
proteins including the Drosophila Ref(2)p protein and dystrophin
(31). Binding to PKC-¢, however, does not involve the ZZ motif
in ZIP but was mapped N-terminal to the ZZ domain. This region
contains another short amino acid motif with the consensus
sequence YXDEDXsSDEE/D (where X is any amino acid)
shared by four different proteins thus far (see Fig. 2). The two
homologous proteins scdl (Schizosaccharomyces pombe) and
Cdc24 (Saccharomyces cerevisiae) contain this motif in a region
that interacts with a Ras-type (rasl/Rsrl) and a Rho-type
GTPase (cdc42sp/Cdcd2) (33, 46). Also the binding of the
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P40phox Subunit to the p67,p0x subunit of the NADPH oxidase has
been mapped to a region in p40,p0x containing this motif (47). In
addition to these cases the same sequence is also present in other
proteins where its function or binding partners are unknown.
These proteins include MEKS (48) and a novel gene of unknown
function TFG (Trk-fused gene) that was isolated as part of a
rearranged oncogenic form (named TRK-T3) of the nerve
growth factor receptor (TrkA) that forms oligomeric oncoprotein
complexes (36). The presence of this sequence within 64 amino
acids responsible for binding of ZIP to PKC-{ supports the
possibility that the sequence YXDEDXsSDEE/D may indeed be
a protein binding motif.

ZIP forms dimers as was evident from ZIP:ZIP interactions
in the two-hybrid system. This interaction between ZIP
polypeptides most likely also accounts for the abnormal sub-
cellular localization and aggregation of ZIP when expressed in
mammalian cells in the absence of PKC-{. Only upon coex-
pression of PKC-¢{ but not unrelated protein kinases aggrega-
tion of ZIP was prevented and ZIP showed the same diffuse
cytoplasmic distribution as endogenous ZIP. For several pro-
tein kinase binding proteins it has been postulated that the
binding proteins serve as “anchoring” proteins that mediate
distinct localization or translocation of the respective protein
kinase (49). Unexpectedly, in our case the protein kinase (i.e.,
PKC-{) seems to play the part of the anchoring protein by
guiding proper localization of ZIP.

While this work was in progress ZIP was also cloned in three
different circumstances, as a gene (A170) induced by oxidative
stress in macrophages (30), as a protein (EBIAP) associated
with a novel cytokine receptor called EBI-3 induced in Ep-
stein—Barr virus-infected B-cells (18) and finally as a p62
protein interacting with the SH2-domain of the tyrosine kinase
p56'k in a phosphotyrosine-independent manner (19).

The lack of readily identifiable enzymatic domains in ZIP,
the presence of two putative protein binding modules (the ZZ
zinc finger and the YXDED motif), two PEST sequences and
its association with at least three different proteins (PKC-¢,
p62, and EBIAP) are reminiscent of the yeast protein STES
(Sterile-5) that acts as a tether or scaffold for at least four
protein kinases of the mitogen-activating protein kinase cas-
cade in §. cerevisiae (50). In analogy to STES we propose that
ZIP may mediate interactions between PKC-{, a cytokine
receptor (e.g., EBI-3) and a tyrosine kinase (e.g., Ick). If this
is the case then the question whether all three proteins bind
simultaneously to ZIP is obviously of great importance.
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