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The gene mutated in the human genetic disorder
ataxia-telangiectasia, ATM, is implicated in the re-
sponse to radiation-induced DNA damage and to a
more widespread signalling defect. The ATM protein
is predominantly a nuclear protein where it interacts
with p53 and c-Abl as part of a radiation signal trans-
duction pathway(s). We describe here the cloning of
full-length ATM cDNA in a baculovirus vector to pro-
duce recombinant protein. Expression of ATM, as a
soluble protein, was observed by 36 h post-infection
using immunoblotting with anti-ATM antibody. The
presence of a hexahistidine tag on ATM was used as
the basis for purification of the protein by affinity
chromatography. The protein yield was only 20 ng/100
ml of infected cells, presumably because of the size of
the protein and adverse effects on cell growth when
overexpressed. ATM was found to have autophosphor-
ylation activity in immunoprecipitates with antibod-
ies directed against the hexahistidine tag sequence.
These results demonstrate that ATM can be expressed
inefficiently in baculovirus infected insect cells and
the data suggest that it phosphorylates itself. o 1998
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Ataxia—telangiectasia (A-T) is a human autosomal re-
cessive disorder, defined by a complex variety of clinical
manifestations. This multisystem disease is character-
ized by immunodeficiency, neurological abnormalities,
extreme radiosensitivity, cell cycle abnormalities and pre-
disposition to lymphoid and other malignancies (1,2).

The gene mutated in A-T and designated the ataxia—
telangiectasia mutated (ATM) gene was recently
cloned and shown to be mutated in cell lines from A-T
patients (3). The gene contains 66 exons, encompasses
approximately 150 kb of genomic DNA and codes for a
13 kb mRNA with an open reading frame of 9168 base
pairs (4). Mutation analysis has revealed that the large
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majority of mutations are predicted to give rise to a
truncated form of the ATM protein (5-7). The protein
product of the ATM gene is predicted to be 350.6 kDa
in size based on the ORF size (4), which agrees well
with the ATM protein size detected by immunoblotting
(8-12). This protein is localized to the nucleus but has
also been detected in vesicular structures in the cyto-
plasm (12). Use of immunoblotting failed to detect trun-
cated protein in A-T cells suggesting that it is unstable
(10,12).

The exact role of the ATM protein is not yet known
but based on the pleiotropic phenotype of A-T and its
relationship to a family of phosphatidylinositol 3-ki-
nases (13-15), it is likely to be involved in signal trans-
duction, cell cycle control and as a sensor of DNA dam-
age due to ionizing radiation exposure. Binding of ATM
to p53 further substantiates the role of this protein in
radiation signal transduction (12). ATM has also been
shown to bind to and activate c-Abl as part of an oxida-
tive stress pathway (16,17).

The expression of the ATM gene and purification of
the protein represent important steps in an attempt
to define the role of the protein and to unravel the
complexities of this multifaceted disorder. The baculo-
virus expression system provides an ideal system for
overproducing recombinant proteins and their subse-
guent purification (18-20). As a eukaryotic system it
uses many of the protein modification, processing and
transport systems present in higher eukaryotic cells.
In addition, since the viral genome of the baculovirus
is large, it can accommodate large segments of foreign
DNA, such as the ATM cDNA which is 9.168 kb is size.
We describe here the cloning of full-length ATM cDNA
in baculovirus, expression of the protein and determi-
nation of protein kinase activity.

EXPERIMENTAL PROCEDURES

Insect cell culture. The lepeidopteran insect Spodoptera frugi-
perda cell line, Sf9, was routinely cultured in TC-100 (GIBCO-BRL)
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medium supplemented with 10% foetal bovine serum at 27°C. The
expression of the recombinant ATM protein within insect cells was
achieved using both TC-100 and a serum free medium, SF-900 11
(GIBCO-BRL). Essentially, all manipulations of insect cells and ba-
culovirus were as described by O'Reilly et al. (21).

Plasmid construction and purification of recombinant virus. The
ATM recombinant transfer vector was constructed by sub-cloning
the full-length ATM c¢DNA into the baculovirus transfer vector,
pBlueBacHis (Invitrogen). The ATM fragment was isolated from
pEAT22 (22) using Xho | (blunt ended) and Sca I, and cloned into
the Bgl Il (blunt ended) site of pBlueBacHisB (Clontech), resulting
in the pBAT plasmid. The cloning junctions were sequenced to ensure
the integrity of the sequence. The production of recombinant ATM
baculovirus (rATM) was achieved by cotransfecting insect cells with
linear wildtype viral DNA together with pBAT. Repetitive rounds of
plaquing were undertaken to obtain a pure stock of recombinant
virus, which were selected by their ability to express -galactosidase.
For the plaque assays, 60 mm tissue culture plates were seeded with
2x10°8 Sf9 cells and infected with various dilutions (102 to 10°°) of
the transfection supernatant. Following the first round of recombi-
nant plaque identification, viral DNA was isolated from 5 putative
recombinants (23) and subjected to PCR. To confirm the presence of
the ATM gene, a 563 bp fragment, situated at the 5’ end (nucleotides
318-880), was PCR amplified (30 cycles of 95°C X 40 sec; 55°C X 80
sec; 72°C X 60 sec). The PCR products were analysed by agarose-gel
electrophoresis.

Expression and purification of recombinant ATM protein. The ex-
pression of recombinant ATM protein in the baculovirus system was
achieved using both monolayer and suspension cultures of Sf9. Cells
were infected with recombinant baculovirus (rATM) at a multiplicity
of infection (MOI) of 5 and allowed to incubate for approximately 48
h at 27°C. Cells were then collected by centrifugation, washed with
PBS, lysed in 1 ml of RIPA buffer (50 mM Tris-HCI, pH 7.6; 150 mM
NaCl; 1% NP40; 0.5% sodium deoxycholate; 0.1% SDS) supplemented
with protease inhibitors and frozen at —70°C overnight. The recombi-
nant 6 X His-tagged ATM protein was purified from the soluble
supernatant fraction by absorption to Ni-NTA resin (QIAGEN), es-
sentially according to the manufacturers instructions. Briefly, 50 ul
of Ni-NTA resin previously equilibrated with RIPA buffer, was added
to the fraction and rotated for 1-2 h at 4°C. Beads were then pelleted
by centrifugation at 1000 X g, washed three times with RIPA buffer
to remove unbound proteins and the recombinant protein was then
eluted from the resin using 100 mM imidazole.

Immunoblotting. Immunoblotting was employed for the detection
of purified recombinant proteins. Proteins were separated on 5%
SDS-PAGE, transferred to nitrocellulose, blocked and incubated with
an ATM antibody, ATM-3BA (12). After incubation with secondary
antibody (anti-rabbit Ig HRP labelled), the ATM protein was visual-
ized using ECL.

Autophosphorylation of recombinant ATM. Sf9 insect cells, in-
fected with wild type or recombinant virus, were lysed in lysis buffer
(50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM EGTA, 2 mM EDTA,
25 mM sodium flouride, 25 mM g-glycerophosphate, 0.1 mM sodium
ortho-vanadate, 0.1 mM PMSF, 5 ug/ml leupeptin, 1 ug/ml aprotonin,
0.2% Triton X-100, 0.3% NP40). After incubation on ice for 30 min,
the debris was removed by centrifugation at 14,000 X g for 15 min,
yielding the total cell extract. Anti-His immunoprecipitates were per-
formed by adding antibody against the hexahistidine tag (6 X His
mADb, Clontech) and a mixture of protein A and G-Sepharose for 2 h
at 4°C. Immune complex Kinase assays were performed by incubating
the resulting protein complexes in kinase buffer (25 mM Tris-HCI
pH 7.4, 10 mM MgCl,, 1 mM MnCl,, 0.5 mM DTT), with 5-10 uCi
[y *P]JATP for 30 min at 28°C and analysed by 5% SDS-PAGE and
autoradiography.

RESULTS

A 4.7 kb fragment extending from immediately
downstream of the ATG initiation codon of ATM and
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overlapping with the 5.9 kb partial ATM cDNA, de-
scribed by Savitsky et al. (3), was prepared by PCR as
reported recently (22). The 4.7 kb and 5.9 kb fragments
were employed to construct a full-length ATM c¢cDNA
clone (pEAT?22) in an Epstein-Barr Virus based vector
(Fig. 1A). The ATM cDNA was excised with Xho I (blunt
ended) and Sca | as a 9.6 kb fragment and cloned into
the baculovirus vector pBlueBacHisB to produce the
construct pBAT (Fig 1A). This construct also contains
a sequence coding for hexahistidine which allows for
isolation of the ATM protein by immunoprecipitation
or nickel chelate chromatography.

Sf9 insect cells were infected with wild type baculovi-
rus and the pBAT construct, and following the first
round of recombinant plaque isolation, PCR was car-
ried out to confirm the presence of the ATM gene. A
563 bp fragment (nucleotides 318-880) was amplified
since this region has been shown to be unstable during
ATM cDNA cloning (22). Four of five plaques isolated
were positive for the ATM sequence (Fig 1B). Two addi-
tional rounds of plaque purification were carried out.

To confirm the expression of ATM, insect cell mono-
layers were infected (MOI of 5) with either wild-type
baculovirus or with ATM recombinant baculovirus. Ex-
tracts were immunoprecipitated with anti-hexahistid-
ine antibody and ATM protein was detected by immu-
noblotting. The results in Figure 2A demonstrate that
ATM protein was present only in Sf9 cells infected with
recombinant virus. This protein was of comparable size
to ATM detected in extracts from human cells (Fig 2A).

Time course experiments were undertaken in mono-
layer and suspension cultures to determine the optimal
time for expression of the recombinant ATM protein in
insect cells (infected with an MOI of 5) and samples
taken at 36, 48 and 60 h post-infection. Immunoblot-
ting with ATM-3BA antibody revealed similar amounts
of ATM at all the time points and expression was ap-
proximately the same after infection of monolayer or
suspension cultures (Fig 2B). ATM protein was not de-
tected in the uninfected insect cells.

The recombinant ATM protein was successfully puri-
fied using the hexahistidine tag at the N-terminus of
the protein. Western blot analysis depicts the various
stages of the purification (Fig 2C). Total cell lysates of
Sf9 insect cells (lane 1) and Sf9 infected with wild-type
baculovirus (lane 2) contained no bands corresponding
to the eluted protein band. The absence of protein in
the membrane pellet (lane 3) indicated the production
of a soluble protein, which is also consistent with previ-
ous data showing that ATM is predominantly a nuclear
protein (8,10,12). The recovery levels of ATM were
found to be extremely low approximately 20 ng/100 ml
of infected cells. The relatedness of ATM, through a
P13-kinase domain, to proteins such as DNA-depen-
dent protein kinase (DNA-PK) suggest that it may have
protein kinase activity. In order to check this we as-
sayed for autophosphorylation of baculovirus produced
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FIG. 1. Construction and identification of ATM recombinant baculovirus. (A) Schematic of the construction of the ATM recombinant
baculovirus transfer vector. The strategy involved the isolation of the full-length ATM cDNA and cloning into the baculovirus transfer
vector (pBlue Bac His) containing a hexahistadine tag sequence, to generate the pBAT construct. (B) Identification of recombinant baculovirus
by PCR. Amplification with recombinant viral DNA (lanes 1 to 5) and control cDNA (Ct) prepared from a human cell line, with ATM specific
primers designed to the 5’ region of the ATM cDNA (see Experimental Procedures). Agarose gel (1%) electrophoresis revealed a 563 bp
DNA fragment, which correlates with the predicted size of the ATM cDNA. The marker (Mr) is A\ DNA digested with Hindlll. This approach

established that the 5’ unstable region of ATM was intact.

ATM protein. As is evident in Figure 3 (rATM) phos-
phorylation of a protein approximately 350 kDa in
size was observed only in lysates from cells express-
ing ATM.

DISCUSSION

We have reported here the expression of ATM protein
in insect cells using a baculovirus construct. Although
the full-length cDNA for ATM is not excessively large,
9.168 kb, it has proved difficult to isolate a complete
cDNA clone. Savitsky et al. (3) initially reported the
isolation of a partial ATM cDNA, 5.9 kb in size, and
subsequently the complete ORF for the ATM gene
based on cDNA contigs spanning the complete gene.
Instability at the 5’ end of the cDNA appears to be the
major stumbling block. This instability was manifested
as deletions, rearrangements and the introduction of
stop codons (22,24). We have recently expressed the
full-length ATM cDNA in human cells and corrected
aspects of the A-T radiosensitive phenotype with this
cDNA (22). In this report we have cloned this cDNA in
a baculovirus vector and successfully expressed the
gene in insect cells. The stability of the clone was con-
firmed by PCR analysis of the 5’ end of the cDNA iso-
lated from recombinant viral plaques. Immunoblotting

detected a protein of approximately 350 kDa in size
which corresponds well to the previously estimated size
of the ATM protein in human cell extracts (10-12). The
presence of the hexa-His tag at the N-terminus of the
recombinant protein facilitated purification using a Ni-
NTA resin.

The baculovirus system has proved to be an efficient
approach for the overproduction of recombinant pro-
teins capable of being modified and processed in a man-
ner similar to that in higher eukaryotic cells (18,19).
Recombinant proteins may comprise 1-5% of total cell
protein and levels of expression between 100 pug and
50 mg/100 ml of insect cells have been reported (20).
The amount of ATM protein produced falls far short of
this range with only 20 ng of protein being produced
per 100 ml of infected insect cells. Attempts to improve
this yield by modifying MOI and growth conditions had
little effect (results not shown). It is not clear why the
yield is so low for ATM but may relate to the size of
the protein (350 kDa) or the multi-functional nature of
the protein. Similar observations have been made by
Ziv et al. (24) who showed that the majority of recombi-
nant ATM was associated with cellular membranes. A-
T cells, in which this protein is mutated or absent due
to the instability of a truncated form, are characterized
by a pleiotropic phenotype (1,2). This mutation leads
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to neuronal degeneration, immune dysfunction, devel-
opmental abnormalities, radiosensitivity, cell cycle
anomalies, signalling defects and predisposition to can-
cer (1,2). Overexpression of ATM which would be ex-
pected in baculovirus vectors may have uneven effects
on different pathways, leading to an antiproliferative
effect overall. It should be pointed out that the pre-
sumed activation of ATM by ionizing radiation leads
to the stabilization of p53 and G1/S checkpoint activa-
tion to slow the progress of cells from G1 to S phase
(25,26). Since it is not yet known how radiation recruits
ATM to the radiation signal transduction pathway, it
is possible that overexpression of the protein might
have the same effects and thus account for the poor
yield in the baculovirus system.
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FIG. 2. Expression and purification of recombinant ATM bacu-
lovirus. (A) Expression of recombinant ATM baculovirus. Extracts
were prepared from insect cells infected with wild-type baculovirus
(WT); insect cells infected with recombinant ATM (rATM) and from
a human lymphoblastoid cell line (Ct). Immunoprecipitation was car-
ried out with monoclonal antibody to the hexahistidine for WT and
rATM followed by immunoblotting with ATM-3BA antibody (12). (B)
Time course of expression of ATM in monolayer and suspension cul-
tures of Sf9 cells infected with rATM. Extracts were prepared at 36,
48 and 60 h post-infection. Sf9 represents extracts from uninfected
cells. Immunoblotting was carried out with ATM-3BA antibody. (C)
Purification of rATM using Ni-NTA resin. Sf9 insect cells; WT, insect
cells infected with wild-type baculovirus; Plt, pellet after cell lysis
from insect cells infected with rATM; Ub, flow through from Ni-NTA
resin; W, initial wash of resin with RIPA buffer; E1, first elution
with RIPA containing 25 mM imidazole and E2, second elution with
RIPA containing 100 mM imidazole. Protein was separated on 5%
SDS-PAGE, transfered and immunoblotted with ATM-3BA antibody.
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FIG. 3. Autophosphorylation of rATM in vitro. Extracts were
prepared from insect cells and from cells infected with either recom-
binant (rATM) or wild-type (WT) baculovirus and immunoprecipi-
tated with anti-hexahistidine antibody. Autophosphorylation was
carried out in the presence of [y**P]ATP followed by electrophoresis
on 5% SDS-PAGE and autoradiography.

The demonstration that ATM protein is capable of
autophosphorylation supports the notion that it is most
likely to behave as a protein kinase. In this respect it
is similar to other members of the PI3-kinase family
(27,28). Two recent reports demonstrate that ATM is
a phosphoprotein. Metabolic labelling with *?P-ortho-
phosphate followed by immunoprecipitation demon-
strated that mouse ATM is phosphorylated (8). Auto-
phosphorylation of ATM was shown in anti-ATM im-
munoprecipitates in an in vitro protein kinase assay
(9). Future emphasis will be to identify critical targets
for the ATM Kkinase activity.
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