Downloaded from genesdev.cship.org on April 27, 2024 - Published by Cold Spring Harbor Laboratory Press

Identification of a novel serine/
threonine kinase and a novel 15-kD
protein as potential mediators of the
v interferon-induced cell death

Louis P. Deiss,'”? Elena Feinstein,> Hanna Berissi, Ofer Cohen, and Adi Kimchi?®

Department of Molecular Genetics and Virology, The Weizmann Institute of Science, Rehovot 76100, Israel

Programmed cell death is often triggered by the interaction of some cytokines with their cell surface
receptors. Here, we report that vy interferon (IFN-v) induced in HeLa cells a type of cell death that had
cytological characteristics of programmed cell death. In this system we have identified two novel genes whose
expression was indispensable for the execution of this type of cell death. The rescue was based on positive
growth selection of cells after transfection with antisense cDNA expression libraries. The antisense
RNA-mediated inactivation of the two novel genes protected the cells from the IFN-y-induced cell death but
not from the cytostatic effects of the cytokine or from a necrotic type of cell death. One of those genes
(DAP-1) is expressed as a single 2.4-kb mRNA that codes for a basic, proline-rich, 15-kD protein. The second
is transcribed into a single 6.3-kb mRNA and codes for a unique 160-kD calmodulin-dependent
serine/threonine kinase (DAP kinase) that carries eight ankyrin repeats. The expression levels of the two DAP
proteins were selectively reduced by the corresponding antisense RNAs. Altogether, it is suggested that these
two novel genes are candidates for positive mediators of programmed cell death that is induced by IFN-y.
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Diffusible polypeptides such as interferons (IFNs), trans-
forming growth factor-g {TGF-B), or tumor necrosis fac-
tor (TNF} are among the specific extracellular signals
that trigger cell cycle arrest and/or cell death (Kimchi
1992). Members of these protein families interact with
specific cell surface receptors and initiate putative cas-
cades of biochemical events that suppress the prolifera-
tion of cells and/or kill them, depending on the target
cell. In some cases, the cell death induced by TNF-a or
TGF-B has features characteristic of the programmed
type (Laster et al. 1988; Lin and Chou 1992; Oberham-
mer et al. 1992). Thus, some of the diffusible cytokines
share common functional properties with the two mem-
brane-bound TNF-related ligands for CD30 and Fas re-
ceptors that trigger a well-characterized process of pro-
grammed cell death (Trauth et al. 1989; Itoh et al. 1991;
Smith et al. 1993; Suda et al. 1993).

In our laboratory we have recently developed a genetic
approach designed for the isolation of genes that posi-
tively mediate the cytokine-triggered proliferation arrest
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and/or cell death (Deiss and Kimchi 1991). In principle,
the method, called Technical Knock Out (TKO), is based
on random inactivation of genes via the introduction of
antisense cDNA expression libraries. The specific an-
tisense-mediated inactivation of a gene along the signal-
ing pathways is expected to confer growth advantage to
cells that are continuously exposed to the cytokine and
this advantage is used then as a powerful forward selec-
tion to rescue the relevant cDNA. The prerequisites for
the success of the project are that the transfection will
culminate in a large number of stable clones and that the
vector will express high levels of the antisense mRNA
transcripts and will be easily rescued from the stable
transfectants. All of those features reside in an Epstein-
Barr virus (EBV)-based episomal vector that we have con-
structed for these purposes (pTKO1; Deiss and Kimchi
1991). The first antisense cDNA clone that was isolated
by this procedure, and was capable of reducing the
growth sensitivity of cells to IFN-y, corresponded to the
thioredoxin gene. This proved that the project is feasible
and that redox regulation of proteins is an important step
in the growth-restrictive effects of IFN-y (Deiss and Kim-
chi 1991).

In this work we applied the functional knockout ge-
netic approach in a system that displays proliferation
arrest followed by programmed cell death, in attempts to
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rescue novel genes that function either as common or
specific mediators of these two distinct growth-restric-
tive processes. We found here that 750 U/ml of recom-
binant IFN-y triggered a biphasic pattern of growth re-
sponses. In the first phase the cells stopped to proliferate
without loosing viability (cytostatic response phase).
This was followed by a massive cell death that occurred
in a nonsynchronous manner and had distinct cytologi-
cal features of programmed cell death. Using the an-
tisense knockout approach, we rescued two novel genes
whose inactivation protected the cells from this type of
cell death. Yet, the genetically manipulated cells re-
mained susceptible to the cytostatic effects of IFN-y and
were not protected from a necrotic type of cell death.
The cloning of the corresponding cDNAs, the deduced
amino acid structure, and expression studies of the two
novel proteins are described in this report.

Results

Rescue of antisense cDNAs that reduce
the susceptibility of cells to IFN-y

HeLa cells were transfected with the antisense cDNA
library and selected with both hygromycin B (200 ug/ml)
and IEN-y (750 U/ml). After 28 days the cells that sur-
vived in the presence of IFN-y were pooled, the episomal
DNA was extracted, and 13 rescued pTKO-1 plasmids
were analyzed further as detailed in Table 1. The cDNA
inserts carried by the plasmids were classified by cross-
hybridization on Southern blots into six nonoverlapping
groups comprising of multiple members (groups 1 and 2)

Table 1. Initial characterization of antisense cDNA clones
rescued from HeLa cells that survived in the presence of
IFN-v treatment

Length
of cDNA
Antisense fragment Size of
cDNA (bp) mRNA (kb) Identity
1. 241,248,
251, 252 ~350 0.7 thioredoxin
2. 230, 254,
255, 264, 258 320 2.4 novel
3. 259 252 1.7 novel
4. 253 ~300 4.5 novel
5. 256 367 6.3 novel
6. 260 ~800 4.0 novel

DNA inserts from the pTKO1 plasmids that cross-hybridized
with each other on Southem blots were classified within the
same group. The size of the antisense cDNA insert from each
one of the rescued pTKO1 constructs was determined by aga-
rose gel fractionation of the inserts (marked by ~) or by the final
sequencing. The sizes of mRNAs were measured by Northern
blot analysis of total RNA (20 pg) from HeLa cells using the
PCR-amplified ¢cDNA inserts of rescued plasmids as labeled
probes. The identity was determined following the sequencing
of each antisense of cDNA fragment and searching the nucleic
acid data base.
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or single members (groups 3—6) (Table 1). The size of the
cDNA inserts ranged between 300 and 800 bp. The
cDNA inserts were then sequenced. Nucleotide se-
quences corresponding to groups 2—6 appeared to be
novel. The four cDNA clones in group 1 were identified
as fragments of human thioredoxin ¢cDNA. Radioac-
tively labeled PCR-amplified cDNA inserts of represen-
tative plasmids from each group were then used as
probes to measure the mRNA expression on Northern
blots. Each probe recognized a unique mRNA transcript
in HeLa cells (Table 1).

Each of the 13 rescued pTKO1 constructs was then
transfected {in duplicates) into HeLa cells to generate
stable polyclonal cell populations expressing the individ-
ual antisense cDNAs. These transfectants were exam-
ined daily under phase microscope for their susceptibil-
ity to the antiproliferative and the cell-killing effects of
IFN-y. The pattern of their sensitivity to the cytokine
was compared with that of two control polyclonal cell
populations (designated DHFR-t1 and t2) that were
transfected in parallel with a control vector—pTKOI1-
DHER (Deiss and Kimchi 1991). It was found that each of
the 13 rescued pTKOI plasmids reduced the susceptibil-
ity of cells to IFN-vy and that two major types of resistant
phenotypes were generated. In this work we focused on
one of these phenotypes, conferred by the expression of
antisense cDNAs from groups 2 and 5. This phenotype
displayed reduced susceptibility to the IFN-y-induced
cell death but still remained sensitive to the cytostatic
effects of the cytokine {see below).

Antisense cDNAs from groups 2 and 5 protect cells
from IFN-vy-induced programmed cell death

but not from growth arrest or a necrotic type

of cell death

The microscopic examination of parental and control
DHEFR-transfected HeLa cells revealed that 750 U/ml of
IFN-vy triggered a biphasic pattern of responses. The cells
stopped proliferating during the first 4 days of IFN-y
treatment but still remained viable (in trypan-blue ex-
clusion tests). They displayed a flattened morphology
characteristic of the cytostatic responses to IFN-y |Fig.
1A(b}). The reduction in the proliferation rate during this
period was also measured by a sharp decline (by >90%)
in the thymidine uptake into DNA (not shown). This
type of IFN-y-induced proliferation arrest was then fol-
lowed by massive cell death that occurred in a nonsyn-
chronous fashion over a period of an additional 10 days.
The cells gradually reduced their size, rounded up, and
detached from the plates [(Fig. 1A(d)]. The staining of
DNA with DAPI after detachment of cells from the
substratum revealed gross changes in the nuclear mor-
phology characteristic of programmed cell death. This
included nuclear pyknosis, chromatin condensation,
sometimes detected preferentially at the nuclear periph-
ery, and chromatin segmentation [Fig. 1B(b)]. Transmis-
sion electron micrographs of the IFN-y-treated cells prior
to their detachment revealed other morphological
changes including the disappearance of surface mi-
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day 8

Figure 1. Morphological features of the cytostatic and cytotoxic responses to IFN-y in HeLa cells. All cultures were seeded at an
initial density of 10,000 cells/cm?. (A} Light microscopy of HeLa cells transfected with pTKO1-DHFR construct (DHFR-t1 cells) on
days 3 and 8 of culturing in the absence (a,c) or presence {b,d) of IFN-y (750 U/ml). (Magnification, 260%). Note the absence of refractile
mitotic cells during the cytostatic phase of responses to IFN-y {b] and the appearance of round cells that were detached from the
substratum during the killing phase (d). (B) Staining of DNA with DAPI. (a) DHFR-t] untreated cells removed by trypsinization and
mounted on glass slides; {b) detached DHFR-t1 cells collected 7 days after IFN-y treatment. Nuclei with condensed or fragmented
chromatin are indicated by arrows. (Magnification, 650%). (C) Scanning and transmission electron micrographs. DHFR-t1 HeLa cell
populations {a—d)} and 230-t1 antisense transfected cells {e,f) were cultured either in the absence {a,c,e) or presence (b,d,f) of IFN-y (750
U/ml). (a,b,e,f) Scanning electron micrographs were taken after 7 days using GSM 6400 SEM (Jeol). Bars, 10 wm. (Magnification, 1430
in all four samples). (¢,d) Transmission electron micrographs taken after 7 days using a Philips 410 at a magnification of 1820x. The
condensed nuclei and surface blebs are indicated by arrows.

crovilli, surface blebbing, budding off cytoplasmic pro-
jections, and cytoplasmic disintegration, in addition to
the nuclear pyknosis and chromatin condensation [de-
tails shown in Fig. 1C(d}]. The antisense RNA expression
from pTKO-1 plasmids of groups 2 and 5 reduced the
susceptibility of the cells to the killing effects of IFN-y:
More cells survived on the plates, and the above-men-
tioned death-associated morphological changes appeared
at much lower frequency [compare the scanning electron
micrographs of the IFN-y-treated DHFR-transfected cells

in Fig. 1C(b) to the IFN-y-treated 230-tl cells in Fig.
1C{f}].

A neutral red uptake assay was then performed to de-
termine more accurately, on a quantitative basis, both
the typical biphasic responses of control cultures to
IFN-vy and the reduced susceptibility of the antisense ex-
pressing cultures to the IFN-y-induced cell death. The
two DHFR-transfected HeLa cell populations (t1, t2)
served as the control cultures in this assay, and the an-
tisense cDNA transfected cells examined were 230-tl,
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255-t1 (group 2} (Fig. 2A) and 256-t1, 256-t2 (group 5) (Fig.
2B). In the absence of [FN-vy, all of the transfected HeLa
cells behaved the same and displayed practically identi-
cal growth curves suggesting that the antisense RNA
expression had no effects on the normal growth of cells.
Another feature that was not changed by the antisense
RNA expression was the extent of the cytostatic re-
sponses to IFN-vy. As shown in Figure 2, A and B, IFN-y
has similarly reduced the proliferation rate of all the
transfected cultures and they all displayed the same ex-
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evident). After 4 days of treatment the picture changed
drastically. Whereas almost all control cells died during
the following days of IFN-y treatment leading to mini-
mal values of the neutral red dye uptake on day 14, a
significant fraction of cells that expressed antisense
RNA survived in the presence of IFN-vy, as reflected by
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Figure 2. Antisense RNA expression from plasmids of groups 2 and 5 reduces the susceptibility of HeLa cells to the killing effects
of IFN-v. (A,B,D) Neutral red dye uptake. The different transfected HeLa cell populations were cultivated in 96-well microtiter plates
at an initial number of 15,000 cells/well. They were then treated with IFN-y: 750 U/ml in A and B; 5000 U/ml in D {dashed lines).
The rest of the wells were left untreated {solid lines). All of the cells were maintained continuously in hygromicin B. Viable cells were
stained with neutral red (Sigma), and the dye uptake was measured at A =540 nm using an automated Micro-Elisa auto-reader. (@)
DHFR-t1 and DHFR-t2 control cells; (A) Antisense transfected cells corresponding to group 2 (A) or group 5 (B,D). Each point is the
average of a quadruplicate determination with a s.D. that ranged between 2% and 5%. (C) Northern blot analysis of 2-5A synthetase
gene induction. The indicated HeLa cell transfectants were incubated for 24 hr in the presence { + ) or absence { -} of IFN-y {750 U/ml).
Twenty micrograms of total RNA was analyzed. The cDNA of the 2-5A synthetase was used as probe.
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tested cultures that expressed the two different antisense
RNAs (Fig. 2A,B). These data indicate that expression of
antisense RNA from groups 2 and 5 protects the Hela
cells exclusively from the IFN-y-induced cell death and
not from its cytostatic action. It is noteworthy that the
antisense RNA expression did not affect the early bio-
chemical steps in the signaling of IFN-y as deduced from
the normal induction of 2-5A synthetase mRNA in these
transfected cells upon IFN-y treatment (Fig. 2C).

To test whether the time kinetics of cell death could
be accelerated, the HeLa cells were exposed to increasing
concentrations of IFN-y. Upon addition of 5000 U/ml of
IFN-y, cell death was already prominent in the cultures
on day 2 and reached almost maximal values {15% viable
cells) on day 4 (Fig. 2D). The dying cells had the micro-
scopic characteristics of programmed cell death as de-
scribed above. Under these accelerated time kinetics, the
protection by the antisense RNA remained prominent,
as quantitated by the neutral red uptake assay (Fig. 2D).
This line of experiments supports the notion that the
process of cell death that develops in this system is an
integral part of the IFN-vy effects on cells; therefore, the
genes that were inactivated by the antisense RNA ex-
pression may act as mediators of the IFN-y -triggered
programmed cell death.

It became interesting at this stage to check whether
antisense RNA expression can also protect the Hela
cells from a necrotic type of cell death. For this, the
combinatorial effect of TNFa and cycloheximide (CHX)
was examined in the various HeLa cell populations. Un-
like the effect of IFN-v, the cell death that was induced
by TNFa + CHX in HeLa cells was very rapid {50% kill-
ing after 3 hr} and displayed typical features of necrosis
such as swelling of the cells before their lysis. As shown
in Table 2, although the antisense RNA expression from
groups 2 and 5 protected the cells from the IFN-y-in-
duced cell killing, there was no protection from the
TNFa-induced necrotic cell death. All of the examined
HeLa cell transfectants were killed by the TNF+ CHX
combination with similar time kinetics and at the same
efficiency. Northern blot analysis demonstrated that the
levels of the antisense mRNA transcripts in 256-t1 cells
were not reduced by the TNF+ CHX treatment at 5 hr
{not shown), thus excluding the possibility that loss of
the antisense RNA expression caused by the treatment

Cloning of two novel cell death-associated genes

may be the reason for lack of protective effects from the
necrotic cell death. This suggests further a certain spec-
ificity of the protective mechanisms regarding the type
of cell killing.

Cloning of the DAP-1 cDNA, deduced amino acid
structure, and expression studies

The 320-bp cDNA fragment from construct 230 {group 2)
hybridized on Northerns blots to a single endogenous
2.4-kb mRNA transcript in HeLa cells (Fig. 3A). In stable
transfectants carrying antisense constructs 230 or 255
(group 2) but not 260 and 259 (groups 6 and 3, respec-
tively), a composite antisense 1.1-kb transcript was also
detected by this probe (Fig. 3A). It consisted of 320 bases
of the cDNA insert and 800 bases of sequences derived
from the expression cassette {Deiss and Kimchi 1991).
The antisense orientation of fragment 230 in the pTKO1
vector was reconfirmed upon sequencing of the sense
c¢DNA clone (see below). The amount of the antisense
RNA expressed from clones 230 and 255 (group 2} in
growing HeLa cells exceeded the sense mRNA levels by
three- to sixfold (Fig. 3A,B). Because of the presence of
IFN-stimulated response element in the pTKO1 vector
(Deiss and Kimchi 1991), after IFN-y treatment the lev-
els of antisense mRNA expression were elevated further
leading to 15-fold excess of antisense over sense tran-
scripts {Fig. 3B}. The endogenous 2.4-kb mRNA appeared
as a single transcript also when the full-length cDNA
was used as a probe and its levels were not modulated by
IFN-y (Fig. 3B).

An HL-60 cDNA library constructed in Agtl0 vector
was screened with the cDNA insert of pTKO1-230 after
varifying that these cells express the 2.4-kb mRNA. Two
independent clones, A1 and A2, almost completely over-
lapping and carrying cDNA inserts of ~2.3 kb, were an-
alyzed. The A1 cDNA clone encompasses the 5'-untrans-
lated region, short coding region(s), and a relatively long
3'-untranslated region that constitutes >60% of the
cDNA clone (Fig. 4A). This cDNA is 2232 bp long and
contains a potential polyadenylation signal (ATTAAA)
at its 3’ end. The open reading frame (ORF) is very short
starting from the initiation codon at nucleotide positions
160-162 and ending at termination codon TGA at posi-
tions 466468 (Fig. 4B). This ORF is preceded by an ex-

Table 2. Expression of antisense RNA (from groups 2 and 5) protects from IFN-y-induced programmed cell death but not from

TNF-induced necrotic cell death

DHFR-t1 DHFR-t2 230-t1 255-t1 256-tl
A = 540 nm

14 days No treatment 0.396 0.345 0.385 0.324 0.336
IFN-y 0.026 0.017 0.136 0.158 0.159

5hr No treatment N.D 0.148 0.130 N.D 0.140
TNF-a + CHX N.D 0.053 0.026 N.D 0.022

20 hr No treatment 0.211 0.248 0.223 0.173 0.190
TNF-a + CHX 0.002 0.001 0.003 0.0015 0.002

Each treatment was done in quadruplicate, and the average values of dye uptake, measured by OD at X\ = 540 nm, is presented at the
indicated time intervals. The s.D. was between 2% and 4%. (N.D.) Not done.
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Figure 3. RNA and protein expression of DAP-1 gene. (A) Total
RNA was prepared from HeLa cells either before {parental] or
after transfection with pTKO1 construct 230 or 255 (group 2),
260 (group 6), and 259 (group 3) designated 230-t1, 255-t1, 260-t1
and 259-t1, respectively. Twenty micrograms of RNA was pro-
cessed on Northern blots, and DNA fragment 230 was used as a
probe. The arrows point to positions of sense and antisense
RNAs. (B) RNA was extracted from the indicated HeLa cells
that were grown for 4 days in the absence (—) or presence |+ ) of
[FN-vy (750 U/ml). The Northern blot containing 20 pg of RNA
samples was hybridized with the cDNA insert of phage Al.
Ethidium bromide staining of the RNA samples is shown. {C} In
vitro translation of RNA (0.5 wg} transcribed from A1 cDNA
(lane 2} and from subclones p6, p4, p5, and p8 (lanes 3-6, re-
spectively). (Lane 1) Background obtained in the absence of
RNA administration to the reticulocyte lysates. The labeled
proteins were fractionated on 12% SDS-polyacrylamide gels.
The positions of the radicactive molecular mass markers (Am-
ersham) are marked. The two translated proteins, major 15-kD
and minor 22-kD proteins, are indicated by arrows. (D) Immu-
noblot analysis of recombinant and cellular 15-kD DAP-1. Bac-
terially produced DAP-1 (300ng) and the indicated HeLa cell
extracts {350 pg) were fractionated on SDS—polyacrylamide gels
(12%), blotted to nitrocellulose, and reacted with affinity-puri-
fied antibodies generated against 15-kD DAP-1. The cells were
treated with IFN-y (750 U/ml) for 4 days before extraction. The
two arrows point to the position of cellular DAP-1. The anti-
bodies also recognize two nonrelevant bands of 60 and 45 kD
that are not modulated by antisense RNA expression. Quanti-
tation of the reduction in DAP-1 was done by densitometric
analysis. The calibration of the protein content in each slot was
done by referring to the signals of the nonrelevant bands. The
prestained protein markers (Sigma) are marked.
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tremely GC-rich 5’-untranslated region and potentially
codes for a protein consisting of 102 amino acids with a
calculated molecular mass of 11.2 kD.

The amino acid composition predicts a basic protein
(pI 10}, rich in prolines (15%). The high proline content
may cause some anomalies in the protein’s migration on
gels. Search for motifs {Motifs program; GCG Software
Package} indicated that the protein contains two poten-
tial sites for casein kinase II phosphorylation at positions
3 and 36, a single potential protein kinase C phosphory-
lation site at position 91, and a consensus phosphoryla-
tion site of the cyclin-dependent kinases (cdks) at posi-
tion 51. In addition, the protein contains the consensus
sequence RGD at position 65-67, a tripeptide that in
some proteins plays a role in cell adhesion {Ruoslahti
and Pierschbacher 1986) and a potential SH3-binding
motif, xPxPP, at position 49-53 {(for review, see Cow-
burn, 1994). No indications for the presence of signal
peptide or transmembranal domain have been found
(SAPS prediction; Brendel et al. 1992). The amino acid
sequence showed no significant homology to known pro-
teins. Use of SBASE domain library (Pongor et al. 1992)
revealed a stretch of amino acids at position 30—46 with
significant homology to the repeated elements in the sar-
coplasmic reticulum protein that are involved in Ca®*
binding (Hofmann et al. 1989). This new protein was
named DAP-1 (death-associated protein-1).

In vitro translation assays in reticulocyte lysates es-
tablished that the predicted ORF codes for a 15-kD pro-
tein. The full-length ¢cDNA insert as well as four sub-
clones that span different regions of the molecule (i.e.,
p6, p5, p8, and p4; see Fig. 4A) were transcribed and
translated in cell-free systems. Among all of the tested
subclones, only the 5’ 1-kb portion of the DAP-1 cDNA
(p6) directed the in vitro synthesis of proteins (Fig. 3C|.
The major translated product migrated on gels as a 15-
kD protein. Mutation at the ATG codon at position 160-
162 (ATG — GGC) completely eliminated the synthesis
of the 15-kD protein, thus confirming the position of the
start point of this protein (data not shown). In addition to
the 15-kD protein product, a second protein of 22 kD was
also translated at lower efficiency from Al and the p6
c¢DNAs {Fig. 3C). Its translation was not influenced by
the elimination of the ATG codon at position 160, but
the protein was reduced to a size of 16 and 18 kD upon
cleavage of the p6 subclone with Dral and BstYI restric-
tion endonucleases, respectively (not shown; for restric-
tion map, see Fig. 4A). These criteria fit another poten-
tial ORF, which is detected in the nucleotide sequence in
a different phase with respect to the first ORF {Fig. 4A).
It starts at the ATG codon (position 287-289) and ends at
termination codon TGA (positions 816-818). It has the
potential to code for a protein consisting of 176 amino
acids with calculated molecular mass of 19.9 kD and no
significant homology to known proteins. It will be of
interest to test whether this second ORF also can be
utilized by intact cells.

To analyze the expression of the major DAP-1 in cells,
polyclonal antibodies were made to the bacterially pro-
duced 15-kD protein. The affinity-purified antibodies
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AACATGCCAAAGAATGAGGCTGGAGACAGGTAGCTCCGAGGGAGGACTTCTGGCATGAGATC TCGGCACGGCAAGCCCAGCATCGCCTCA
GCCCAGACAGGCTCCACCAGGAGATCAAGCAAGGGCTGCCTTTCAGGAGTCACCTCCTGAGCCACTTCAGAGTTCTGGAAGTGACCACGG
ACCAGGGTGGAGGAATAGACTTCTAGTTCATTCTGGGACACTTGAGCCAGAGAGT TGAAAGC TTGGAAAGACCAGATAAGAAACCTGCCC
TTTGTCTCCCTAGGGACATGAGACACCACATTCCATTTGTGCTAGAAAAACCTATCCACTGATGAGTCTAACTGTTCCAARCGCCTCCCA
CCTGGTGTGCACAGCTGCCTGGGTCCATTGTCACTTGGGTGCATCAGGTTGTCCTCCGATTTTTAGATGAGT TTCCTGTCTAGAGATGTC
CTAGTCTGCTCACTGGCTGGTGGCAGTAGGGTACCCTGCGTCCTCGAAAAGCCAGAGGGTTCACCTAGTCAGACGAAACTCCAGAACAGT
GCTTGTGGAGGGCCTGACTGTCCTGCTCACCCACAGCCGATCTGCTGCAGGTCAGCAACTGTGTCGTGAGCAGCTGCCAACCACCAGCCT
TTCTGGTGCTGTTCTCCAGTTCACGTCTGCCAGCTGGTGAGGGCAGAGGCAGACCTGGTCAGACCCAGCGCCCCTCCTCCCTGAGGGAGC
ATGGCACAGCCTCACACTTGAAAGACGGTGTTTGGTTTCCCATCTAATCAACTTARGGGAAGCCGGCATGTACCCTTCAAGGCCCTGTCA
CCACCTATTTTCCTGATCAGTTGGTATAAACTGAGGGTGGCTTTTAGAGACCCAGACTTGGT TGGCAGCGCTGCCATGGAACACCCCAGC
AAGCACCTCCCAGCCTGCCTTTCGGAGCAGCACCCAGGAGGGGATGCCGCGCTCCAGCAACACCAGGTCAGGCCTGTGCAGACCCCTGCC
CTGCCGCTGCAGAAATCCAGAAGCATCCTTAATGCTTCTCAGTCTTCAGCCA TGTTATTTCCAGA!
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Figure 4. Nucleotide sequence and pre-
dicted amino acid pattern of DAP-1

% ¢DNA. (A) Schematic representation and

S S P PEG 1on restriction map of DAP-1 cDNA. The open

box (solid line) represents the major ORF.

erceasa 235 Apotential second ORF is boxed with bro-

.  ken lines. The position of the antisense

360 230 cDNA fragment is shown. A1 and A2

PR T QK I 97 represent the Agtl0 phage inserts that

950 were used for cDNA sequencing. p4, p6,

12 p5, p9, p7, and p8 are subclones derived

iy from the Al cDNA insert used for the se-

720 quencing and for in vitro translations. The

900 cleavage sites for major restriction en-

1080 zymes are shown. (RI) EcoRlI; (D) Dral; (Bs)

1170 BstYI; (B) BamHI; (Bg) Bgll; (H) HindlIll;

1350 (X) Xhol; (P) Pstl. (B) Nucleotide sequence

1335 of the DAP-1 ¢cDNA and its deduced

1¢20 amino acid structure. Initiation (ATG) and

1800 stop (TGA) codons are boxed. A potential

1980 polyadenylation signal is underlined. The

N verese 210 RGD and SH3 binding motifs are marked
2232

TACTTTTAGCTAGATGTGGCATGCATCTGTGAGCTTTAGATCATTARAATCCAAAATGTTTGCCTARATGAGG

by brackets.

recognized on immunoblots two closely migrating pro-
teins in extracts of HeLa cells; the lower band comi-
grated on gels with the bacterially produced 15-kD
DAP-1 (Fig. 3D). The slow migrating form may represent
a post-translationally modified version of the protein. In
HeLa cell transfectants, 230-t1 and 255-t1, expressing
the elevated levels of antisense RNA detected after ex-
posure to IFN-y (15:1 ratio of antisense/sense RNA), the
DAP-1 protein levels were reduced by 75% and 78%,
respectively, as compared with the levels in the control
DHFR-tranfected cultures (Fig. 3D). The antibodies also
reacted with two other nonrelevant proteins of 60 and 45
kD, which were used as an intrinsic reference for calcu-
lating the extent of selective reduction in DAP-1 by an-
tisense RNA expression. Also signals that were gener-
ated in the same immunoblot after reaction with anti-
vinculin antibodies were used as a constitutive reference
{not shown).

Cloning of the DAP kinase and deduced amino acid
structure of the encoded protein

Expression studies indicated that the double-stranded
cDNA fragment 256 {367 bp in size) hybridized on

Northern blots to an endogenous 6.3-kb mRNA tran-
script. In the 256-t1 and 256-t2-transfected cells it also
hybridized to a composite antisense 1.2-kb RNA tran-
scipt (Fig. 5A). The antisense orientation of fragment 256
in the pTKO1 vector was confirmed upon sequencing of
the sense cDNA clone (Fig. 6A). The amount of the an-
tisense RNA expressed from pTKO-1 plasmid 256 in un-
treated HeLa cells exceeded the sense mRNA levels by
>100-fold. Treatment with IFN-y further increased the
antisense RNA levels because of the presence of an IFN-
stimulated response element in the episomal vector. The
same single 6.3-kb mRNA transcript was detected in
Hela cells (parental and transfectants) when the full-
length cDNA was used as a probe on Northern blots (Fig.
5B). The steady-state levels of the 6.3-kb sense mRNA
transcript were increased by three- and sevenfold at 24
and 72 hr of treatment with IFN-v, respectively {Fig. 5C,
suggesting a link between cytokine signaling and the ex-
pression of this gene.

The ¢cDNA insert from pTKO1-256 was used to screen
a K562 Agtl0 cDNA library after verification that the
gene is expressed in K562 cells {Fig. 5B). Two AgtlO
clones, A\29 and A\32, were chosen for sequencing (Fig.
6A). The resulting composite sequence of both cDNAs
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Figure 5. RNA and protein expression of DAP kinase. ({A) To-
tal RNA was prepared from 256-t1 and 256-t2 HeLa cell trans-
fectants either before (O hr) or at. 3 and 24 hr after treatment
with IFN-y (750 U/ml), and 20-p.g samples were processed on
Northern blots. Fragment 256 was used as a probe. The posi-
tions of the sense and antisense mRNAs are indicated. The
GAPDH mRNA levels were used for the calibration of the RNA
amounts in each slot. {B} The blot consists of total RNA {20 pg)
from K562 cells, parental HeLa cells, the two DHFR-transfected
HeLa cell populations and the two HeLa cell populations that
were transfected with pTKO1-256. The blot was hybridized
with the cDNA insert of A29. Ethidium bromide staining of the
RNA samples is shown. {C) Total RNA prepared from DHFR-
transfected HeLa cells either before (0 hr) or at 3, 24, and 72 hr
after treatment with IFN-y (750 U/ml). The blot was hybridized
with the cDNA insert of A29. (D) In vitro phosphorylation as-
say. Cell lysates were prepared from COS-7 cells either before
(lane 1) or after transfection with the PECE-FLAG expression
vector that carries the coding region of the A29 ¢cDNA {lane 2.
Samples of 400 png were immunoprecipitated with anti-FLAG
(M2) monoclonal antibodies (IBI) and subjected to phosphoryla-
tion assays as detailed in Materials and methods. (E) Immuno-
blot analysis of recombinant and cellular DAP kinase protein.
COS-7 cells were transiently transfected with the PECE-
FLAG-DAP kinase expression vector. Samples of cell lysates—
100 pg from COS-7 cells and 400 pg from HeLa cells—were
fractionated on SDS—polyacrylamide gels (7.5%), immunoblot-
ted, and reacted with affinity-purified polyclonal antibodies
raised against the amino-terminal DAP kinase peptide. (Bot-
tom) The blot was reacted with monoclonal antibodies against
vinculin {Sigma Immunochemicals). (Lane 1) Nontransfected
COS-7 cells; (lane 2) transfected COS-7 cells; (lane 3) DHFR-t1
cells; {lane 4) 256-t1 cells; (lane 5) 256-t2 cells. In lane 2 the
same 160-kD protein was also detected with anti-FLAG (M2)
monoclonal antibodies (IBI) (not shown).

consists of 5886 nucleotides and contains a poly(A)] tail
that starts at position 5872 and is preceded by each of
two polyadenylation signals, AATAAA (Fig. 6B). The 3'-
untranslated region also contains two ATTTA instabil-
ity motifs found in the 3’'-noncoding portions of short-
lived mRNAs (Shaw and Kamen 1986). The mRNA con-
tains a single long ORF that starts at position 337, ends
at position 4605, and potentially codes for a protein of
1423 amino acids (Fig. 6B). The calculated molecular
mass of the protein product is ~160 kD. Affinity-purified
polyclonal antibodies were raised against the amino-ter-
minal 20-amino-acid peptide of the protein. These anti-
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bodies recognized on immunoblots a recombinant 160-
kD protein that was produced in COS-7 cells after trans-
fection with a vector that expressed the entire coding
region of the cDNA (Fig. 5E). In nontranfected HeLa cells
these antibodies reacted with an endogenous protein of
the same size. In antisense RNA-expressing cells 256-t1
and 256-t2 the steady-state levels of the 160-kD protein
were, respectively, 10- and 5-fold lower than in the
DHER control cells, whereas a nonrelevant protein, vin-
culin, displayed similar expression levels in all HeLa cell
transfectants (Fig. 5E). Thus, expression of antisense
RNA from pTKO-1 plasmid 256 in HeLa cells resulted in

Figure 6. Nucleotide sequence of the DAP kinase ¢cDNA and its deduced protein structure. (A) Schematic representation of the
restriction map of DAP kinase cDNA. The ORF is indicated. A29 and A32 represent the Agtl0 ¢cDNA inserts that were used for
sequencing. The cleavage sites for major restriction enzymes are shown. (A} Aval; (B) BamH]I; (Bg) Bglll; (H) HindIl; (RI) EcoRI. The
position of the antisense fragment 256 is indicated. (B) Nucleotide and amino acid sequence. Initiation {ATG) and stop (TGA) codons
are boxed. Upstream short ORFs are underlined with an arrow. Polyadenylation signals are simply underlined; mRNA instability
signals (ATTTA) are underlined with a wavy line. Protein kinase domain, calmodulin-regulatory region, ankyrin repeats, and potential
P-loop sites are indicated. The deduced amino acids structure predicts 6 N-glycosylation sites, 6 potential cAMP-dependent Kkinase
phosphorylation sites, 28 potential casein kinase II phosphorylation sites, and 20 potential protein kinase C phosphorylation sites.
DAP kinase protein contains a consensus sequence for the carboxy-terminal amidation site at position 1376 (this suggests that 47
carboxy-terminal amino acids can be cleaved from the protein). (C) Schematic diagram of the predicted DAP kinase protein. The
hatched box indicates the calmodulin regulatory region. The numbered boxes indicate the eight ankyrin repeats. The wavy lines
correspond to the two potential P-loop sites.
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A a-sense
probe |
—
- ORF
CGGAGGACAGCCGGACCGAGCCAACGCCGGGGACTTTGTTCCCTCC TCGGCAACTCGCAGCGGCAGGGTCTGEGECCGE 90 E P G L T KGMLEVF VYV APTHMHTEHC CSADDTSGSS T K A 788
CbcchGGM-GbATCTGCGCCCCCCACTCNCTCCCTAGCTGTGTTCCCGCCGCC@CC‘EGm__”*’CTCC“‘;CGC’GGC“CCT"MTCG 180 GAGCCGGGTCTTACCAARGGGATGC TGGAGGTGTTTGTG ACCCACCACCCGLACTGCTCGGCOGATGACCAGTCCACCARGGCT #70C
GCCTCCGACAGCGCTCCOGAGGGACCGGGOGAGCTCCCAGGCGCCCGRGAC TGGAGACTGATG! CTAC! 210
Q L NGV GDF S V WETF S GNZPVYFCCYUD 818
e e e e e v FRQE N ] A'rccncnccncucccrnnmu‘ AGTTGGCGATTTCAGCGTGTGGGAGTTCTCTGGAARTCCTGTGTATTTCTGCTGTTATGAC 279C
CGGTGGTGATGGTC TGGGAAGCGGAGCTGAAGTCCCCTGGGCTT 'rnr@ CGTGTTCAGGCAGGAAAAC 360
PFRQTEINKINASEOOMN . N Y F AANDTPE® TS I HV VVF S LETFETPTYETISQGTLNTEPUV I F 848
EE LGS GQF AV WV KXCRETZKSTGLOQ 28 TATTTTGCTGC CGTCAATCCATGTTGTTGTCTTTAGTC TAGAAGAGCCCTATGAGATCCAGCTGAACCCAGTGATTTTC 2880
GTGGA‘I‘G.\T’YACTA{‘(‘M ACC ACTTGGC. AGTTTGCGGTTGTGARGAAN G GAAAAGTACCGGCCTCCAG 450
W L 8§ F L K § L VvV P V E E P I A F G G K L KN P L Q V V L V 878
¥ P A KF I KKRRTZKSSRRG V S RE& DI EREV S I L 68 TGGCTCAGTTTCCTGAAGTCCCTTGTCCCAGTTGAAGAACCCATAGCCT ICGGTGGCAAGC TGAAGAACCCACTCCAAGTTGTCCTGGTG 2970
TATCCCGCCAAATTCATCAAGAA. CTAAGTCCAGCCGGL \GGACAT ATCCTG 540
A T H A D v P R P A G G E F G Y D K D T 8§ L K E I R 908
K E I Q H P NV I T L HEUVYV Y ENZXKXTODUV 1L I LEULVAG 98 GCCACCCACGCTG! CATCRTGMJ TTCCTCGAC l,LyL;Lll:bAMzCGAGTTTG()ATATGACMAGACACATCGTTGCTGAMGAGATTAJG 3060
AAGGAGATCCAGCACCCCARTGTCATCACCCTGCACGAGGTC TATGAGAACAAGACGGACGTCATCCTGATCTTGGAACTCGTTGCAGGT 630
N R F G N D L K I S N KL F V LD AGASG S K DMK V L R 938
E L FDFLAEEKTESTSTILTETEEAMNTETFLEKQI!ILNGUVY 128 AACAGGTTTGGAAATGATCTTCACATTTCAAATAAGCTGTTTGT TCTGGATGCTGGGGCTTCTGGGTCAAAGGACATGAAGGTACTTCGA 3150
Gcrswcnnmncncnmc CTTTAACT AACTGAATTTCTCAAACAAATTCTTAATGGTGTTTAC 720
R N H L Q E I R S Q I vV 8 V C P P M T H L CE K 1 I s T L P S 968
Y H 3 L Q I A HFDLK®PENIMLTLD v P x P RIK 158 AATCATCTGCAAGARATACGAAGCCAGATTGTTTCGGTCTGTCCTCCCATGACTCACCTGTGTGAGAAAATCATC TCCACGCTGCCTTCS 3240
L) ccr:.cxc’rcccncm'rcsccmcn.Gucnuscc’rcmucnumc-rx-rTGennsmrmccccmcmcmucuc 810
W R KLNGT®PNT OQOTLMSTLQQFUVYDVQDSIQTLNTFPTLATSE 398
! 1 D FGNEFKNTIFGTPETFV AP E 2 ) 6 L 188 TGGAGGAAGCTCAATGGACCCAACCAGCTGATGTCGCTGCAGCAGTTTGTGTACGACGTGCAGGACCAGCTGAACCCCCTGGCCAGCGAG 3338
ATCM‘TGACTTTGGMATGMTTTAAMACATATTTGGGACTCCAGAGTTTG'rCGCTCCTGAGATAGTCMCTATGMCCTCTTGGTCTT 900
E D LR RI1AQQLZHKSTGETINTIMOQSETWVQDUV L L L 1028
EADM®WSIGVITYTILLSGASEFLGHDTHKGQQETTL 218 GAGGACCTCAGGCGCATTGCTCAGCAGCTCCACAGCACAGGCGAGATCAACATC ATGCAAAGTGAAACAGTTCAGGACGTGCTGCTCOTG 3420
GAGGC. T ATCGGGGTAATAACC TATATCCTCC TAAGTGGGGCCTCCCCATTTCTT ACTAAGCAAGAAACGTTA 999
D PR WLCTNUVTLGIEKTILTLSVET® ?RALTHIHTYRGRY T 105
AN $ A VY NYEFETDETYTFSNTSALAKDTFI 248 GACCCCCGETE6CTCTGCACARACGTCCTGGGGAAGTTGCTGTCCGT CCCACGGGCGCTGCACCAC TACCGGGGCCGCTACACC 3510
GCAMTGTATCCGCTGTCMC‘l‘ACGMT‘rTGAuGATGMTACTTCAGTM‘I‘ACCAGTGCCCTAGCCAMGATTTCATMGMGACTTCTG 1080
PﬁOYE‘NKWASEOOMNN*—| v &ED0D 1 QR LV PDSODUYETETLTLT QTITLODAMTDPTITCATRTD L 1088
vV K D P K KR MTI QDS L QH K P K D T Q Q A L 5 R 278 GT ATCCAGCGCCTGGTGCCCGACAGLGAC TGCTGCAGATCCTCGATGCCATGGACATC TGCGCCCGGGACCTG 3600
GTCAAGGATCC, ATGACAATTCA. TTGCAGCATCCCTGGATCAAGCCTARAGATACACAACAGGCACTTAGTAGA 1170
calmodulin regulatory region $ 8§ 6 TMVDVPALTIZKTHDINTLTHEHTERSWADETETDTEV MV LB
x™ S A v NMEKTFKTKTFAARIKTEKT®WEKSQ QS VvV RLTISLC 0 308 AGCAGCGGEACCATGGTGGACGTCCCAGCCCTGATCAAGACAGACAACCTGCACCGCTCCTGGGC TGATGAGGAGGACGAGGTGATGGTG 3690
AMAGCATCAGCAGTAAACATGGAGAAATTCAAGAAGTTTGCAGCCCGGAAAAAATGGANACANTCCGTTCGCTTGATATCACTGTGCCAR 1260
¥ W 1148
R S N M S VARSDODTZILODEETHDSTFV MK 338 TATGGTGGCGTGCGCATCGTGCCCGTGGAACACC TCACCCCCTTCCCATGTGGCATC TTTCACAAGGTCCAGGTGAACCTGTGCCGETGG 3780
AGATTATCCAGGTCATTCCTGTCC ATGAGTGTTGC GATACTC AGGAAGACTCCTT AR 1350
—— 1 HQ QS TEGDADTIRTLTMWVNGT CIKTLA®NTERGATETLLUV 1178
A1 I HAT1NDODNGUVYVZP?GILQHLLG D v N Q P 368 ATCCACCAGCAA, GACGCGGACATCCGECTGTGGGTGAATGGC TGC AAGC TGGCCAACCGTGGGGCCGAGCTGCTGETG 3870
GCCATCATCCATGCCATCAACGATGA( MTGTCCCM;GCC‘I‘GCAGCACC‘rTCTGGGCTCATTITCCMCTATGATGTTMCCMCCCAAC 1440
on \ r— L L VNHGOQGTIEVQVRGTLETET KTTE KT CCLLLDS S V 1208
X H G TP PLLIAAG CGNTIOQILQ XK R G S R I'D 398 CTGCTGGTCAACCACGGCCAGGGCAT TGAGGTCCAGETCCGTGGCCTGGAGACGGAGAAGATCAAGTGCTGCCTGCTGCTGGACTCGGTG 3960
A CTCCATTACTCATTGCTGCTGOC! -'ru1cmnc-ucm-nscrcurnusmocrcmsu’rcun 1530
org S T 1 ENVYVMATTLPGLLTVY XHYLSPQQLREH 1238
V Q D X GG 5 N A VY Y W AARMHGHUVDTULKTFTLSENZKZC 428 TGCAGCACCATTGAGAACGTCATGGCCACCACGCTGCCAGGGCTCCTGACCGTGAAGCATTACCTGAGCCCCCAGCAGCTGCGGGAGCAC 4050
GTCCAGGATAA( CAATGCCGTCTACTGGEETGE ATGGCCAC ACCTTGAARTTTCT ACAAATGC 1620
—_r or3 W E P V M I Y Q P RDFF RAQTLXKETS L TNTMG G Y 1268
P LDV KDKSGEM A AR Y GHADVY AQUV T C A 458 CATGAGCCCGTCATGATCTACCAGCCACGGGACTTCTTCCGGGCACAGACTCTY CTCACTGACCAACACC 4140
CCTTTGGATGTGARAGACA TGGCCCTCCACGTGGCAGCTCGC'rATGGCCATGCTGACGTSGCTCAAGT‘IAC’I‘TGTGCA 1710
N r K E 8§ F § S I M CF G CHUDV Y S Q A S L G MD I H A S D L 1298
A'S AQ 1 PISRTKTETETETTFPL n C A AWHGZY Y S V A K 488 AAGGAAAGCTTCAGCAGCATCATGTGCTTCGGGTGTCACGACGTCTACTCACAGGCCAGCCTCGGCATGGACATCCATGCATCAGACCTG 4230
CTTCGGCTCAAATCCCAN TGCACTGTGCTGCT TATTAC ARA 1800
— orS N L LTRREKTLSRLTLODTP®PDGPILGT KD®HWCLLAMNTLG 1328
ALCEA AGTCANVNTIKQNR RTETGTETPTLTLTASATRTGZYHD 518 AACCTCC! TCGCCTGCTGGACCCGCCCGACCCLG TGGTGCCTTCTCGCCATGAACTTAGGE 4320
GMCCTTTGTGAAGCCGGC TOTAACGTGAACATCAAGAACC BCCCCTOC TCTGCCAGGGGCTACCACGAC 1890
aré L P DLV A KZYNTNNGAPTIKTUDTFLZP S P LHALTLRE w 1358
1 vVECLAETHTGATDTL'NACTDTKTDGHTIALTEKLTLALVTRERLC 548 CTCCCTGACCTCGTGGCAMAGTACAACACCAATAACGGGGCTCCCAAGGATTTCCTCCCCAGCCCCCTCCACGCCCTGCTGCGGOARTGE 4410

ATCGTGGAGTGTCTGGCCGAACATGGAGCCGACCTTAATGC TTGCGACAAGGACGGACACATTGCCCTTCATCTGGCTGTAAGACGGTGT 1980

1 r § TV G T L M S K L RE L GRRUDAADTLL L K A 1388

1 X T L LS QG CFVDJYOQDURUHEGNTZPLUHUYVAC 578 ACCACCTACCCTGAGAGC. \CCCTCATGTCCAAAC TGGGTCGCCGGGATGCCGCAGACCTTTTGCTGAAGGCA 4500
CAGATGGAGGTAATCA. TCTCCTCAGCC. TTCGTCGATTATCAAGACAGGCACGGCAATACTCCCCTCCATGTGGCATGT 2070

$ $§ V F K N G N G Q E A Y A § S C N S G T S Y N S I S5 1418

K D G N M P I V V A L CEANTZECNZLDTISNIEKTYGRTP L H 608 TCCTCTGTGTTCAMATCMCCTSGATGGCMTGGCCAGGAGGCCTATGCCTCGAGCTerCAGCGGCACCTCTTACMTTCCATTAGC 45%0
ACA' TATCL AGCAAACTGCAATTTGGACATCTCCAACAAGTATGGGCGAACGCCTCTGCAC 2160
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N N G ! L D V V R Y LC L MGAS V E AL TTDG K T 638 TCTGTTGTATCCC TGGCT TGTTTGGACTGCAGAACC T 'CCATCCTTCCCT 4680

CTTGCGGCCMCMCSGMTCC?AGACGTGGTCCGGTATCTCnan. "GCTGACCACH AAGACG 2250 TTGGAGATGCTGAGGGTGTTTCTTCCT"-CACC ACTCCTCCCTCCGGCTTGACCTGTTTCTCTGCCGCTACCT 4770

CCCTCCCCGTCTCATTCCGTTGTC TCATTGCAGTTTAAGAGCAGAACAGATCTTTTACTTTGGCCGCTTGAAAAGCTAGTG 4860

A ED L AR S E Q HEHKV AGLLARTLARIEKTEDTHERTGTLFI 668 TACCTCCTCTCAGTGTTTTGGACTCCATCTCTCATCCTCCAGTACCTTGCTTCTTACTGATAATTTTGCTGGAATTCCTAACTTTTCAAT 5950

GCAGAAGATCTTGCTAGAT! 'CTCCTTGCAAGACTTCGAAAGGATACGCACCGAGGACTCTTCATC 2340 GACATTTT‘l‘TTTMCTATCATATTGATTGTCCTTTAAMMGMMGTGCATAITTATCCMMTG‘K‘GTATTTCTTATACGC'I‘TTTCTGT 5040
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CTCCTCC TT TTGTTGCTCT! TTTTTCCGTTTGCTTTTGTTCCAATG 5400

s ¢ 6 L LR S FF RRRARPRLSSTNSSRTFPP S P 728 TCMTG’I’GMCGTCCACATGAAACCTACICACTGTCATGCTTCATCAT’I'CCCTCTCATCTCAGGTAGMGGTTGACACAGT?GTAGGGTT 5490

TCTC MGTGTGGGCTGC TTTTTC TGTCTT TCC TTCCCACCTTCACCC 2520 'CTGACTCATCATTTGTGGCAGTCCCTTATAATTGGTGCATAGCAGATGGTTTCCACATT 5580

TAGATCCMTTTCATMCTTCCTGTM:TTGAIGTCTMAAGCAGMMAAGCMGTTTTCTTCCATGATTTTMATTGTGATC 5670
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TATAAATAAACTGTTGCTCGTTAAAAAAAAAAAAAA 5886
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a significant reduction in the amount of the correspond-
ing protein.

We were able to define several known domains and
motifs that are present in this protein. Its very amino
terminus is composed of a protein kinase domain that
spans 255 amino acids from position 13-267. According
to its structure it is likely to be a serine/threonine type
of protein kinase and has a classical composition of XI
subdomains with all conserved motifs present (Figs. 6B
and 7A) (Hanks and Quinn 1991). In vitro autophospho-
rylation assays confirmed that the protein possesses a
kinase activity. FLAG-tagged recombinant 160-kD pro-
tein, produced in COS cells, was immunoprecipitated
with anti-FLAG antibodies and subjected to in vitro
phosphorylation assays. A single prominent **P-labeled
band of 160-kD appeared upon SDS—polyacrylamide gel
fractionation only in samples prepared from the trans-
fected cultures (Fig. 5D). Substitution of the conserved
lysine 42 residue in subdomain II with alanine, a point
mutation that was shown to interfere with the phos-
photransfer reaction in other kinases {Hanks et al. 1988),
abolished the phosphorylation of this band (not shown).
It is suggested that the 160-kD protein displays an in-
trinsic kinase activity and undergoes autophosphoryla-
tion. This novel kinase was termed DAP kinase.

The kinase domain falls into a family of calmodulin-
dependent kinases (Hanks and Quinn 1991). The homol-
ogy to known kinase domains that constitute this group,
including the myosin light chain kinases, ranges be-
tween 34% and 49% (Fig. 7A). Three main differences
distinguish the kinase domain of DAP kinase from other
members of the calmodulin-dependent kinase family: (1)
Subdomain II is relatively long and has a stretch of basic
amino acids (KKRRTKSSRR) (Fig. 7A). {2) Subdomain III
primarily resembles that of the cell cycle-dependent ki-
nases (Fig. 7B). Interestingly, the typical sequences of the
cell cycle-dependent kinases (PSTAIRE, PSSALRE,
PCTAIRE, KKIALRE) are located in subdomain III. {3)
Subdomain VII is extremely short and consists of only 7
amino acids. Just downstream of the kinase domain lies
an additional stretch of homology that is present in al-
most all members of the family of calmodulin-dependent
kinases (Fig. 7A) and was implicated in calmodulin-rec-
ognition and binding (Blumenthal et al. 1985; Guerriero

et al. 1986; Herring et al. 1990; Olson et al. 1990; Shoe-
maker et al. 1990; Cruzalegui et al. 1992). Downstream
of the calmodulin-recognition domain an ankyrin repeat
domain (Michaely and Bennette 1992) was identified
that spans 265 amino acids from position 365 to 629. It is
composed of eight repeats of 33 amino acids each, not
separated by spacers except for a single proline residue
that separates three amino-terminal repeats from five
carboxy-terminal ones (Figs. 6B,C, and 7C). This can en-
able amino- and carboxy-terminal repeats to function as
individual blocks that can be rotated around the proline.
Immediately downstream of ankyrin repeats lie two sub-
sequent potential P-loop motifs, ALTTDGKT and
GHSGSGKT, identified through the consensus sequence
G[AJXXXXGKTI[S] at positions 631-638 and 687—694, re-
spectively {Fig. 6B). DAP kinase also carries multiple po-
tential sites for post-translational modifications (see leg-
end to Fig.6) and has neither transmembranal domain
nor signal peptide (SAPS prediction; Brendel et al. 1992).
Finally, it is noteworthy that the most carboxy-terminal
20 amino acids are extremely rich in serines.

Discussion

Programmed cell death can be triggered by external stim-
uli among which diffusible cytokines may play an im-
portant positive role. Rescue of genes that function along
the pathways that link the membranal signals at the re-
ceptor level to the final execution of cell death may
therefore be a promising approach in studing the molec-
ular basis of cell death. We report here on the rescue of
two novel genes whose expression was indispensable for
executing IFN-vy-induced cell death in HeLa cells. The
system displayed some characteristics typical of pro-
grammed cell death, such as condensation and segmen-
tation of nuclear chromatin, membranal blebbing, bud-
ding off of cytoplasmic projections, and loss of mi-
crovilli. In contrast, another frequent characteristic, the
internucleosomal DNA fragmentation, did not occur in
these cells {H. Berissi and A. Kimchi, unpubl.}, as re-
ported previously in several other examples of pro-
grammed cell death that take place in the apparent ab-
sence of nuclease activation (Cohen et al. 1992; Ucker et
al. 1992; Schwartz et al. 1993). The appearance of cell

Figure 7. DAP kinase sequence homologies to other serine/threonine kinases and alignment of the ankyrin repeats of this protein.
(A) Protein kinase domain sequences of the DAP kinase are aligned with the corresponding domains of other calmodulin-dependent
kinases. The kinase subdomain structure {[numbered I-XI) and the region implicated in calmodulin recognition and binding (designated
as calmodulin regulatory region) are indicated. The obligatory conserved amino acids within the kinase domain are labeled with
asterisks. Numbers at right mark positions relative to the amino terminus of primary translational products of each kinase. The solid
background indicates identical amino acids within the compared kinases. The stippled background indicates positions where the
amino acids are not identical but similar. (nm-mlck) Nonmuscle myosin light chain kinase (chicken); {sm-mlck) smooth muscle
myosin light chain kinase (rat); (camdk-alph, -beta, -gamm) calcium/calmodulin-dependent protein kinase II a-, B-, and y-subunits,
respectively; {mlck-dicdi) Dictyostelium discoideum (slime mold) myosin light chain kinase. (B) Alignment of kinase subdomains II
and III of DAP kinase and the corresponding domains of different cell cycle-dependent kinases. (dm2) Drosophila CDC2 homolog;
(pssalre) human serine/threonine kinase PSSALRE; (kpt2) human serine/threonine protein kinase PCTAIRE-2; (kin28) yeast (Saccha-
romyces cerevisiae) putative protein kinase; (mol5) Xenopus protein kinase related to cdc2 that is a negative regulator of meiotic
maturation; (kkialre) human serine/threonine protein kinase KKIALRE. (C) Alignment of DAP kinase ankyrin repeats. The solid
background indicates identical amino acids. A consensus sequence of the DAP kinase ankyrin repeats is shown at the bottom. The
position of each individual repeat along the cDNA is illustrated in Fig. 6B. (ar1-8) Ankyrin repeats.
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death in this system could be accelerated very signifi-
cantly by increasing the IFN-y concentrations. The abil-
ity of IFN-y to induce programmed cell death is consis-
tent with previous reports that suggested a role for this
cytokine in the negative selection by apoptosis of the
peripheral T- and B-lymphocyte repertoire {Liu and Jane-
way 1990; Grawunder et al. 1993). IFN-y has been long
known as a cytokine causing the pathological type of cell
death (termed necrosis) (Aune and Pogue 1989). So as
with TNF-a (Laster et al. 1988), IFN-y can induce either
pathological or physiological cell death depending on the
target cells.

So far, only a few genes (e.g.,, p53, c-myc, Ice, Ich-1)
have been characterized as positive intracellular media-
tors of cell death in mammalian systems {Askew et al.
1991; Yonish-Rouach et al. 1991; Evan et al. 1992,
Clarke et al. 1993; Lowe et al. 1993; Miura et al. 1993;
Wang et al. 1994). One way to identify novel death-as-
sociated genes is to analyze the process in lower organ-
isms, in which powerful genetic tools are available, as
was initially done in the nematode Caenorhabditis ele-
gans. Two positive modulators, ced-3 and ced-4, were
studied extensively in this system as well as a negative
modulator of cell death, ced-9, that shares functional
properties with the mammalian bcl-2 gene (Ellis et al.
1991; Hengartner et al. 1992; Vaux et al. 1992; Yuan and
Horvitz 1992; Yuan et al. 1993; Hengartner and Horvitz
1994). Another positive mediator of cell death was re-
cently isolated from Drosophila (White et al. 1994). The
identification of the mammalian homolog of ced-3 as
ICE, IL-1B-converting enzyme (Yuan et al. 1993), has
lightened the importance of proteases in regulating cell
death processes (Vaux et al. 1994).

In this work we suggest that functional selection of
genes, by antisense RNA inactivation, can be used as a
powerful approach for the rescue of positive mediators of
cell death in mammalian cells. The two antisense
c¢DNAs that were rescued here were capable of reducing
the steady-state levels of the corresponding proteins in
considerable amounts, thus slowing down the cell death
process to an extent that enabled the positive selection.
The mechanism by which the expression of the protein
was reduced by the small antisense RN As that have been
selected by this method is still unknown. Yet, it is clear
from our quantitations that a large excess of antisense
versus sense RNA was required for both protein reduc-
tion and protection from IFN-y-induced cell death. The
HeLa/IFN-y system that was employed in this work has
the benefit of combining together the two major mech-
anisms that limit expansion in cell number, that is, pro-
liferation arrest and cell death. This provides an oppor-
tunity to study the interrelationship between these dif-
ferent growth-restrictive processes and to find out
whether they may share common genes as positive me-
diators. In this respect, it was found that the antiprolif-
erative responses to IFN-y were not interrupted by the
inactivation of the two DAP genes, indicating that at
some point growth arrest and programmed cell death
pathways diverge and depend on different genes as posi-
tive mediators. It is also shown that the normal induc-
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tion of the 2-5A synthetase gene, one of the IFN-induced
immediate-early genes (Revel and Chebath 1986), was
not interrupted {Fig. 2C). This finding indirectly ex-
cluded the possibility that the antisense RNAs may in-
terfere with receptor-generated early signaling events
that eventually transmit any of the biological effects of
the cytokine. Also the reduction of c-myc mRNA expres-
sion that takes place several hours after exposure of
HeLa cells to IFN-y (Yarden and Kimchi 1986) was not
interrupted by the antisense RNA (data not shown). The
two DAP genes were found to be widely expressed as
single transcripts in many cells and tissues (E. Feinstein
and A. Kimchi, unpubl.). Therefore, it will be interesting
to test whether the antisense RNA-mediated inactiva-

“tion of these two genes may also interfere with pro-

grammed cell death, initiated by agents other than IFN-
v. It is already obvious from this work that a pathologic
type of cell death induced in HeLa cells by TNF-a was
refractory to the antisense mediated-inactivation of the
two cloned DAP genes (Table 2}.

The predicted amino acid sequence of DAP-1 and DAP
kinase proteins showed no significant homology to
known proteins; therefore, it is not possible at this stage
to speculate about their function in cell death. The de-
duced amino acid sequence of the 15-kD DAP-1 predicts
some interesting motifs and domains, yet their func-
tional relevance still remains to be determined. The de-
duced amino acid sequence of the DAP kinase suggests
that a very unique type of calmodulin-regulated serine/
threonine kinase has been rescued. A combination of
serine/threonine kinase domain, ankyrin repeats, and
additional possible ATP/GTP-binding sites outside the
kinase domain in one protein has not been described yet.
A size of 160 kD is rare among serine/threonine kinases,
and DAP kinase is actually the largest calmodulin-de-
pendent kinase known to date. The ability of DAP ki-
nase to bind calmodulin, confirmed in the yeast two-
hybrid system (E. Feinstein and A. Kimchi, unpubl.), is
consistent with the notion that in many cases pro-
grammed cell death is Ca®>* dependent (for review, see
Sen 1992; Lee et al. 1993). Moreover, it has been reported
recently that calmodulin antagonists inhibited the glu-
cocorticoid-induced apoptosis, which implied that the
activation of Ca?*/calmodulin-dependent enzymes may
mediate some types of cell death (Dowd et al. 1991). In
another recent work it has been shown that inhibitors of
myosin light chain kinases blocked the TNF-induced ap-
optotic cell death, a finding that may reflect the possible
involvement of the DAP kinase in this system (Wright et
al. 1993).

It is noteworthy that ankyrin repeats were not de-
scribed before in the context of known serine/threonine
kinases. One tyrosine kinase carrying ankyrin repeats
has been identified recently in Hydra vulgaris (Chan et
al. 1994). These 33 amino acid repeats, conserved from
bacteria to man, were identified as important motifs in-
volved in protein—protein interactions in a variety of pro-
teins, including transmembranal proteins, transcription
regulators, mitochondrial enzymes, and even extracellu-
lar toxins {(Michaely and Bennett 1992). In the DAP ki-
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nase, the eight ankyrin repeats could mediate the inter-
action with a putative effector or influence the substrate
selectivity and/or stability of the kinase—substrate inter-
actions. Two potential P-loop motifs were identified in
DAP kinase outside the kinase domain, a feature not
described in known kinases. Their comparison to the
corresponding consensus sequences within seven ATP-
ot GTP-binding protein families (Saraste et al. 1990)
demonstrates that only the 3’ sequence has some simi-
larity to P-loop consensus of elongation factors, ATP
synthase B-subunits, and thymidine kinase. Actually, a
stretch of 33 amino acids following the eighth ankyrin
repeat that encompasses the first putative P loop may
represent a ninth ankyrin repeat that is less conserved
than others. Additional work is clearly required to verify
the true functional significance of this region.

Finally, it should be mentioned that death-controlling
genes may be implicated in tumorigenesis upon gain of
function (e.g., bcl-2) or loss of function (e.g., wild-type
p53) mutations (Tsujimoto et al. 1985; Clarke et al.
1993; Lowe et al. 1993). Detailed chromosomal localiza-
tion of the DAP genes and study of their expression in
different human malignancies should be performed to
test their possible involvement in tumorigenesis.

Materials and methods
Rescue of antisense cDNAs and secondary transfections

The construction of the HeLa cell cDNA library and its unidi-
rectional cloning into the pTKO1 EBV-based episomal vector
(downstream to the HindIII cloning site) was detailed previously
(Deiss and Kimchi 1991). The ¢cDNA library (100 pg of DNA)
was introduced into 8 x10° HeLa cells {10° cells/9-cm plate) by
the standard calcium phosphate technique. The efficiency of
stable transfections was 5%. After 48 hr the cultures were split
and selected with both hygromycin B (200 ug/ml; Calbiochem)
and [FN-y (750 U/ml). Selective medium was changed every 3—4
days. After 28 days, pools of cells that remained on the plates
were expanded for 15 days in medium containing only hygro-
mycin, and the episomal DNA was extracted and cleaved with
Dpnl restriction enzyme as detailed before (Deiss and Kimchi
1991). Plasmid DNA was isolated from 13 selected bacterial
colonies. The cDNA inserts of groups 2 and 5 correspond to
internal BamHI-HindIII cDNA fragments generated because of
incomplete methylation of cleavage sites during library con-
struction. For secondary transfections subconfluent monolayers
of HeLa cells were transfected with 40 pg of DNA of the indi-
vidual rescued pTKOI1 plasmids (in duplicates) and subjected to
the single selection of hygromycin B. Pools of ~10* hygromy-
cin-resistant clones were generated from each transfection and
were kept as stable polyclonal populations.

RNA and DNA blot analysis

Total RNA was extracted by the LiCl procedure as detailed
previously (Einat et al. 1985} or by the guanidine/thiocyanate
technique (Chomczynski and Saachi 1987). Samples of 20 p.g of
total RNA were fractionated on agarose gels, transferred to Hy-
bond-N membranes (Amersham), and hybridized to DNA
probes that were labeled with 32P by the random primer labeling
method using commercial kits (Boehringer). Prehybridization,
hybridization, and washing of filters were carried out under

Cloning of two novel cell death-associated genes

stringent conditions as described previously (Yarden and Kim-
chi 1986). When indicated, the DNA probe was a PCR-amplified
c¢DNA insert of the pTKO1 vector. It was generated by primers
that correspond to the flanking sequences of the cDNA inser-
tion sites within the vector. The oligonucleotides used were
5'-TCCAGAAGTAGTGAGGAGGC-3' and 5'-TATGTCACA-
CCACAGAAGTAAGG-3'".

Neutral red uptake assay and DAPI staining of DNA

The different transfected HeLa cell populations were cultivated
in 96-well microtiter plates at an initial number of 15,000 cells/
well for testing sensitivity to IFN-y (750 U/ml or 5000 U/ml).
Fresh meduim and drugs were supplemented every 3—4 days.
When indicated, viable cells were stained with neutral red
(Sigma) as detailed previously (Wallach 1984). The dye uptake
was measured in quadruplicate at A=540 nm using an auto-
mated Micro-Elisa auto-reader. For testing the sensitivity to
TNF-a, HeLa cell populations were seeded at an initial density
of 30,000 cells per well. A mixture of TNF-a (200 U/ml) and
CHX (25 ng/ml) was then added, and the cells were stained with
neutral red at 5 and 20 hr after treatment. For DAPI staining,
detached cells, collected from supernatants of IFN-y-treated
cultures (in 9-cm plates), were concentrated in 50 pl of phos-
phate-buffered saline, fixed with 50 ul of 3% paraformaldehyde,
and cytospinned on glass slides. Cells were stained with DAPI
(0.5 png/ml; Sigma) for 10 min and mounted with Mowiol. Mi-
croscopy was perfomed under fluorescent light conditions.

Isolation of DAP-1 and DAP kinase cDNAs
and nucleotide sequence analysis

The radioactively labeled cDNA inserts from pTKO1-230 and
pTRO1-256 were used to screen two amplified Agt 10 cDNA
libraries prepared from poly(A)* RNA of HL-60 and K562 cells,
respectively. Approximately 4 x 10° PFU were screened with the
230 cDNA insert, and 10 positive clones were analyzed further
by restriction enzyme mapping. About 4x10° PFU were
screened with the 256 cDNA insert, and 40 positive clones were
isolated after two rounds of sequential walking screening.
Plaque hybridization was performed under stringent conditions.
Two independent clones from each library, carrying the longest
c¢DNA inserts, were chosen for further work. The four cDNA
inserts were subcloned into Bluescript vectors. The sequencing
was fully automatic and was performed on Applied Biosystems
DNA sequencer 373 A.

Sequence uniqueness and relatedness was determined using
FASTA (GCG software package) at the nucleotide level and
FASTA, BLASTP, and BLOCKS programs at the amino acid
level {Altschul et al. 1990; Henikoff et al. 1991).

Expression of DAP-1 in reticulocyte lysates
and in bacterial systems

The cDNA inserts from Al cloned into Bluescript, as well as the
subclones that were derived from them (p6, p5, p4, p8), were
used as templates for in vitro transcription. RNA (0.5 pg) was
then translated in reticulocyte lysates {Promega) using the con-
ventional procedures, with [**S|methionine as a labeled precur-
sor. The in vitro-synthesized proteins were analyzed by frac-
tionation on a 12% SDS—polyacrylamide gel followed by sali-
cylic acid amplification of the radioactive signal. To mutate the
ATG at position 160-162, oligonucleotide-directed mutagene-
sis was performed on subclone p6 ([ATG was converted into
GGC]. For DAP-1 expression in bacteria, a Ndel site was gen-
erated in the p6 subclone at the first ATG (position 160-162) by
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oligonucleotide-directed mutagenesis. After cleavage, the re-
sulting Ndel-BamHI 840-bp fragment was cloned into pET-3a
bacterial expression vector and used to transform BL21 bacteria.
A DAP-1-glutathione—S-transferase (GST) fusion construct was
prepared by subcloning the 840-bp fragment in pGEX-2T; the
fused protein was affinity purified on gluthatione-Sepharose
beads (Pharmacia).

Preparation of anti-DAP-1 and DAP kinase antibodies
and immunoblot analysis

Antibodies against GST-DAP-1-fused protein were prepared in
rabbits. The sera were depleted of anti-GST antibodies by pass-
ing through CNBr-activated Sepharose beads (Pharmacia) cou-
pled to GST and then were affinity purified on GST-DAP-1
cross-linked to Sepharose columns. Antibody titration was done
with the 15-kD DAP-1 expressed from pET-3a in BL21 bacteria.
Rabbit polyclonal antibodies, raised against the amino-terminal
peptide (KTVFRQENVDDYYDTGEELG) of DAP kinase, were
coupled via glutaraldehyde to tuberculin PPD (Statens Serumin-
stitute) and affinity purified on agarose—paranitrophenol col-
umn as described (Wilchek and Miron 1982). Cell lysates were
prepared as described previously (Resnitzky and Kimchi 1991}
for the DAP-1 analysis and in PLB buffer (10 mm phosphate
buffer at pH 7.5; 100 mm NaCl; 1% Triton X-100; 0.5% sodium
deoxycholate; 0.1% SDS; 5 mM EDTA) for DAP kinase detec-
tions. The COS-7 cells were transiently transfected with the
PECE-FLAG expression vector that carries a fragment of the
229 cDNA (from the start ATG, where the Ndel site was intro-
duced by oligonucleotide-directed mutagenesis, to the first
EcoRI site at the 3’ end; see Fig. 6A). Immunoblots were pre-
pared as described previously (Resnitzky and Kimchi 1991) us-
ing the ECL Western blotting detection system. The specificity
of signals was confirmed by competition with excess 15-kD
bacterially expressed DAP-1 or excess of the DAP kinase amino-
terminal peptide.

Immunoprecipitation and autophosphorylation of
recombinant DAP kinase

Samples of cell lysates (400 p.g) prepared before and after trans-
fection of COS-7 cells with the PECE-FLAG-DAP kinase vec-
tor were immunoprecipitated with 2.9 pg of anti-FLAG M2
monoclonal antibodies (IBI) in 0.5 ml of IP buffer (50 mM Tris at
pH 7.6, 5 mm EDTA, 150 mm NaCl, 0.1% Triton X-100, 0.1 mm
NaVQ;, 10 mM NaPPi, 1 mm PMSF, 0.1 mm NaF, 100 p.g/ml of
leupeptin, 1.5 pg/ml of pepstatin A, 2 ug/ml of antipain, 4
ng/ml of aprotinin, 2 pg/ml of chymostatin). After 2 hr of
incubation at 4°C, 20 pl of protein A+ G coupled to agarose
beads {Santa Cruz) was added for 1 hr. Immune complexes were
washed twice with IP buffer and twice with the kinase assay
buffer (50 mm HEPES at pH 7.5, 8 mm MgCl,, 2 mm MnCl,). The
kinase assay was perfomed in 50 pl of kinase buffer supple-
mented with 0.1 mg/ml of BSA, 1 uMm calmodulin, 0.5 mm
CaCl,, 50 pM ATP, 2 pmoles of [y->2PJATP (5000 Ci/nmole,
Amersham) for 20 min at 25°C. This was followed by two suc-
cessive washes of the immune complexes with kinase buffer,
followed by polyacrylamide gel fractionation.

Cytokines

Recombinant human IFN-y was purified to 107 U/mg as de-
tailed previously (Yarden and Kimchi 1986). Human recombi-
nant TNF-a was kindly provided by Cetus Corporation and used
in a final concentration of 20 ng/ml {which is equivalent to 200
U/ml).
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Identification of a novel serine/threonine kinase and a novel 15-kD
protein as potential mediators of the gamma interferon-induced cell

death.
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